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Solid-liquid interfaces (SLIs) are ubiquitous in science and technology from the development of energy
storage devices to the chemical reactions occurring in the biological milieu. In systems involving aqu-
eous saline solutions as the liquid, both the water and the ions are routinely exposed to an electric field,
whether the field is externally applied, or originating from the natural surface charges of the solid. In the
current study a molecular dynamics (MD) framework is developed to study the effect of an applied vol-
tage on the behaviour of ionic solutions located in a ~7 nm pore between two uncharged hydrophilic
silica slabs. We systematically investigate the dielectric properties of the solution and the organisation of
the water and ions as a function of salt concentration. In pure water, the interplay between interfacial
hydrogen bonds and the applied field can induce a significant reorganisation of the water orientation
and densification at the interface. In saline solutions, at low concentrations and voltages the interface
dominates the whole system due to the extended Debye length resulting in a dielectric constant lower
than that for the bulk solution. An increase in salt concentration or voltage brings about more localized
interfacial effects resulting in dielectric properties closer to that of the bulk solution. This suggests the
possibility of tailoring the system to achieve the desired dielectric properties. For example, at a specific
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salt concentration, interfacial effects can locally increase the dielectric constant, something that could
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1. Introduction

Solid-liquid interfaces (SLI) are central to many scientific and
technologically active areas such as materials science, chemistry,
physics, biology and medicine.'™** Examples span from the design
of materials for more efficient batteries"'® to the fate of thera-
peutic nanoparticles in nanomedicine'”'® and the efficiency of
heterogeneous catalysis.™

SLIs involving aqueous solutions as the liquid phase are
among the most common in nature and technology. Water
always contains naturally occurring hydronium and hydroxide
ions, but additional metal ions are often present in much larger
concentrations, influencing the solution electric conductivity,*
facilitating chemical reactions,>" buffering the pH'' and under-
pinning the survival of living organisms.>” Even ionic concen-
trations below 10~® molar can have a significant effect on the
well-known water properties such as dielectric constant,
electric and thermal conductivity,>* boiling and freezing tem-
peratures, density and surface tension,>*® but also at SLIs.>” "
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Higher salt concentrations lead to a decrease in the water
dielectric constant®* and can trigger self-assembly at SLIs as
well as controlling colloidal stability.>* In all cases, the beha-
viour and properties of liquid molecules at the SLI or confined
in nano-pores tend to differ from that of bulk water.*** For
example, various computational and experimental studies with
different SLIs have reported a sharp reduction in the water
dielectric constant near the interface®*” or in confinement.*®
This has been explained by an anisotropy of the dipolar electric
field and lower dielectric constant of the surrounding walls
(solid phase), rather than an ice-like behaviour of the water
molecules.?® Generally, the behaviour of aqueous SLIs depends
on the properties of interface/confined water, from the electro-
statically dominated adsorption of ions*®*° to water-mediated
correlation effects>”"*® and the enhanced charge storage
ability of water-gold and water-platinum SLIs compared to
mean-field calculations.*'

Continuum theoretical models such as the Gouy-Chapman-
Stern model**™** usually assume a mean field representation of
ions in a continuum of water molecules.® The ions arrange so
as to negate the effect of any electrical potential at the surface
of the solid, creating an electrical double layer (EDL) of counter-
ions at the SLI. The standard continuum description can be
improved, for example, using a Landau-Ginzburg-type conti-
nuum model to capture a transition from overscreening to
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crowding through increasing voltage,*® as confirmed by computer
simulation.”’>° However, the description of ions as average
densities in continuum models limits the molecular understand-
ing which is required for applications where local structure is
relevant, for example at atomic or step defects in the solid.
Another issue is the assumption of a fixed dielectric constant
for water since the water screening ability has been shown to
change with distance from the SLL***°'™3 Experimental
approaches, devoid of continuum assumptions tend to provide
a more accurate picture of SLIs, with methods such as scattering
techniques, sum frequency generation and scanning probe
microscopies.?”*****% However, experimental methods often
struggle to provide both high spatial and temporal resolution
simultaneously. This can be overcome by computational
approaches such as MD simulations and density functional theory
(DFT). For example, MD simulation of ionic liquids under an
electric field demonstrated the existence of an electric potential
range for a disorder to order ionic transition in the interface®
which is hard to pursue through experimental approaches.

