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ABSTRACT: The tunable polarity of water can be exploited in emerging
technologies including catalysis, gas storage, and green chemistry. Recent
experimental and theoretical studies have shown that water can be rendered
into an effectively apolar solvent under nanoconfinement. We furthermore
demonstrate, through molecular simulations, that the static dielectric constant
of water can be modified by changing the wettability of the confining material.
We find the out-of-plane dielectric response to be highly sensitive to the level of
confinement and can be reduced up to 40X , in accordance with experimental

data. By altering the surface wettability from superhydrophilic to super-
hydrophobic, we observe a 36% increase for the out-of-plane and a 31% decrease for the in-plane dielectric constants. Our
findings demonstrate the feasibility of tunable water polarity, a phenomenon with great potential for scientific and

technological impact.
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he behavior of water at surfaces and interfaces' ™ is

critical to the structure, stability, flexibility, and

dynamics of biological macromolecules such as lipid
membranes,'® nucleic acids,* proteins,12 and their complexes,
enabling their proper functionality."’ Dielectric properties of
water in contact and/or confined between soft or hard,
hydrophobic or hydrophilic bounding surfaces, are particularly
important also in the context of long-range interactions in
biological systems,'* since both quintessential components of
the nanoscale long-range interactions,”> the van der Waals
interaction'® as well as the electric double-layer interactions,'”
depend crucially on the static as well as dynamic dielectric
response of the media involved. Despite its well-established
importance, the experimental probing of the dielectric
response of interfacial water has been limited. However, in a
recent feat of nanoscale experimentation, Fumagalli et al.'®
measured the local capacitance of water layers, confined
between two atomically flat graphite crystal surfaces at
nanometer separations. They reported an interfacial layer
with an anomalously low out-of-plane dielectric constant (&, =~
2). These findings have been confirmed by several studies
employing molecular dynamics (MD) simulations.'”*’
Decreased &, was observed in various confining geometries,””
for protic (capable of hydrogen bonding) and aprotic fluids,””
whereas the phonons® of the graphene sheets have not been
linked to variations of static dielectric water properties.”® The
anomalous dielectric response was attributed to the orientation
anisotropy of the vicinal water molecules to the channel wall,
suppressing the reorientation of polarization.”"*>*”
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The structural and dynamical behavior of the interfacial
water layer is known to depend on the chemical composition
of the confining material, that is, on the interactions between
the channel and water atoms, which can be characterized by
the surface wettability.” Optical techniques have introduced
the water contact angle @ as the experimentally determinable
metric that quantifies the wettability of a surface,®® with 6
values lower than 90° denoting a hydrophilic surface and 0
values higher than 90° denoting a hydrophobic surface. Thus,
apart from adjusting the level of confinement, dielectric
properties could also be tuned by selecting the confining
material. For example, the wettability of the graphene can be
altered with substrates due to its wetting transparency and can
be even reversibly modulated with external stimulation.’'
Techniques that can tune the graphene surface wettability are
currently being considered for different nanotechnology
applications”"*” such as self-cleaning, water harvesting, and
various nanofluidic devices. Interestingly, previous computa-
tional investigations into dielectric response of confined water
did not consider the wettability aspect or have reported only
the in-plane dielectric response for selected cases.'”*’
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Figure 1. (a) Schematic representation of the simulated channel confined water with the periodic images shown in transparent. (b) Different
surface wettabilities measured by the corresponding contact angles 6. (c,d) Surface plots of £, and &, with respect to the height of the
confinement h and the surface channel wettability measured by the contact angle 6. The colored points correspond to simulation results and

gray markers (setting 6 = 90°) to previous experimental results.'®

Here, we employ extensive atomistic MD simulations to
characterize the dielectric response of water in planar
nanoconfinement. We report the in-plane and out-of-plane
dielectric components for various heights of confinement as
well as different surface wettabilities of the channel walls. We
find that the out-of-plane dielectric component exceedingly
decreases as the height of the confinement decreases, whereas
it increases as the surface wettability changes from hydrophilic
to hydrophobic. We report the opposite trends for the in-plane
dielectric constant, although the increase of the parallel
component with decreasing channel height is moderate and
evident only for confinements smaller than ~10 nm. We
rationalize the dielectric response of confined water by
investigating the structural changes of water at the interface,
with the use of local order parameters, which are metrics for
the tetrahedrality and dipole orientation of the confined water.
Additionally, we augment the capacitance model'***** with
the simulation extracted interfacial layer properties and
propose a two-dimensional (2D) response surface of in-plane
and out-of-plane dielectric constants with respect to the
channel height and the surface wettability. The constructed
phenomenological model enables the prediction of the static
dielectric response beyond the simulated channels.

