Electronic Supplementary Material (ESI) for Chemical Science.
This journal is © The Royal Society of Chemistry 2023

Supplementary Information

Contents
S1 Simulation details S2
S2 Dielectric constant calculations S3
S2.A Polarization computation . . . . . . . .. e S3
S2.B Subtracting the surface contribution . . . . . . . ... oL L S3
S2.C Data CONVErgence . . . . . . v v vttt e e e e e e e e e e e e e e S4
S2.D Impact of the dividing surface . . . . . . . . . .. L S5
S3 Additional force-field simulations ST
S4 Hydrogen bond orientation S9
S5 Influence of DFT Functional S11
S6 Influence of Nuclear Quantum Effects S12

S1



S1 Simulation details
All relevant information about the simulations performed in this study are given in Table S1 below.

Table S1: Details of the AIMD FFMD and NNP simulations. For each slit thickness h, defined as the
separation between the two confining materials, we provide the cell dimensions L, /,,., the number of wall atoms
Nyan and water molecules Nyater, the equilibration period ¢.q and the total simulation length tgp,.

Simulation details

Slit thickness Graphene (AIMD/NNP)  hBN (AIMD/NNP)

Graphene (FFMD)

L, =12.30A L, =12.30A L, = 36.80 A
L, =12.78 A L, =12.78A L, =3834A
XS ]Lv = 26.63A ]LV = 26.63A g = 80.0A
wall = 120 wall = 120 wall = 1080
h= 663A Nywater = 16 Nyater = 16 Nyater = 147
tDFT — 3ps tOFT — 2ps teq = 218
tg.quT = 100ps tﬁﬁT = 100 ps tsim = Hns
tEINP = 250 ps té\INP = 250 ps
tgmp = 5ns tgmp = 5ns
L, =12.30A L, =12.30A L, = 36.80 A
L, =12.78 A L,=12.78A L, =3834A
S L, =2911A L,=2911A L., =80.0A
h—911A Nyanl = 120 Nyan = 120 Nyal = 1080
Nwater =30 Nwater =30 Nwater = 268
tOFT = 2 5ps tOFT — 2ps teq = 218
tg-qng = 80ps tg}flT = 80 ps tsim = D NS
tNNP = 250 ps tNNP — 250 ps
tNNP — 5ns tNNP — 5ns
L, =12.30A L, =12.30A L, = 36.80 A
L, =12.78 A L,=12.78A L, =3834A
M L., =39.35A L, =3935A L, =80.0A
Nyan = 120 Nyan = 120 Nyal = 1080
h= 1935A Nuyater = 82 Nyater = 82 Nyater = 754
tOFT — 4ps tDFT — 2 ps teq = 218
tgiiT = 120ps t]jﬁT = 120ps tsim = Hns
tNNP = 250 ps tNNP = 250 ps
tNNP — 5ns tNNP — 5ns
L, =12.30A L, =12.30A L, = 36.80 A
L, =12.78 A L,=12.78A L, =3834A
L L. =30.00A L, =30.00A L. =90.65A
Nyan = 120 Nyan = 120 Nyal = 1080
h= 300A Nywater = 140 Nyater = 140 Nyater = 1258
tOFT — 2 ps tNNP — 250 ps teq = 218
tg-qng = 24ps té\ﬁflp = 5ns tsim = D NS
tNNP = 250 ps
tNNP — 5ns
L, = 36.80A
L, =3834A
XL [T
wall —
h =45.0A N — 1068
teq = 218

tsim = O NS
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S2 Dielectric constant calculations

S2.A Polarization computation

For all AIMD estimates of the dielectric constant reported in the main text, we computed the polarization from
the charge density of our AIMD simulations. This assumes that the polarization for z = 0 is equal to 0, given that
all atoms are far away. To validate this approach, we computed the total dipole moment of the simulation box for
various configurations over a 500 fs simulation at an applied electric displacement of 1 Vnm~! and h = 1.935 nm [S].
The dipole moments were computed every 20 fs. Figure S1 contrasts the values obtained from the charge density as
described in the main text, the Berry phase and the Wannier centers. It shows that P(z = 0) = 0 is a very good
assumption and allows the computational cost of the Wannier centers to be avoided. The error made is of the order
of 3.1072 atomic units for the dipole moment. Deriving the error on the polarization and using Eq.(4) of the main
text, this leads to an error on the inverse of the dielectric constant on the order of 1073, thus validating our choice
for computing the polarization.