In the present study, a MD framework is developed to
investigate the effect of an externally applied voltage on the
behaviour of water and monovalent metal ions (NaCl) confined
between two silica surfaces placed ~7 nm apart. We focus on
the effect of the voltage and ionic concentration on the
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molecular organisation, orientation and dielectric properties at
the SLI. Silica is used here as a generic model system for a
hydrophilic interface as often found in science and
technology.®®®> Biological membranes, for example, expose
hydrophilic blocking electrodes (the lipid headgroups) that natu-
rally operate under a significant trans-membrane potential.*>**
Similarly, the development of electrolyte-based energy storage
solutions™®*>™®” as well as biosensing technology®®® often relies
on thin insulating layers at the interface with an electrolytic
solution under an applied trans-interface potential. In terms of
electrolyte, NaCl is the most abundant salt naturally present in
aqueous solutions. Accordingly, here we investigate the interface
of aqueous NaCl solutions with silica surfaces under DC poten-
tials. The results point out the delicate balance between ions and
water in screening the electric field.

2. Method

2.1 System setup

A system composed of two silica slabs (Fig. 1a) with an aqueous
solution in-between was considered. The silica coordinates
were taken from the Interface forcefield database for the Q3
surfaces as defined by Emami et al.,”® each having a thickness
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Fig. 1 Water molecular organisation near uncharged silica surfaces. The whole simulation box (a) is used to calculate the distribution of the z-
component of (M,) of water molecular dipoles along the z direction (b). Magnified view of M, at the interface with each silica slab (c) and (d) highlighting
the water molecular orientation dominated by interfacial hydrogen bonds. This is confirmed by atomistic densities (e)—(f), and illustrated schematically

(9)—(h). Errors are shown as shades around plotted values in (b)—(f).

This journal is © the Owner Societies 2024

Phys. Chem. Chem. Phys., 2024, 26, 22062-22072 | 22063


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp00750f

Open Access Article. Published on 30 July 2024. Downloaded on 3/10/2026 7:35:03 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

of 2.3 nm and 4.7 silanol groups per nm”, with no Si0O"Na*
groups. The simulation box dimensions (3.83 x 3.92 X
19.5 nm®) were carefully chosen to ensure that the separation
between two silica slabs (~ 7.3 nm) is equivalent to the separation
between each slab and its nearest periodic image. This choice
effectively obviates the requirement for corrections in the calcula-
tion of the water dielectric constant, as it guarantees uniformity in
the water conditions across the system. We used SPC/Fw for its
accurate prediction of the water dielectric constant’* and the ionic
parameter was taken from the CHARMM forcefield.”” The simula-
tion box was solvated with ~ 8000 SPC/Fw water molecules. More
information on the number of ions and water molecules is
provided in Table S1 (ESIt).

The simulations were pursued in several different steps.
First, the system was energy minimized. In all cases, there
was a short equilibration simulation of 100 ps prior to the main
simulation of 10 ns, except for simulations with 8 V potential
which lasted for 20 ns. The initial 2 ns (12 ns) simulation time
was discarded as equilibration and the last 8 ns was used for
the analysis. The Nosé-Hoover thermostat and barostat were
deployed to keep the system at a temperature and pressure of
300 K and 1 bar. An external voltage was applied between the
silica slabs through a constant electric field as described by
Gumbeart et al.”® In this method, the value of the external field E
needed to create a potential difference of AV must be equal to
AV/d where d is the simulation box size. However, our simula-
tions showed that d must be taken as the closest distance
between the silica surfaces to impose a voltage difference of AV
across the solution inside the pore region. Thanks to the
periodic boundary conditions the same voltage is applied to
the solution outside the pore region. The upper and lower SLIs
are called positive and negative interfaces, respectively. The
simulations were run on LAMMPS,”* the visualisations were
done through OVITO”® and matplotlib library of python”® and
several C++ and python codes were written for data analysis. In
the current study, 60 different simulation sets were done, each
repeated six times with a cumulative simulation time of 4.29 ps.

2.2 Analysis

Several physical quantities were obtained from the simulations.
The bulk dielectric constant of water was calculated according
to eqn (1) in which M, &, Vi, k, T, () and ¢ stand for the total
water dipole, the vacuum permittivity, the water volume, Boltz-
mann’s constant, temperature, ensemble average and the
dielectric constant, respectively. The ensemble average was
calculated through time averaging according to the ergodic
hypothesis.”” A C++ code was written for this purpose. The
convergence of the dielectric constant was judged through the
dielectric constant-time plot (Fig. S1, ESIT).