RESULTS AND DISCUSSION

The static dielectric response and the nonbulk-like structural
properties of the nanoconfined water are investigated for
various channel heights h as well as different surface

wettabilities of the channel walls, denoted through the
corresponding water contact angle 6 (Figure 1a,b).

To be able to directly compare with experimental results,'®
we explore 10 channel heights with / ranging between 0.5 and
30 nm. These simulations are performed at a fixed channel
surface wettability (6 = 80°), which roughly corresponds to a
pure graphene surface.’’ The effect of the surface wettability is
probed at a fixed channel height (h = 2.2 nm) using five
wettability-varying surfaces (0 varied between 7° and 157°).
We, thus, probe a wide spectrum of confining surfaces, ranging
from superhydrophilic to superhydrophobic.

Static Dielectric Response. In the bulk, the dielectric
constant of water is isotropic and can be computed via
fluctuations of the total dipole moment and the Clausius—
Mosotti relation™ ™’ (Supporting Information). In our
simulations, we obtain the value of € = 80.25 + 0.65, which
within error bars matches the reported value of € = 79.63 for
the employed SPC/Fw model.*® In confinement, the dielectric
response is anisotropic, and the component of the second-rank
tensor exhibits spatial inhomogeneity.'”**~*" For planar
confinements, the dielectric response profile can be fully
characterized by the parallel (||, in-plane) and normal (L, out-
of-plane) components of the dielectric constant with respect to
the surface of confinement. In distinction to some previous
studies,”** our simulations are performed under no external
field. Instead, dielectric response is extracted from the
equilibrium simulations using the framework proposed by
Ballenegger et al.'”*”*' (described in detail in Supporting
Information).
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Figure 2. Dielectric response of water in confinement for various (a) heights and (b) surface wettabilities. The effective normal €, (blue) and
effective parallel £ (red) components of the dielectric constant of water are calculated along the whole height of the confinement. The red
and blue dashed-dotted lines correspond to the 2D capacitance model prediction (eqs 1 and 2) for @ = 80° in (a) and for h = 2.2 nm in (b).
The error bars denote the standard deviation. (a) Results are compared with the experimental data'® (gray points). Bulk value of the

dielectric constant of water is denoted with the dashed black line.

1.0 1.0
0.5 0.5
T T 0\~
W w \v/{/\x‘)(/
-0.5 -0.5
. 0.0 15 9% 05 1
a z [nm] d z [nm]
300 300 01
_ 200 _ 200
w w
100 100 /2;
/% N\
0 o 0
5 -1 0.0 1 5 0.0 0.5 1
b z[nm] e z[nm]
4 4
01
—3 —3
| |
52 £2
2 2
Q1 Q1 &4——
0 e
5 -1 0.0 1 5 0.0 0.5 1
c z [nm] f z[nm]

Figure 3. Spatial distribution of the inverse normal dielectric constant £7". (a,d) Parallel dielectric constant g (b,e) and density (c,f) with
standard deviations (shaded regions). The x-axis for (a—c) is in symmetric logarithmic scale with z = 0 denoting the middle of the channel,
while for (d—f) z = 0 denotes the start point of the graphene wall. (a—c) The green, gray, light green, gold, and orange curves correspond to
the channel heights of h = 1.4, 2.2, 7, 10, 20 nm, respectively. (d—f) The red, light red, gray, light blue, and blue curves correspond to contact

angles of 7, 52, 80, 110, 157°.

At a fixed wettability, we observe a drastic decrease in the
perpendicular dielectric constant as the height of the channel is
decreased (Figure 2, exact values in Table S2).

The obtained values, calculated along the overall height of
the confinement, are in excellent agreement with the
experimental data reported by Fumagalli et al."® In comparison,
the reported values in a recent MD study’’ somewhat

underestimate the dielectric constant. Discrepancies between

20313

the experimental and simulation results as well as between
different simulations can be attributed to the various employed
water models and wettability of the surface.”’ The normal
dielectric constant attains the bulk value only for channel
heights larger than ~100 nm. On the other hand, the effective
parallel component of the dielectric constant of water is found
to increase for confinements below =10 nm. However,
deviations from the bulk values are smaller compared to the
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Figure 4. Distribution of Q, (a—c) and 7Y (d—e) order parameters. (a) The red, blue, gray, green, orange, purple, sea-green, gold, rose, light
blue, olive green, magenta, khaki, light red, yellow green, and sky blue curves are computed for slabs of 0.1 nm thickness at increased
distance (from 0.2 to 1 nm) from the channel wall. The profiles are shown for channel height h = 3.5 nm. (b—e) Distribution in the interface
layer (within 0.9 nm from the channel wall) for contact angle # = 80° and heights h = 1.4, 2.2, 3.5, 7, 10, and 20 nm shown in green, gray, sea
green, light green, gold and orange, respectively (b,d) and for height h = 2.2 nm and contact angles of § = 7, 52, 80, 110, and 157° shown in
red, light red, gray, light blue and blue, respectively (c,e). The black dashed curves correspond to the distributions of bulk, unconfined water.