5
- y=x
O From charge density
O From Wannier centers
S
s ar
o=
[=
9]
€
o
€
Q
2 3r
el
]
o
el
I}
L
K 2t
a
l Il Il Il
1 2 3 4 5

Berry phase cell dipole moment [a.u.]

Figure S1: Computation of the dipole moment. Correlation between the dipole moment of the simulation
cell computed from the Berry phase, the Wannier centers and the charge density.

S2.B Subtracting the surface contribution

In the AIMD simulations, the confining surfaces of the slits (graphene and hBN) contribute to the global polarization
response due to the extension of their electronic clouds that partially overlaps with the one of water. In experiments,
the confining material contributes also to the dielectric response, and its contribution is removed by performing a
differential measurement [1]. Thus, we used a similar approach here, where we corrected the calculated values by
subtracting the local response of the system in the absence of water, that is composed only of the confining surfaces
(see snapshots in Fig. Sla-c). First, we extracted the total local polarization response AP from the total system.
We then extracted the polarization response of the confining surfaces APS® from a single calculation without water.
This enabled us to obtain an approximation of the water response as APH20 = APt — APYS. By combining it
with the expression of the local dielectric constant, we get

[ef20(2)) 7 = [t ()] (1= (€57 (1)

The result of this procedure is reported in Fig. S2 below, showing the dielectric constant profile obtained calculating
a single configuration for the case of graphene slits (Fig. S2, profiles on the left) and hBN slits (Fig. S2, profiles on
the right). It shows that the contribution of the confining material to the dielectric response has been replaced by
the one of vacuum.
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Figure S2: Calculation of water’s dielectric constant profiles. Snapshots (left) and corresponding dielectric
profiles (right) for the total system (a), the system without water (b) and the profile (¢) obtained after subtracting
the polarization response of the graphene layer (left) and hBN layer (right) to the total system.

S2.C Data convergence

To check the equilibration of the simulations, we analyzed the time evolution of the dipole moment of the simulation
boxes along with its running average, shown in Fig. S3a below for water inside a graphene slit for the M system.
The convergence of the total dipole moment was found to be very fast, as reported in a previous study on bulk water
[2]: equilibration and convergence is faster at finite D than at finite E.

We calculated the dielectric constant of the water layers reported in Fig. 1b in the main text from the running
average of the dielectric constant, shown in Fig. S3b below, by taking the average of ej_l in the long-time limit,
corresponding to the last 20 ps of each simulation, except for the S [0.911 nm] system where the calculations were
made on the last 10 ps. For the L [3.00 nm] system, we used the last 60 ps, as the response of the second layer
requires more statistics to converge. Even if Fig.S3b shows that the dielectric constant is not fully converged for the
1.935 nm [M] slit size, we have used it to compute the dielectric constant as it is at the limit of what can currently be
reached with ATMD simulations. The error was estimated from the fluctuations of the running value of ¢ ' around
this average, and propagated to obtain the error in ¢ .

We summarized the obtained dielectric constants of the first and second water layers (L1 and L2, respectively)
for graphene and hBN slits in Table S2 below. For graphene, we also computed the dielectric constant e(j’PCD b
assuming that the charge distribution corresponds to the one of the SPCE model, i.e. a point charge distribution

Table S2: Dielectric constant of interfacial water layers. Calculated dielectric constants of the interfacial
water layers, L1 and L2, reported in Fig. 1b in the main text, for both graphene (first column) and hBN slits (second
column) and various water slab thickness using AIMD simulations. The third column computes the dielectric constant
from the AIMD configurations by assuming that the charge distribution corresponds to the one of the SPCE model,
i.e. a point charge distribution. The error is obtained from the fluctuations of the running average in the long-time
limit.

h (nm) ef e}j_BN ei’PCD
L1
1.935 2.94 + 0.12 2.80 £ 0.12 2.80 £+ 0.33

0.911 2.874 £0.013 2871 £0.015 3.38 £0.16
0.663 1.7805 £ 0.0054 2.344 + 0.010  2.116 £ 0.039
L2
1.935 10.55 + 1.62 11.07 + 8.03 7.80 + 2.76
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Figure S3: Convergence test of water’s dielectric properties in AIMD simulations. Convergence of
the cell dipole moment calculated using the Berry phase for an electric displacement of -1.0 V.nm™! (a) with the
corresponding running average of the total dipole moment for the M [1.935 nm] system and (b) running value of the
dielectric constant of the interfacial water layers L1 and L2 for different water slab thicknesses.