(M?) — (M)?

" — 1
E= I kT ()

1)

The ion and water density profiles over the whole simulation
were obtained using a moving average coded in python. The
profiles are composed of 1000 points evenly distributed across
the simulation box. The value at each point was obtained by
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averaging over all the relevant molecules or ions within a 1 A-wide
window centred around the point, unless stated otherwise. The
voltage distribution was calculated through integrating the Pois-
son equation (eqn (2)) in which V, p, z, and ¢, represent the
electrostatic potential, charge density, position perpendicular to
the silica surface and the vacuum permittivity. Meshes along the z
direction placed 0.1 A apart were used to calculate the charge
density distribution. Test analyses showed 0.1 A to be the mini-
mum mesh size over which the zvoltage distribution does not
change with mesh size. To obtain the voltage through the Poisson
equation, the boundary conditions were taken as 0 and the
imposed voltage difference AV at the minimum and maximum
z position of the simulation box. We note that this is different
from the voltage imposed across the system; it is a measure of the
local potential once the system has reached equilibrium.
2
rV_—p @

022 &

To identify the role of water in screening the external electric
field and ultimately the molecular origin of the dielectric
properties of the SLI, the total water dipole in the direction of
the field (M,) was utilized as a proxy for its dielectric constant
perpendicular to the interface.>>”®”® Positive M, values imply
the alignment of the water dipoles in the direction of the field
with larger values indicating a more effective screening and a
lower perpendicular dielectric constant. Values of M, close to
zero and relatively higher standard deviation indicate less
organization of the water dipoles in the direction of the field
and higher perpendicular dielectric constant (eqn (1)).

3. Results

3.1 Spatial organisation of pure water

Before exploring the impact of ions on the SLI molecular
behaviour, we examine the arrangement of pure water mole-
cules between two uncharged silica slabs in the absence of any
electric field. This serves as a reference to help disentangle the
field effect from that of the hydrophilic interfaces. The three
components M,, M, and M, are used to quantify the average
orientation of the water molecules. M, and M, experience sharp
changes near the interface (Fig. 1b-d, see also and Fig. S2,
ESIY), in contrast to M, where changes appear negligible (Fig.
S3, ESIf). The net value of M, is zero except for the three
interfacial water layers closest to the silica surface where an
alternating water orientation indicates a layering that decays
into the bulk (Fig. 1b). The water layer closest to the silica
surface has the highest net dipole, with the molecular dipoles
oriented outward from the surface (dashed lines in Fig. 1c and d).
The water oxygens in the surface layer align predominantly
towards the silica, with a position coinciding with the surface
hydrogen atoms (dashed lines in Fig. 1d and e). This suggests the
formation of hydrogen bonds between the water molecules and
the silica surface (Fig. 1g-h) being at the origin of the interfacial
water organization. The second and third layers (dotted lines
Fig. 1c and d) adopt an arrangement aiming to cancel the dipole

This journal is © the Owner Societies 2024
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of the first and the second layers, respectively, leading to the
alternating M, sign between adjacent layers.

The crystalline structure of the silica also influences the in-
plane component of water’s organisation: M, is non-zero at the
interface owing to the specific arrangement of the Si-O-H
groups of the silica slab considered here. The highly polar Si-
O bonds are aligned at a specific angle with respect to the x
coordinate, and while the total dipole of these bonds is zero
inside bulk silica, at the surface a non-zero in-plane dipole
moment exists. However, the Si-O bonds in the y-z plane are
perpendicular to the y-direction resulting in a net zero value of
M, at the interface (Fig. S3, ESIT).

