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Abstract

Dielectric permittivity is central to many biological and physiochemical systems as it affects the
long-range electrostatic interactions. Similar to many fluid properties, confinement greatly alters
the dielectric response of polar liquids. Many studies have focused on the reduction of dielectric
response of water under confinement. Here, using molecular dynamics simulations, statistical-
mechanical theories and multiscale methods, we study the out-of-plane (z-axis) dielectric response
of protic and aprotic fluids confined inside slit-like graphene channels. We show that the reduction
in perpendicular permittivity is universal for all the fluids and exhibits a Langevin-like behavior
as a function of channel width. We show that this reduction is due to the favorable in-plane (x-y
plane) dipole-dipole electrostatic interactions of the interfacial fluid layer. Furthermore, we

observe an anomalously low dielectric response under an extreme confinement.
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One of the important fundamental properties of any polar fluid is its dielectric constant. In simple
terms, it is the measure of the fluid’s ability to screen charges. The knowledge of dielectric
permittivity and its influence on electrostatic interactions are of great importance in science and
technology. In energy storage devices such as electric double-layer (EDL) capacitors, the amount
of energy stored in the device is directly proportional to the solvent dielectric constant, and thus,
can be exploited to manipulate the capacitance.! In the context of coordination chemistry, dielectric
permittivity is an essential component for reactions in the solution via changing the solvation free
energy barriers.> Moreover, solubility and solvation free energy,’ ion mobility,* and molecular
transport through nanopores,’ which are relevant processes in biology®’ and water desalination,®’
depend strongly on the dielectric permittivity and its variation near interfaces.

Similar to the structural'®!! and dynamical changes that a fluid undergoes in the vicinity of an
interface, the dielectric response of the confined fluid is no longer a scalar quantity (as is the case
in the bulk) and is a second ranked tensor exhibiting an anisotropic behavior in different spatial
directions (e.g., perpendicular, €, or parallel, g, to a flat interface).'*!* Such an anisotropic
behavior implies a strong preferred directionality for electrostatic interactions® and can be very
important in understanding dissociation in nanoconfinement,'*!> dielectrophoretic deposition of
carbon nanotubes (CNTs),'¢ developing accurate coarse-grained force fields'” and improving the
solvent-implicit approaches often used in biology and continuum theories such as the Poisson-
Boltzmann (PB) equation'® for accurate prediction of capacitance in the electric double-layer
capacitors. "

Direct measurement of the dielectric permittivity of the fluid under confinement is a very
challenging task.?%*' Previous experiments primarily focused on water and employed different
methods and techniques to measure its dielectric response perpendicular to an interface. Thin film
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measurements have reported a decrease in the perpendicular dielectric permittivity, €, , of water
confined between mica plates as the water slab thickness is reduced from micrometer to
nanometer.?? For the same interface, atomic force microscopy has revealed that water dielectric
constant varies from 4 to its bulk value, &, =81, within a distance of about 10 nm away from the
surface.?? On the other hand, using the streaming potential method, it was found that the dielectric
permittivity of water confined in extended nano spaces is reduced to roughly 1/3 of its bulk value.
Recently, capacitance microscopy analyses have revealed that water exhibits an anomalously low
out-of-plane dielectric constant of 2.1, when confined between sheets of graphene and hexagonal
boron nitride (h-BN). It was also found that the channel width where the water dielectric behavior
converges to that of bulk extends up to mesoscales.?!

Due to the challenges and discrepancies in measuring the dielectric constant from experiments,
several computational studies have been performed to study the dielectric permittivity of confined
water at various interfaces. As shown in many studies,’®** bulk-based relations such as the

Kirkwood-Frohlich relation?>-2

should be avoided in calculating the interfacial dielectric
permittivity. Using statistical mechanics and linear response theory, fluctuation formulas have
been derived to determine the dielectric response of confined polar fluids.'*!* Using molecular
dynamics (MD) simulations, an anomalous dielectric response was found for water confined
between ionic Newton black films.?’ Later, it was shown that water exhibits a strong anisotropic
dielectric relaxation when confined in graphene nanochannels.?® This behavior led to an order of
magnitude difference in the parallel and perpendicular dipolar fluctuations of water confined
between graphene sheets, and was shown to persist even for a 100 nm wide channel.?* Such