(PCD), in order to estimate the relative proportion of orientation and electronic effects. We found that the obtained
values of €, for graphene and hBN slits were equal within the error bar, except for the monolayer configuration
which exhibits a slightly lower value for graphene. We obtained larger uncertainties in the dielectric constant for
the second layer, L2, which we attribute to two factors. First, it arises from the higher error sensitivity of these
calculations for higher values of €, that is, for a given uncertainty in ell, the uncertainty in €, increases with
increasing € . Secondly, this may arise from the more dynamical character of the system with larger slit thickness,
with more molecules exchanging between the layers that slow down the convergence. The comparison with the
dielectric constant obtained from the point charge distributions shows that most of the difference between the FFMD
and AIMD calculations comes from the difference in the molecular orientation rather than electronic effects.

To understand the impact of the choice of DFT functional, we repeated the DFT simulations for the 1.935 nm [M]
graphene slit using the BLYP functionnal with the D3 correction. These calculations yielded a dielectric constant for
the first interfacial water layer (L1) of 2.096 & 0.067, a value in agreement with and even lower than what we found
in this study. We note however that the response of the L2 layer did not converge even with 120 ps simulations.

S2.D Impact of the dividing surface

The dividing surface, that is, the domain boundary over which the dielectric profile is integrated, is not well defined
on the atomic scale due to the non-continuous nature of the interface between the confining layer and the water
phase. We investigated the effect of the choice of the dividing surface by considering four positions, indicated in Fig.
S4a (dashed lines): the confining surface (CS), the one used in the main text corresponding to the atomic position
of the confining layer (e.g. carbon atoms for graphene); the electronic density crossover (EC), corresponding to the
local density maximum between the carbon wall and the water phase; the full density (FD) surface, corresponding
to the symmetric position of the EC surface with respect to the confining surface; and the jellium edge (JE) [3],
corresponding to the extension of the electronic cloud of the confining material in a mean-field approach.

Figure S4b shows the calculated inverse dielectric constant for each position of the dividing surface against the
experimental data as a function of the water slab thickness. The calculated values are sensitive to the dividing surface
position, and this is due to the change in the domain volume, as the dipole moment remains largely unchanged. In
particular, shifting the dividing surface from the atomic position towards the vacuum, as in the case of the FD surface,
increases the volume at constant dipole moment, thus decreasing the resulting polarization, which in turn leads to a
decrease in the obtained €. The opposite occurs when the dividing surface is shifted towards the liquid phase, as in
the case of EC and JE surfaces: the polarization is increased with decreasing the volume, and in turn €, increases up
to infinity and even becomes negative. In this study we show that our calculations yield values of €, in reasonably
good agreement with the experimental values by simply taking the dividing surface at its physical position - the
atomic position of the confining layer (CS) - and subtracting the electronic cloud contribution beyond the surface,
as explained in section S2.A above, without any need of shifting the dividing surface to a different position. We note
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Figure S4: Impact of the dividing surface. (a) Examples of positions of the dividing surface (dashed vertical
lines) at the carbon atom side and calculated charge density profile using DFT calculations (solid line). A snapshot of
the system is provided as a guidance. (b) Calculated inverse dielectric constant of water for various dividing surfaces
shown in (a) using DFT and FFMD calculations.

that shifting the dividing surface to the FD surface would lead to an even better agreement, but it would not reflect
the experimental setup. Indeed, it would imply to compute the dielectric constant of the first water layer (L1) over
a spatial domain larger than the experimental system, thus artificially reducing the dielectric constant. Importantly,
the position of the dividing surface does not affect the calculation of the dielectric constant of the second water layer
(L2), or the dipole moments, and the water molecular arrangement presented here. We also note that for all the
dividing surfaces considered here, our AIMD calculations yielded smaller €, than the values obtained from force-field

simulations.
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S3 Additional force-field simulations