When a voltage is applied, the M, distribution of water shows a
net increase throughout the pore (Fig. 2a-c), but the M, and M,
remain unchanged. This reflects an alignment of the water
molecules in the z-direction to oppose the applied electric field,
something they successfully achieve in most cases except near the
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electrodes (Fig. 2d). The field affects the relatively positive and
negative interfaces differently (respectively green and orange high-
lights in Fig. 2a-c). Near the positive interface the applied
potential reinforces the three-layered M, organisation (Fig. 2b),
while the opposite is observed at the negative interface where the
three-layer structure disappears at higher voltages (Fig. 2c). The
field screening is also better at the positive interface (inset Fig. 2d)
compared to the negative interface where a competition between
opposing the field and hydrogen bonding with the silica takes
place: below 200 mV, the molecular arrangement at the negative
interface is fully dominated by the interface hydrogen bonds
which prevent water molecules to screen the field. Between 200
mV and 4 V, both driving forces are at play, progressively reversing
the shape of the M, distribution with the apparition of a single
maximum (orange arrows in Fig. 2a). Beyond 4 V, the molecular
ordering induced by the hydrogen bonds becomes negligible and
no oscillations in M, are visible (Fig. 2c).
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Fig. 2 Organisation of the water molecules under an externally applied electrical potential across the system. The distributions of M, (a) depend on the
magnitude of the voltage at the interface with silica (b)—(c). The relatively positive (b) and negative (c) interfaces with respect to the applied potential
exhibit different behaviour, with the field either reinforcing (b) or opposing (c) the water molecule orientation induced by the water—silica hydrogen
bonds. The voltage distribution perpendicular to the interfaces (d) shows an average linear drop across the non-conducting solid with minimal change
across the liquid (inset). The dashed lines indicate the silica—water boundary. Errors appear as shades around the plotted curves.
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3.2 Impact of adding ions: changes in the molecular
organisation

Having examined the molecular organisation of water mole-
cules at the interface when exposed to an applied voltage, we
now explore the impact of adding NaCl. To better evidence the
effect of the applied voltage, we focus on results obtained at the
maximum test voltage (8 V) but a similar behaviour can be seen
at lower voltages, although less pronounced (Fig. S4-S9, ESIT).
In all cases, the analysis focuses on the z-component of the
water dipole (M,) and the ion’s atomistic densities in the
solution.

In the absence of salt, M, behaves as shown in Fig. 2 (black
line in Fig. 2a). If we define the bulk solution as the region
where (M) = 0, none of the pure water molecules can be seen as
‘bulk’ with the interface effectively extending beyond the pore.

Adding salt to the system reduces the size of the interface
and M, becomes distance-dependent in the pore region
(Fig. 3a). At the lowest salt concentrations (<0.1 M), M, decays
when moving away from the slabs but never reaches (M;) = 0,
similarly to pure water. This implies that water molecules are
involved in the screening of the applied voltage throughout the
whole system. This can be directly visualised from the
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difference between the co- and counter-ions distribution across
the pore (Fig. 3b), and the associated electrical potential
created by this ionic distribution (Fig. 3c) which is insufficient
to compensate for the externally imposed voltage (dashed lines
in Fig. 3c).

For ionic concentrations above >0.1 M, ions completely
screen the applied potential in the middle of the system with
(M) dropping to zero. At the interface with the silica, the water
orientation is almost identical to the system without ions
(Fig. 3a), with an exclusion region for co-ions enabling the
screening (Fig. 3b). Outside this electrical double layer (EDL)
region, defined as the adsorbed counter-ions alongside the
diffusive layer of ions in the solution, the ions have fully
screened the potential. The boundary (dashed lines in
Fig. 4b) coincides with the place where the M, reaches the bulk
value. As expected, the EDL region decreases with increasing
the ionic concentration, consistent with the thermodynamic
picture underpinning continuum models of the EDL Poisson-
Boltzmann model.?® A similar dependence of the screening
behaviour on the ionic concentration is observed for lower
voltages (see Fig. S4-S9, ESIt), but with full ionic screening
achieved at lower ionic concentrations.
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Fig. 3 Molecular orientation and ionic densities across the pore under an external voltage of 8 V. Adding salt (a) progressively screens the electric
potential, allowing water to behave as bulk ((M;) = 0) in the middle of the pore for salt concentrations >0.1 M (between dashed vertical lines).
Comparison of the potential decay with the ionic density distributions for each concentration (b) shows a similar range of decay to bulk values (dashed
vertical lines) with the cation (solid line) and anion (dotted lines) behaving symmetrically. The average voltage or electrical potential distribution created
by the ions across the pore (c) cannot fully screen the applied voltage (black dashed lines) for concentrations <0.21 M. Errors are depicted as shades
around the plots.
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Fig. 4 Molecular orientation and ionic densities across the pore under different external voltages for an ionic concentration of 0.042 M (42 mM). As the
voltage increases, the low ionic concentration can no longer screen the potential with (M) decaying over longer distances (a). Unlike with varying ionic
concentration, there is no obvious correlation between the size of the EDL (b) and the decay length of (M,) with the cation (solid lines) and anion (dotted
lines) distributed symmetrically across the pore. The average voltage or electrical potential distribution created by the ions across the pore (c) is
insufficient to fully screen the applied voltage (horizontal dashed lines) at most voltages. Errors are depicted as shades around the plots.