normal component. For the smallest considered channel height
(h = 0.5 nm), the increase is around 40%. An increase in the
parallel dielectric response was reported also in the previous
studies. Nonetheless, it remains unresolved, as results are
quantitatively in disagreement. Hamid et al.*” report a more
pronounced increase of |, which deviates from the bulk value
for channel heights up to ~100 nm. Schlaich et al,*' in
contrast, report for soft polar surface confinement only a slight
increase (& 10%) but only for channel heights below ~0.5 nm.
We note that quantitatively the results also depend on the
calculation of &) (Supporting Information). Typically effective
values are reported. If ¢ is instead computed as an average
over the spatial distribution profile, then lower values are
obtained (Figure S2).

Next, we fix the channel height and examine the impact of
surface wettability of the channel walls. Interestingly, we find
that both components of the dielectric constant are affected,
but that these effects are smaller than the effect of the channel
height as well as that they act oppositely for the two
components. Upon modifying the wettability from hydrophilic
to hydrophobic (6 1), the normal dielectric constant is
increased by 36%, whereas the parallel component is decreased
by 31%. These percentages are calculated as the difference
between the most hydrophilic and most hydrophobic tested
surfaces, divided by the value obtained for the roughly neutral
surface (@ = 80°). Insight for the observed behavior can be
obtained by looking at the dielectric profiles along the channel
height.

For the inverse normal dielectric response (Figure 3a,d), we
observe an overscreening behavior in the interface layer,
consistent with previous work.'"” The response profile of &,
(Figure S1) displays numerous infinite discontinuities (atel' =
0) and regions with negative values giving rise to low values of
normal dielectric constant in the proximity of the wall surfaces.
The observed reduction of overall €, with the decrease of the
channel height can be roughly understood in terms of the
proportionality between the interface and the bulk regions.
The €, dependency on surface wettability can be traced back
to the charge density profile along the channel height (Figure

S1) from which the perpendicular response is extracted. As the
wettability of the confining surface is reduced (6 1), the charge
density profile becomes smoother. This translates into an
increase of €.

The parallel component of the dielectric profile (Figure
3b,e) is well correlated with the density distribution inside the
channel (Figure 3c,f). In the vicinity of the channel walls, the
density profile exhibits several peaks due to the well-known
layering of water near the confining boundaries, whereas away
from the boundaries, the densities of all channels collapse to
the expected bulk density value."”** The density peak
positions and values are independent of the channel height
variation (Figure 3c). An exception from this behavior are
channels with h < 2 nm, where water does not exhibit a distinct
bulk-like region in the middle of the channel. On the other
hand, the variation of the surface wettability induces changes in
the density profile near the channel walls (Figure 3f). Going
from hydrophilic to hydrophobic surfaces (6 1), the layering
becomes less and less pronounced. The water molecules are
pushed away from the walls, as evident from the shifted water
density peaks toward the channel interior. The same behavior
is observed for the dielectric response in the parallel direction
and is consequently reflected in the overall £, which decreases
as we move from hydrophilic to hydrophobic (6 1) channel
walls. Bonthuis et al.'” retrieved a reverse correlation between
g and density. We believe that this observation is related to
the fact that the water volume was not confined in a channel
and that the variation of the surface wettability was performed
with a chemical deposition of terminal ion groups on the
surface. We note that in a recent study by Kwon et al,** an
increased value of contact angle was connected to a decrease of
density and the relative permittivity, in accordance with our
results.