We compared the out-of-plane dielectric constant, € , of confined water calculated from our AIMD simulations with
values obtained from FFMD simulations with the aim of evaluating the performance of our simulations and the
impact of different force-fields. Figure S5 shows different FFMD simulations, either reported in the literature or
carried out in this study, of water confined in graphene slits as a function of the water slab thickness against the
experimental data of Ref.[1]. The water models used in the FFMD simulations reported here from the literature are
SPCE [4] (used in [5, 6, 7]) and KKY [8] (used in [9]), a more complex model that allows intramolecular vibrations.
Graphite and graphene are modeled by rigid carbon walls using the carbon-water two body interactions. The force-
field models are parametrized from various sources, namely, DFT calculations [9] using a Buckingham potential
based on [10], properties of water droplets on graphene [6] using a carbon-oxygen van der Waals potential [11], or
properties of biomolecules [7] using the GROMOS53A6 force field [12] (a carbon-oxygen Lennard-Jones interaction)
or a Lennard-Jones potential using varying parameters in [5]. In the FFMD simulations carried out in this study,
we used three different water-carbon interaction potentials, with two 2-body potentials, one adjusted on DFT which
was used for the data reported in the main text [13] and one on [14], and a carbon wall potential adjusted on water
adsorption from quantum Monte Carlo data [15]. Figure S5 clearly shows that our simulations gives similar results
as reported in literature, with all FFMD simulations yielding a similar decrease of €, as a function of the water
slab thickness, irrespective of the force field used. In particular, they all match for water under strong confinement,
when the distance between the confining surface is less than 1 nm. This indicates that when the strength of the
confinement becomes large, the exact details of the interaction have no impact. Indeed, under strong confinement,
the orientation of the water molecule is constrained in the in-plane direction due to the small space available in the
slit, thus the ability of the water dipole to reorient with the external electric field is strongly suppressed. For larger
water slabs, the shift in the predicted e, associated with different force fields remains substantially negligible.
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Figure S5: Impact of the force-field choice. Calculated out-of-plane dielectric constant of water confined in
graphene slits using different force-fields in literature, reported in the following references: Brandenburg et al. [16],
Ruiz-Barragan et al. [13], Steele [14], Loche et al. [7], Zhang [5], Itoh & Sakuma [9], Varghese et al. [6]. Symbols
labeled with a star (*) correspond to simulations made in this study, while the rest of simulated data are reported
here from the references. Grey symbols are the experimental data reported here from Ref.[1].

We also investigated the effect of the water density on the calculated dielectric constant of the water confined
inside graphene slits, as the water density in the slits used in the experiment is not known. To this aim, we run FFMD
simulations with different values of water density ranging from 0.95 to 1.4 g/cm?, corresponding to lateral pressures
between -0.3 kbar and around 6 kbar inside the confined region. Results are plotted in Fig. S6, again against the
experimental data, clearly showing that the change in water density range considered here has only a minor impact
on the predicted values of €| of confined water. The small variation in €, observed here arises from the competition
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Figure S6: Impact of bulk water density on the dielectric constant of confined water. Calculated
dielectric constant of water confined in graphene slits for different values of bulk water density. Grey symbols are
the experimental data reported here from Ref.[1].

between two effects. On the one hand, increasing the water density increases the number of molecular dipoles per
volume unit. If the response of individual dipole moments remains unchanged, the polarization response is then
expected to increase. On the other, increasing the water density would increase the rigidity of the hydrogen bonding
network, which in turn decreases the ability of the water dipoles to reorient with the external electric field. Our
simulations show a small decrease in €| with increasing the water density up to 1.1 g/cm?, suggesting the increased
connectivity of the hydrogen bonding network is dominant at relatively low density values. For density larger than
1.1 g/cm?, the trend reverses, indicating a small increase in e, thus the increase of dipole density becomes the
dominant effect. However, the variations obtained here clearly show that both effects are not significant, with a
decrease in €, of only 10% for a change in water density of 20%.
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S4 Hydrogen bond orientation

For the analysis of the hydrogen bonding network inside the slit described in the main text, we used the hydrogen
bond definition based on a distance criterion between the two oxygen atoms roo and an angle criterion on the 6o 0,
angle, where O is the oxygen of the donor molecule and O, is the oxygen of the acceptor [17]. The two molecules
form a hydrogen bond if roo < 3.5 A, and Ono,0, < 30°. The direction of the hydrogen bond is then defined as the

direction of the 040, vector.