Having explored the effect of varying the salt concentration
at a given applied voltage (Fig. 3), we now investigate varying
the applied voltage for a given ionic concentration. A relatively
low salt concentration (0.042 M) is used to better evidence the
response of the system even at lower voltages (Fig. 4). For
voltages < 0.4 V, ions appear to be able to screen the resulting
field with (M,) remaining zero in the middle of the pore
(Fig. 4a). This is confirmed by examining the voltage created
by the ions (Fig. 4c) although the error is too large to draw any
comparative conclusion. For voltages >0.4 V water is also
involved in screening the field, with (M,) gradually decreasing
to a non-zero value at the centre of the pore (Fig. 4a). The ionic
distribution still responds to the applied field (Fig. 4b), but the
effect is insufficient to screen the external voltage (dashed lines
in Fig. 4c). A similar behaviour is observed for higher ionic
concentrations (Fig. S11-S15, ESIt), but an increased ability to
screen the applied voltage before the involvement of the water
in the pore. This inverse is true for lower ionic concentrations
(Fig. S10, ESIT). Overall, higher voltages intensify interfacial
effects, increasing the size of the region where water contri-
butes to the electrostatic screening.

3.3 Consequences for the dielectric constant of water

Having explored the spatial details of the molecular-level
response of the water and the ions to the applied voltage, we

This journal is © the Owner Societies 2024

now investigate the consequences for the average dielectric
constant of water across the whole pore. In the absence of
the silica slabs and with no external voltage, the dielectric
constant decreases linearly with increasing salt concentration
(Fig. 5a). This well-established result**®'®® acts here as a
control, confirming that the simulations quantitatively capture
the dielectric behaviour of the solution. When the two silica
slabs are present, although salt still induces a change in the
average dielectric constant between slabs, the decrease is no
longer linear with the salt concentration. The interfaces have a
significant and salt-dependent impact on the dielectric con-
stant of the whole system due to its finite size. At lower salt
concentrations, the interface extends further into the bulk,
hence lowering the global dielectric constant of the liquid. This
is consistent with the interfacial liquid being more structurally
ordered than the bulk.?”®” As the salt concentration increases,
the relative contribution of the interface diminishes, and the
dielectric constant converges towards that value of the silica-
free system. As a result, the dielectric constant exhibits a non-
monotonic behaviour with the increasing salt concentration,
first increasing up to a maximum at ~0.21 M and then
decreasing linearly (Fig. 5a).

This non-monotonic behaviour remains at all the voltages
investigated (Fig. 5a), but the effect of the voltage follows a
consistent pattern (Fig. 5b): typically, three regimes can be
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Fig. 5 Average dielectric constant of the water in the pore as a function of salt concentration (a) and the applied external voltage (b). The dielectric
constant reaches a maximum around 0.21 M when plotted against the solution’s salt concentration (a), regardless of the applied voltage. For the pore size
used here, interfacial effects dominate <0.21 M with the expected bulk solution behaviour appearing at higher concentrations. When the dielectric
constant is plotted against the applied voltage (b), three different regimes can be observed: (i) constant at low voltages, (ii) increasing at medium voltages,

and (iii) a salt concentration-dependent decrease beyond 2 V.

observed for all the salt concentrations considered here. At lower
voltages (<0.4 V) the dielectric constant remains broadly
unchanged with voltage, followed by a slight dielectric recovery
over intermediate voltages (0.4-2 V), and finally a salt
concentration-dependent decrease of the dielectric constant with
increasing voltage (>2 V). For higher ionic concentrations, the
change between stages occurs at larger voltage values and the
changes in dielectric constant in the second and third stages are
lower, consistent with better ionic screening at the interface.
Generally, the non-monotonic effects in voltage and ionic
concentration observed here are interface-driven. They are there-
fore dependent on the system size and become negligible for
macroscopic systems. Nonetheless, the present results shown
that these effects are still significant for pores as large as 7 nm.

4. Discussion

In many natural and technological systems, aqueous solutions
occupy nano-pores between solid surfaces. The surface of the
solid is often charged, either naturally such as with oxides and
minerals®®® or due to an applied potential in technological
application.™®®> The present computational work explores the
behaviour of water and ions in nanopores formed by hydro-
philic silica surfaces. We focus on the interplay between water—
surface interactions at equilibrium and externally applied
electric fields across the whole system, using the average water
dipole at any given distance from the surfaces as a proxy for
water’s molecular orientation.