3031 where

anisotropic behavior has also been observed in cylindrical confinement such as in CNTs,
the water dielectric constant parallel to the axis of CNT is enhanced while the perpendicular

4



component is suppressed. This anomalous water dielectric behavior, particularly the reduction in
perpendicular dielectric constant of water has also been reported near hydrophobic spheres,*? soft
polar surfaces,*® and protein surfaces.

Although both computational and experimental studies have been performed on the dielectric
permittivity of confined water, there have been only a few studies on non-aqueous solvents.
Understanding the dielectric behavior of confined organic solvents is of paramount importance for
the application of electrochemical capacitors due to their higher operating voltage thresholds
compared to water. In this work, we perform extensive MD and multiscale simulations with
cumulative simulation time of 10 us, to determine the dielectric constant as a function of channel
width for water and several technologically relevant organic solvents confined in graphene slit
channels. Our study provides fundamental insights into the effect of confinement on perpendicular
dielectric permittivity of confined fluids in slit channels of various widths. We observe universal
scaling and reduction in the perpendicular dielectric permittivity as a function of the channel width.
We demonstrate that the reduction in the out-of-plane dielectric permittivity exhibits a Langevin-
like behavior. The reason behind this reduction is attributed to the favorable in-plane dipole-dipole
interactions. Moreover, we find that the perpendicular dielectric permittivity is anomalously low
in sub-nanometer channels. Finally, we introduce a multiscale parallel-plate capacitor model to
calculate the perpendicular permittivity of the confined fluids. The model is more robust than the
fluctuation formula (requires only two short MD simulations of about 4 ns) and its prediction of
the perpendicular dielectric permittivity, in the limit of zero external electric field, agrees well with

the result of the fluctuation formula.



Results and Discussion

Bulk dielectric permittivity and dipolar strength. In general, solvents can be classified into
two categories: protic and aprotic. The former refers to the solvents capable of forming H-bonds,
whereas the latter refers to solvents which cannot accept or donate a hydrogen bond. The set of
fluids considered in this study have dielectric constant (calculated from MD simulations) ranging
from ~9 (non-polar aprotic fluid such as dichloromethane) to intermediate values of ~25 (polar
protic and aprotic fluids such as methanol and acetonitrile, respectively) and to the highly polar
protic fluid such as water (SPC/E) with the dielectric constant of ~71. In addition to their
technological relevance and wide range of dielectric permittivity, the selection of these solvents
shows an interesting connection between bulk dielectric permittivity, proticity and dipolar
strength. Assuming periodic tinfoil (conducting metal) boundary conditions, the bulk dielectric
permittivity can be expressed via the following relation:**>>
&p = 1+ 3C4Gy (1)
In eq (1), Gy is the Kirkwood factor, representing the angular dipolar correlations among the

dipoles (e.g., for uncorrelated dipoles Gy is equal to 1), and Cq is the dipolar strength given by,

__Poitt
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where u, py, &, kg, and T are the dipole moment, bulk density, vacuum permittivity, Boltzmann
constant and temperature, respectively. We observe that for a similar value of dipolar strength the
hydrogen-bonded liquids have a higher dielectric permittivity compared to the non-hydrogen-
bonded liquids (see Supplementary Table S1). This suggests larger Gy values, hence, stronger

dipolar correlations and alignments in protic liquids. Thus, we investigate the effect of confinement

on the dielectric response of both protic and aprotic solvents with distinct dipolar strengths.