Figure S7 compares the H-bond distributions obtained from NNP simulations, reported in Fig. 3 in the main
text, with the distributions obtained from our FFMD simulations in the first two interfacial water layers near the
graphene interface. From the comparison between the two data set, it can be seen that the obtained orientation is
similar, but the NNP simulations yield a larger proportion of out-of-plane hydrogen bonds and in a smaller angular
window in the first interfacial layer (L1). This indicates that a more rigid hydrogen-bonding network is predicted by
NNP simulations as opposed to FFMD simulations.

Table S3 compares the average number of hydrogen bonds for the interfacial layers of water confined by carbon
and hBN from NNP simulations. As observed already in FFMD simulations [18], the average number of hydrogen
bonds is a non-monotonic function of the slit size, reaching a maximum for the bilayer case. This suggests a high
structural order of water molecules in the bilayer. We note that the average number of hydrogen bonds for the
interfacial layer L1 is found to be lower by 10% compared to what was reported for FFMD simulations [18]. We also
observed a significant drop in the number of hydrogen bonds when going from bilayer to monolayer, even larger than
what observed in FFMD simulations [18].

Table S4 compares the average dipole moment of the water molecules in the interfacial layers confined by carbon
and hBN from NNP simulations. We note that these results point towards a correlation between the average number
of hydrogen bonds per molecule, and thus the local structure of water and the average dipole moment as seen for
bulk water [19], which was expected from weakening of covalent bonds upon hydrogen-bond formation.
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Figure S7: Orientation of hydrogen bonds in the first two interfacial layers. Orientation distribution
with respect to the normal direction of the hydrogen bonds for water (a) in the first and (b) the second interfacial
layer (L1 and L2) near the graphene surface, normalized by the isotropic distribution, calculated using NNP (solid
lines) and FFMD (dashed lines) simulations for various slab thicknesses. The direction corresponds to the donor
oxygen-acceptor oxygen.
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Table S3: Average number of water hydrogen bonds in the first two interfacial layers. Number of the
hydrogen bonds of the interfacial water layers molecules, .1 and L2, reported in Fig. 1b in the main text, for both
graphene (first column) and hBN slits (second column) and various water slab thickness using AIMD simulations.

h (nm) ng nhBN
L1

3.000 293 £0.19 294 £0.19

1.935 298 £ 0.18 2.87 £0.18

0.911 3.09+£0.21 3.12+0.21

0.663 219+ 025 218 £0.25
L2

3.000 349 £0.16 3.47 £0.17

1.935 3.54 £ 0.15 3.43 £0.16

Table S4: Average molecular dipole moment of water in the first two interfacial layers. Calculated
molecular dipole of the water molecules in the interfacial layers L1 and L2, reported in Fig. 1b in the main text,
for both graphene (first column) and hBN slits (second column) and various water slab thickness using AIMD

simulations.

h(nm)  p%so (D) 150 (D)
L1

3.000 2744 £ 0.053  2.740 £ 0.056

1935  2.755 + 0.050 2.724 + 0.053

0.911 2770 £ 0.057 2.769 £ 0.059

0.663  2.603 £ 0.070 2.601 £ 0.070
L2

3.000  2.869 £ 0.052 2.868 % 0.052

1935  2.885 + 0.052  2.851 + 0.051
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S5 Influence of DFT Functional