We also examined the total average water density inside
channels to ensure that the water in each channel is well
equilibrated. For channel heights above & = 2 nm, we find that
the confined water density values agree with the unconfined
water density of 1.01 g/cm® (ref 38 and our simulations) at
ambient conditions (exact values in Table S1). An increased
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Figure S. Normal &, ; (blue) and parallel £); (red) components of the dielectric constant of water computed in the interface region for
various (a) heights and (b) surface wettabilities. The error bars denote the standard deviation. (a) The red and blue dashed lines correspond
to the average values of £, ; and £ ;. Bulk value of the dielectric constant of water is denoted with the black dashed line. (b) The red and blue
dashed lines correspond to the fitted relation between the interface dielectric constnat and surface wettability (Supporting Information).

density is found for very small channels, which is reasonable
since at such small separations, water never reaches the bulk
behavior as already stated before. Similar density deviations
were also observed in other studies.”*

Characterizing the Interface Layer. As the variations in
the density as well as in the dielectric response are located in
the interface region near the channel walls, we determine the
extent of the region where water exhibits nonbulk-like behavior
by examining several of its local order parameters: (i) the
dipole moment orientation nW, (i) the nematic order 7®,
(iii) the quadrupole moment in direction of the channel height
77(3), and the tetrahedrality Q,(z) (defined in Supporting
Information). Computing the average order parameters vs
distance from the channel walls (Figure S4), we observe that
(irrespective of h and 0) in close proximity to the walls, all
order parameters showcase a structure that differs from the
bulk and only approach bulk values at distances ~0.9 nm from
the wall.

To determine a more precise value for the height of the
interface layer h;, we perform a sensitivity study for the
distribution of Q, order parameter (Figure 4a).

In particular, the distribution is probed in thin regions
centered at various distances from the channel wall. We focus
on the tetrahedral order parameter due to its connection with
the hydrogen-bond network of water. Q, can take values
between 0 and 1, with the former characterizing the random
distribution and the latter corresponding to the regular
tetrahedral symmetry. At ambient conditions, the average
tetrahedrality of water in bulk is Q, ~ 0.6.*° With increased
distance from the channel surface, the distribution of Q, shifts
from a unimodal to a bimodal distribution and progressively
resembles the bulk distribution. Beyond 0.9 nm, the
distributions collapse to the bulk distribution. Repeating this
analysis for different channel heights and wettabilities, we find
that h; is not affected by neither (Figure S6).

With the height of the interface layer set to h; = 0.9 nm, we
then compute the tetrahedrality distribution in the interface
layer Q,; (Figure 4b,c). For very small channel heights (h < 2
nm), the distribution is very distinct from the other cases,
denoting a structure highly affected by the interface. As already
mentioned, the separation between channel walls is so small
that no bulk-like region is formed and the distribution is
computed in the whole channel since h < 2h;. For all other
channel heights, the P(Q,;) are approximately equal (see also
Figure S4). In contrast, a clear sequence of distribution profiles
can be seen for different wettability cases (Figure 4c). Upon
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altering the channel material from hydrophilic to hydrophobic
(0 1), the first peak in the distribution decreases and
approaches values of the unconfined water. These results
demonstrate that water in proximity to hydrophilic surfaces
tends to interact with the surface and the hydrogen-bond
network is highly perturbed.

Similar conclusions can be deduced from the dipole moment
distributions P(17")) of water molecules in the interface layer
(Figure 4d,e). In the bulk, the water dipole moments have no
preferred orientation in space and thus the mean value of (") =
0, while P(V) is constant for all 7). In the interface region, a
preferred orientation of water molecules is evident. Irrespective
of the material surface, the highest probability is found at nV =
0, which corresponds to dipole moments lying in the plane
parallel to the wall. However, this preferred orientation appears
more pronounced the more hydrophilic the channel material.
To verify the correct determination of h;, we also calculate
P(Q,) and P(?](l)) in the bulk-like region of the channel, that
is, the region excluding the two interface layers (Figure SS).
We find all profiles to match well with the unconfined water
results.

2D Capacitance Model. Since the structural character-
istics in the interface layer hinge on the wettability of the
confining material but not on the height of the confinement,
we expect a complementary dependency for the dielectric
constant in the interface layer. Figure S shows that this is
indeed the case.

The results are used to build a phenomenological
capacitance model in order to predict the dielectric constant
of nanoconfined water beyond the simulated cases. To this
end, we extend the previously proposed capacitance
model ***** to include the wettability effects. The effective
overall £, and g can be obtained by considering the two
interface layer capacitors and the bulk capacitor connected in
series and in parallel, respectively. Furthermore, by considering
the interface layer capacitors as wettability dependent, we
obtain the following relations:

h
e(h, 0) = 2 b2k
2 ,(0) & (1)
and
2h h —2h
gll(h, 6) = TISH‘I(H) + h ISB (2)
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where &, ;(0) and &;(0) relations are extracted from Figure Sb
(Supporting Information), h; = 0.9 nm as determined above,
and e = 79 the bulk dielectric constant of water. The obtained
2D surface plots of dielectric response of water with respect to
the height of the confinement and the wettability of the
channel wall (Figure 1c,d) match well the experimental as well
as simulation data. Both components of the dielectric response
are affected under the confinement and depend also on the
wettability of the confining material. In comparison to the
degree of confinement, that is, h, the consequences of
wettability are not as drastic but still considerable, especially
for small h.