Our results show high dipole moment density along z and x
directions near the silica surface due to hydrogen bonding with
the surface’s Si-O-H groups. M, does not change with distance
from the surface due to a lack of Si-O-H orientation along the y
surface direction. Previous studies have reported an anisotropic

22068 | Phys. Chem. Chem. Phys., 2024, 26, 22062-22072

screening behaviour for water near the SLI,*>*7*%7%% ygually

associated with a low dielectric constant near the SLI. Here, the
simulations indicate a strong alignment of the water molecules
with the silica crystal, with M, and M, decaying to zero over a
similar distance to that needed for the dielectric constant to
reach its bulk value.*>”® The shape of the M, distribution, its
number of maxima in this range, are also similar to the reported
perpendicular dielectric constant of water near a SLL>*%"®
Interfacial water orientation is expected with silica due to
direct hydrogen bonds with the surface. We note that similar
orientational effects can occur in graphene or metals through
surface polarization due to fluctuating surface charges,”® some-
thing often missing in computational studies with non-
polarizable forcefields. Moreover, in the computational studies
on the dielectric constant variation near the surface the parallel
components of the dielectric constant are considered the
same*®*>787% (a semi-isotropic behaviour), while this study
highlights the importance of considering an anisotropic beha-
viour for realistic surfaces such as silica in which the hydrogen
bond donor/acceptor groups have preferential orientations.
Applying an external electric field across the system can have
a significant impact on the molecular orientation of the water,
even when ions are present. Significantly, the present results
show that the dielectric response of the solution is not linear
with the applied potential. For the sake of the discussion, we
refer to the silica interfaces as ‘positive’ and ‘negative’ electro-
des despite the silica being non-conducting. In this mindset,
the silica surfaces can be thought of as blocking electrodes,
with the positive (respectively negative) electrode being the
interface with the highest (respectively lowest) electrical
potential. A strong screening is observed near the positive
electrode due to an enhancement in the three-layer structure
observed in M, while this molecular ordering is opposed at the
negative electrode resulting in a weaker screening. This is due
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to interfacial hydrogen bonds and orientation of the water
dipoles with the applied field opposing each other. Interestingly
this is in line with results from simulations of water between two
polarizable graphene sheets,’® also consistent with the observa-
tion of slower water reorientation near the positive electrode for
graphene based SLIs.””! Both enhanced molecular orientation
at the positive electrode and slower water reorientation dynamics
likely play a role in the present study, but further work would be
needed to disentangle the two effects.

The impact of the electric field on the water dielectric
constant is non-trivial due to a significant effect of the interfaces,
themselves depending on the ionic concentration of the solution.
Besides, the expected linear dielectric response of bulk water with
the ionic concentration no longer applies here. For lower salt
concentrations (<0.21 M), the dielectric constant increases with
the salt concentration, in opposition to the well-known bulk
behaviour.”>®'® This can be explained by interfacial effects
dominating the dielectric response of the solution in the pore.
Water molecules are oriented throughout most or even the whole
pore (non-zero (M,)). Ions also extend further from the silica
surfaces, with the length of the ionic density decaying from the
interface depending only on the NaCl concentration. This is
captured classically by the Poisson-Boltzmann formalism®®
whereby lower ionic concentrations lead to larger Debye lengths.
The dielectric constant reaches maximum around 0.21 M, a value
expected to depend on the size of the system with larger systems
behaving more bulk-like. Preliminary simulation results suggest a
lower salt concentration threshold for larger pore size.

At higher salt concentration the trend reverses and falls back
in line with the expected bulk behaviour. This is due to thinner
interfacial regions hence leaving most of the pore with a bulk-
like solution. This reduced length of the ionic density decay
from the solid is expected (smaller Debye length) from Poisson-
Boltzmann.*

Overall, the fact that interfacial effects dominate in nano-pores
is not surprising, with multiple examples available in experimental
and computational studies. The remarkable findings here come
from the range of the effect with water exhibiting its maximum
dielectric constant near 0.21 M in a ~7 nm pore which is an order
of magnitude larger than the Debye length of ~0.66 nm predicted
by the Poisson-Boltzmann for this salt concentration. In contrary to
the widely accepted idea of water having bulk-like behaviour in
separation distances larger than the Debye length, this observation
suggests that interfacial effects are important beyond the short-
range molecular interactions. The salt concentration of 0.15 M in
biological entities and the fact the most biomolecular processes
occur over <10 nm, the typical size range of biological molecules,
makes this observation relevant in the biological milieu. Besides,
the present findings could have implications in various areas such
as energy storage devices and batteries. For instance, in the case of
nano-porous capacitors, the present simulations suggest that salt
addition can lead to up to 50% increase in the dielectric constant
and energy storage capacity.