In this subsection, we investigated how the main structural properties of interfacial water change with the chosen
DFT functional. To this end, we used two separate NNP models trained to the PBEQ functional and the improved
dispersion correction D4 as described in detail in Ref.[20]. This hybrid functional was shown to perform very well
in comparison to higher level benchmarks of the water-carbon interactions [16]. Based on these MLPs we performed
additional simulations of the L [3.00 nm] system for the two confining materials with otherwise identical settings as
before. A detailed comparison of the structural properties of water for both the revPBE-D3 functional, used in the
main text, and the hybrid functional PBE(Q-D4 is shown in Fig. S8. While there are minor differences in the density
profile, the dipole orientation and hydrogen bonding orientation in the first two interfacial layers is in good agreement
between the two functionals. The agreement is best for the second layer, L2, while PBE0O-D4 predicts slightly less
structured molecular orientations in the first layer, 1. Nevertheless, the main findings reported in the main text
remain unchanged for this functional, as similarly broad antiparallel dipole arrangements are seen for PBE0-D4.
Most importantly, PBE0O-D4 also predicts very different dipole orientations compared to FFMD. We thus conclude
that the choice of DFT functional does not significantly impact the interfacial structural properties of water when
using well performing functionals with respect to higher level benchmarks for the material-water interactions.
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Figure S8: Influence of DFT functional on properties of interfacial water. (a) Mass density profile
obtained from NNP simulations with the revPBE-D3 functional for graphene (gray solid line), as well as the PBEO-
D4 functional for graphene (black solid line) and hBN (green dashed line) for h=3.0 nm [M]. (b) Distribution of
the water dipole moment angle with respect to the perpendicular direction as a function of the distance from the
surface for graphene obtained with the revPBE-D3 NNP. (c,d) Same as (b) but using PBE0-D4 NNP simulations
for (c) graphene and (d) hBN. (e,f) Dipole orientation distribution profiles at distance (e) z = 3 A (L1) and (g)
z =6 A (L2), corresponding to the red and blue vertical dashed lines in (b,c,d), for revPBE-D3 NNP simulations
of graphene and PBEO-D4 NNP simulations for graphene as well as hBN. The distributions are normalized by the
isotropic distribution of bulk water with density of 1 gem~3. g,h Calculated orientation distribution with respect to
the normal direction of the hydrogen bonds from revPBE-D3 NNP simulations of water on graphene and PBE(0-D4
NNP simulations of water on graphene and hBN in the first (g) and second (h) interfacial layers, normalized by the
isotropic distribution.
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S6 Influence of Nuclear Quantum Effects

Given the small mass of the hydrogen atoms, some properties of water can depend significantly on the quantum
nature of the nuclei. We performed additional thermostatted ring polymer dynamics simulations [21] to investigate
if these nuclear quantum effects (NQEs) have an impact on the structural properties of interfacial water, as reported
in the main text. These simulations were performed with the CP2K][22] simulation package. Using the L [3.00 nm)]
system for both confining materials, each atom was represented by 16 replica to achieve convergence of structural
properties. The timestep was reduced to 0.25fs, while using a path integral Langevin equation thermostat [23] for
the non-centroid modes. Due to the higher computational costs, we restricted the simulations to 500 ps for both
confinement materials. These simulations provide access to converged quantum statistical properties and allow us to
directly compare to simulations with classical nuclei that do not account for NQEs. As shown in Fig. S9, all relevant
structural properties of interfacial water reported in the main text are essentially identical for classical and quantum
nuclei. This includes the density profile, molecular orientation, and hydrogen bond orientation in the first two contact
layers. From this analysis, we conclude that NQEs to not play an important role in the interfacial properties of water
under confinement.
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Figure S9: Influence of nuclear quantum effects on properties of interfacial water. (a) Mass density
profile obtained from NNP simulations for graphene with classical nuclei (gray solid line), as well as the quantum
nuclei for graphene (black solid line) and hBN (green dashed line) for h=3.0 nm [M]. (b) Distribution of the water
dipole moment angle with respect to the perpendicular direction as a function of the distance from the surface for
graphene obtained with classical nuclei. (c,d) Same as (b) but using quantum nuclei for (c) graphene and (d) hBN.
(e,f) Dipole orientation distribution profiles at distance (e) z = 3 A (L1) and (g) z = 6 A (L2), corresponding to
the red and blue vertical dashed lines in (b,c,d), for classical nuclei of water on graphene and quantum nuclei for
water on graphene as well as hBN. The distributions are normalized by the isotropic distribution of bulk water with
density of 1 gem~3. g,h Calculated orientation distribution with respect to the normal direction of the hydrogen
bonds for classical nuclei of water on graphene and quantum nuclei of water on graphene and hBN in the first (g)
and second (h) interfacial layers, normalized by the isotropic distribution.
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