CONCLUSIONS

In summary, we have demonstrated the possibility of tuning
the dielectric response of water in nanoconfinement through
modifications of the surface wettability. The present computa-
tional study investigates the interdependency of the confine-
ment size with the wettability properties of the confining
surfaces. Our results demonstrate that the abnormal dielectric
response of water in planar confinement is due to the nonbulk-
like behavior of the interfacial water. The structural character-
istics in the interfacial layer are sensitive to the hydrophilic/
hydrophobic nature of the confining wall material and
consequently play a role also in the overall dielectric response.
Aside from the level of confinement, the wettability can
therefore serve as an additional fine-tuning parameter for the
manipulation of dielectric response of water. To obtain a low
dielectric constant of the solvent, our results advocate for a
small confinement size (small /) and a hydrophobic surface
material (large 6). We envision that the capability of
controlling the 2D response of the water dielectric constant
could boost critical technologies, such as chemical reactions or
gas dissolution that require a lower dielectric constant of the
solvent.*’

METHODS

All simulations are performed with LAMMPS package.*® We use the
velocity Verlet integration with the time step of 1 fs. The cutoff radius
for the nonbonded interactions is 36, where ¢ is the largest Lennard-
Jones (LJ) interaction parameter (6co = 0.319 nm) in the system.
The electrostatic interactions beyond the cutoff are corrected with the
particle—particle particle-mesh (P3M) solver scheme® with a root-
mean-squared error in the force calculation of 107°. In the z-direction,
we exclude the long-ranged electrostatic contributions from the
periodic images, introducing the correction for slab geometry.*® The
slab-geometry correction resembles the computation of the 2D Ewald
summation on a simulation system with a finite length along the third
dimension.””** The temperature of 298 K is maintained in the NVT
ensemble with the Nosée—Hoover thermostat with the constant of 7
= 0.1 ps.

Water is modeled with SPC/Fw*® model, as it reproduces well the
bulk dielectric constant of water. The wall atoms remain fixed for all
simulations, in order to omit effects due to phonon excitations.® The
surface wettability is controlled by modifying the energetic parameters
of the nonbonded interaction between the graphitic surface and water.
In particular, the interaction is modeled with the L] potential with 6o
= 0.319 nm. Several depths of the potential well are considered €co =
0.16369, 0.11369, 0.09369, 0.07369, 0.02369 kcal/mol, which,
respectively correspond to the following water (SPC/Fw) contact
angles on a flat graphene surface: 6 = 7, 52, 80, 110, and 157°. These
contact angles are determined from separate simulations of water
droplets on planar surfaces, and computation follows the method
introduced in Werder et al.>' For simulations with channel height
variations, the contact angle is set to € = 80° that is, roughly

corresponding to the pure graphene surface.’’ Determining the
wettability of flat graphene has been a source of controversy among
experimental studies, since the measured contact angles of water
deposited on graphene regorted in the literature vary from neutral
wettability values (~90°)°>™>* to more hydrophilic values,**” with
these discrepancies being attributed to airborne contamination of
experimental samples.®”

The nanochannels are constructed using two graphene-like layers
with the WCCNT package.”® The width and length of the channels
are set to I, ly ~ 10 nm, while the height of the channel h varies for
different setups. We simulate 10 systems with & = 0.5, 0.8, 1.4, 2.2, 3.0,
3.5, 7.0, 10, 20, and 30 nm. We use periodic boundary conditions in
the planar directions and nonperiodic boundary conditions in the
normal directions of the channel, where the slab correction is applied
for the computation of long-range electrostatics, by adding a vacaum
space of 3X the slab height in between periodic images.

The protocol for the simulations consists of two phases:
equilibration and production runs. The systems used for the
equilibration runs consist of a nonperiodic channel with water
reservoirs placed in both ends of the channel. A constant force is
applied to all water molecules at the outer edges of the reservoirs,
pushing the water in the channel until the density within the channels
is equilibrated. The value of the force is selected so that the sum of
forces applied to all water molecules normalized with the cross-
sectional area corresponds to a pressure of 1 bar. After equilibration,
the reservoirs are removed and periodic boundaries are applied. The
production runs are performed for a total of 40 ns for all smaller
systems and for 30 ns for channel sizes above 7 nm. The trajectories
of the water molecules are saved every 0.5 ps. The analysis of the
trajectories takes place after the first 1 ns of the production run
simulation. Visualizations were performed with the Visual Molecular
Dynamics (VMD) package.*
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