Perpendicular dielectric permittivity of confined liquids. A typical simulation box consists
of fluid molecules sandwiched between two flat graphene sheets separated by a distance, H (see
Supplementary, Figure S1). For each channel width, we use the fluctuation formula (see eq (9) in
the Methods Section) to compute the spatially varying perpendicular dielectric permittivity and
average it over the entire channel width (see the Methods Section), which makes it easier to
compare with experiments and suitable for coarse-grained modeling and analytical approaches.
The size of the confinement (H) investigated ranges from large channels with a well-formed bulk-
like region away from the walls to smaller channels where no bulk-like region can be identified
and to extremely narrow channel widths of a few Angstroms, where an accurate determination of
the solvent dielectric constant requires high resolution experiments to reduce noise and error bar.
Moreover, such small-sized carbon slit-pores of width 0.6-1 nm (less than the size of solvated ions)
have exhibited anomalously high capacitance which contradicts the traditional understanding of
supercapacitors.3®7

For all the channel widths and different fluids considered, we observe a reduction in the
perpendicular permittivity compared to the bulk value (Figure 1). The reduction in permittivity
with size, however, varies for different fluids. At large channel widths (with a well-defined bulk-
like region), the dielectric constant reduces in a nonlinear fashion from the bulk value and
continues to decrease in an almost linear fashion for narrower channel widths (with no bulk-like
region). For the confinement of width Hg (the smallest channel width considered in our
simulations), where only a single layer of fluid could fit inside the channel (see Supplementary,
Figure S2), the corresponding dielectric constant, &g is exceptionally small. For some of the fluids,
such as dichloromethane, this value is close to 1. This indicates that at small separation distances,
the ability of fluids (both protic and aprotic) to screen charges normal to the surface is substantially
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inhibited. We note that due to the lack of electronic degrees of freedom, the high frequency limit
dielectric permittivity, £, is equal to unity for non-polarizable force fields*® (see the Methods
section for different force fields). Thus, the value of g for all the fluids lies above €, =1. To the
best of our knowledge, with the exception of water, there are no relevant experimental studies on
the variation of dielectric permittivity of non-aqueous fluids as a function of the channel width.
Nevertheless, our results are in good agreement with recent experiments reported on the confined
water dielectric permittivity.?! For water, both simulations and experiments show a linear
reduction in perpendicular permittivity for small channels and a nonlinear reduction from the bulk
value for larger channel widths. The smallest permittivity found in experiment was ~2.1£0.2 for
channel widths smaller than 2 nm. In our simulations, however, we observe such a low value of
perpendicular dielectric permittivity only in sub-nanometer channels.

Our results show that the reduction in the perpendicular dielectric permittivity is not exclusive
to water, rather it is a universal feature for the confined fluid systems. As a corollary, electrostatic
interactions perpendicular to an interface are enhanced under confinement. In other words, the
electrostatic repulsion or attraction becomes stronger between two similar or oppositely charged
surfaces. This phenomenon can be very important in biology due to the polar nature of protein
surfaces and their interaction with water or in energy storage applications as the dielectric
permittivity of solvents can drastically impact the capacitance of a device.

Langevin behavior of the perpendicular permittivity. As depicted in Figure lc, the behavior
of the perpendicular permittivity as a function of the channel width can be approximately modeled

by a Langevin function as,

e, (H) =£1+Ae£(3u) 3)
s O'dAS



where Ae = (&, — &), L(x) = coth(x) —i is the Langevin function, and gy is an effective

length scale which is determined from the slope at small channel widths.

In the context of dielectric theory, Langevin function has also been used to describe the
orientational polarization of the system of non-interacting dipoles, the dielectric saturation effects
due to the external electric field,>**! dielectric decrement as a function of ion concentration,*>*
and to model an effective permittivity in classical theories such as the Poisson-Boltzmann theory.*

For small channels, especially in the limit of H — Hg, the behavior of the perpendicular
dielectric permittivity is approximately linear as a function of the channel width with the slope
directly related to o4 (see Supplementary, Figure S3). The resultant values for g4 are very similar
to the effective molecular diameter of the fluids considered®’ (Table 1). In addition, knowing gy
for each fluid and using eq (3), we can predict the characteristic length scale, Ay, for which the
bulk dielectric behavior is recovered (Table 1). The criterion used to calculate A, was that the
perpendicular dielectric permittivity at H = Ay, reaches 99% of ¢,. We found that 4;, ranges from
hundreds of nanometers for dichloromethane, methanol, and acetonitrile to micrometers for water.
Our results for water, agree well with the recent experiments?' and previous MD simulations,
showing that the effect of confinement on the dielectric response of water extends up to mesoscale

dimensions.*® We emphasize that these length scales are obtained for fluids confined in the

graphene slit-pores and these length scales can change as the substrate changes.