In terms of voltage dependence, three different regimes are
observed regardless of the salinity regime. At lower voltages
(<0.4 V), the ions fully screen the electric field which has limited
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impact on the behaviour of the water molecules. The dielectric
constant does not evolve with changes in voltage in this regime. At
intermediate voltages (0.4-2 V), increased ionic concentration
near the silica creates a depleted region with less ions in the
middle of the pore, leading to a higher dielectric constant. Finally,
at higher voltages both water and ions are involved in the screen-
ing, leading to a decrease in the dielectric constant with increas-
ing voltage. Consistently, the voltage threshold for each regime
increases with salt concentration.

Overall, the results of this study paint a complex but con-
sistent picture of the behaviour of water and ions in nano-
pores. Part of the present simulations was conducted with
significant applied voltages (2-8 V), several order of magnitude
larger than the amount required for the water dielectric break-
down in a conducting system. We believe that the use of such
voltages is appropriate here for several reasons. First, higher
voltages help ameliorate the limited time and length scales of
the MD simulations. The time scale accessible through MD is
limited (< microseconds) and high voltages help speed up the
ionic diffusion and the water dipole arrangement. Second lower
voltages can be challenging when in conjunction with lower
ionic concentrations due to limitations in the system size
needed to achieve effective sampling. Finally, neither charge
transfer, water polarization nor water dissociation have been
observed in our simulations, suggesting that we always operate
in the linear regime. We therefore expect the physics of the
system to behave similarly at higher and lower voltages.

Another point worth mentioning is the fact that silica exposed to
an aqueous solution at neutral pH carries a negative net surface
charge. However, when immersed into an ionic solution, the
surface charge density tends to be reduced by the adsorption of
counterions from the solution.”” The interaction between these
ions and the surface charges can be strong, even at relatively low
salt concentration,*”*** with the ions often remaining stable over
the timescale of the simulations.?”?%*1% Here, this was further
confirmed by preliminary simulations conducted with charged
silica surfaces (results not shown). We therefore considered these
ions as effectively part of the surface in the present study, validating
the use of a neutral silica electrode to investigate the general
behaviour of SLIs under electric fields. While still a simplification,
this avoids unnecessary complications without limiting the scope
of the findings. A question remains as to the atomic structure of a
representative silica surface. Although most silica surfaces are not
crystalline, creating a non-crystalline silica surface risks biasing the
results towards a particular silica structure due to the relatively
small size of the MD system. The use of crystalline silica creates an
in-plane dipole and hence affects the arrangement of water dipoles
parallel to the surface (see Fig. S16, ESIt). However, the applied
voltage has a significantly larger impact on the out of plane dipole
arrangement, the focus of the current study.

5. Conclusions

In this study an all-atom molecular dynamics (MD) framework
was developed to study the response of water dipoles and
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dissolved salt ions to an applied electric field, when in a silica
nanopore. The results highlight the interplay between hydro-
gen bonds with the silica surface and dipole orientation with
the applied field for the interfacial water molecules. The field
can compete with, or enhance the hydrogen bond-dominated
water organisation, leading to lower dielectric constants. For a
~7 nm pore, the effect of the interfaces dominated the beha-
viour of the solution for NaCl concentrations lower than ~0.2 M,
with the average dielectric constant of the solution increasing
with the salt concentration regardless of the applied voltage.
The trend is reversed at higher salt concentrations, following
well-established results for bulk solutions. As expected, both
the applied voltage and ions decrease the size of the interface
region beyond which the water dielectric properties reach its
bulk value. The finding highlights the intricate balance
between water dipoles and ions in electrostatic screening in
nano-pores, showing that significant interfacial effect can
dominate in common ionic solutions even for systems and an
order of magnitude larger than the Debye length. This could
have implications for our understanding of biological systems
when nanoscale pores are common and in the development of
water-based energy-related applications.
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