By rearranging eq (3) and plotting the scaled perpendicular dielectric permittivity, £, = %,

b~esl

against the scaled channel width, H = - IZE_HSSI x it is apparent that all the data for different fluids
d\eb~¢sl

approximately collapses onto a single curve including the experimental measurements reported in

the literature for water out-of-plane dielectric permittivity.?! This relationship between the scaled



perpendicular dielectric permittivity and the scaled channel width can be modeled by the Langevin
function, i.e., él(f-lv) = L(BH).

Multiscale parallel-plate capacitor model for dielectric permittivity. A simple capacitor
consists of a dielectric medium sandwiched between two electrodes of equal and opposite charges
(£Q) separated by a distance H. A capacitor can be characterized by its capacitance (C) which is

a measure of the amount of charge stored for a given potential difference across its electrodes, i.e.,

Q oA

(=26~ 20

“)

where o, is the electrode surface charge density, A is the surface area of the electrode, and A =
D.node — Peathode With anode and cathode referring to the positive and negative electrodes,
respectively. On the other hand, from a theoretical point of a view, the capacitance for a
conventional parallel-plate capacitor can be written in terms of the geometry of the capacitor and

the dielectric permittivity of the confined medium as,

Agye,

C=— )

Using eqs (4) and (5), the dielectric permittivity of the medium can be expressed as,

_ ocH 6

Herein, in addition to the fluctuation formula to calculate the perpendicular permittivity, we have
simulated capacitor channels, where uniform partial charges, positive on the right wall (z = H)
and negative on the left wall (z = 0), were assigned to the wall atoms to achieve an external
electric field of strength, E.y¢ = d./€,. Thus, by knowing the electrostatic potential of the anode
and cathode, the dielectric permittivity of the confined medium, which coincides with the

perpendicular dielectric permittivity (i.e., & = €,), can be obtained using eq (6). To find the
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electrostatic potential for a confined fluid system, we first calculated the atomic charge density
profile from MD simulations and used the Poisson equation with the proper boundary conditions
(see the Methods Section) to obtain the electrostatic potential. The schematic of the entire
procedure for water is shown in Figure 2a.

Compared to the fluctuation formula which is only applicable in the absence of an external
electric field and requires long and tedious equilibrium simulations, eq (6) is more robust and can
be used to calculate the electric-field-dependent perpendicular dielectric permittivity. However,
one caveat is that it cannot be used at zero external electric field. To address this limitation and to
establish verification of the results of eq (6) with the fluctuation formula, we investigated the
variation of the perpendicular dielectric permittivity as a function of the electric field (Figure 2c¢).
In general, as the electric field increases, the fluid dipoles get more aligned with the applied field,
and thus, result in a lower dielectric permittivity. At weaker electric fields, however, it is clear that
the slope plateaus indicating an almost constant dielectric permittivity. This is not surprising, as
on the basis of the linear response theory, for weak enough electric fields the response of the fluid
total polarization density (p,) varies linearly with the local electric field (E)), ie., p, =
go(e, — 1)E, . This is evident in the inset of Figure 2b. It can be seen that for water, the linear
regime is observed for Eqy < 0.2 VA~1, which is consistent with prior literature for water confined
in graphene channels.!” To extract the zero field perpendicular dielectric permittivity, we used the

Booth relation®**° for the electric field-dependent perpendicular dielectric permittivity,

2
€1 (Eext) = 0% + 3(&_2(2 . n) L(bEey) (7

where n is the refractive index, which is related to the infinite frequency dielectric constant by

£ = n?%.Ineq (7), b and €, (0) are the fitting parameters for our data and n = 1 due to the use of
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non-polarizable SPC/E forcefield. Figure 2c shows that eq (7) can extract €, in the limit of zero
electric field. For each channel width, we only perform 2 non-equilibrium MD (NEMD)
simulations at two distinct electric fields to obtain the perpendicular dielectric permittivity via eq
(6), and subsequently use eq (7) to extract the zero electric field perpendicular dielectric
permittivity. The results are illustrated in Figure 2d, which show a good agreement with the
perpendicular dielectric permittivity obtained from the fluctuation formula. Therefore, the
aforementioned multiscale method eliminates the need for long and tedious simulations required
to calculate the perpendicular dielectric permittivity from the fluctuation formula. It is worth
mentioning that we can further modify eq (7) to account for the dielectric saturation in the limit of
very high external electric fields and consequently obtain an accurate representation of the
perpendicular dielectric permittivity as a function of the external electric field (see Supplementary,
Figure S4).

Dipole correlations and reduced perpendicular permittivity. It is widely accepted that the
low perpendicular dielectric permittivity is due to a dielectric dead layer (low permittivity
interfacial region) at the fluid-solid interface.*’** However, the origin of such a low dielectric layer
is still debated as to whether it is intrinsic to the dielectric medium or due to the impurities on the
surface.® In either case, the existence of a dead layer will lower the overall dielectric constant,
thus, having a huge impact on the capacitance of the medium.**° It has been shown for water that
the reduction in permittivity is attributed to the favorable in-plane hydrogen-bond network at the
solid surface, which makes it difficult for molecules to re-orient in the perpendicular direction and
respond to the external field.>® However, our results indicate that not only protic fluids such as
water or methanol (hydrogen bonding fluids) but also aprotic fluids exhibit a low out-of-plane
dielectric permittivity under confinement, suggesting that the underlying mechanism for the
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reduction in permittivity is not just due to the hydrogen bond network effect in the interfacial layer
(IFL). Since the main contribution to the static dielectric permittivity of polar fluids is the
orientational polarizability (compared to the electronic polarizability),’! and the dominant term is
the dipole polarization, we investigate the in-plane dipole orientational correlations in the first
fluid density layer (interfacial layer) adjacent to the wall (see Supplementary Figure S5). As
depicted in Figure 3a-d, for all the fluids considered, compared to the bulk, the in-plane dipole-
dipole correlation, h(r) (see the Methods Section for definition) is enhanced, showing the
tendency of the dipoles to lay parallel to the graphene surface. Such a preferred orientation was
reported for polar liquids on graphene.>! This preferred orientation can be understood by analyzing

the in-plane dipole-dipole electrostatic energy of the interfacial layer, which can be written as,

AL%FLPIZFL *hp (7”||)
Uelec,dd = ——sz
0

250 T"2 dT'" (8)

where hp represents the angular dependence of the dipole-dipole interaction energy (see the
Methods Section for mathematical definition), 7j is the in-plane separation distance between the
dipoles, L;gy, is the width of the interfacial layer, and pjp;, is the density of the molecules in the
interfacial layer. Figure 3e-h shows the correlation function hp(r) for different fluids. Similar to
the in-plane dipole-dipole correlation, hp(r) is enhanced next to the interface and it is dominantly
positive, suggesting that the preferred alignment of dipoles is to lower the dipole-dipole interaction
energy. In addition to hp (), we expect that the density and the dipole moment play an important
role as they explicitly enter eq (8). Using all these parameters, we have calculated the in-plane
electrostatic energy for water, methanol, dichloromethane and acetonitrile (Table 2). We note that
water has the lowest energy followed by acetonitrile and methanol (similar values), and

dichloromethane has the highest in-plane dipole-dipole electrostatic energy. This explains the
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anomalous reduction in the perpendicular permittivity and the order in which this reduction occurs
relative to the bulk permittivity, €, (H) /&, (Water > Methanol = Acetonitrile > Dichloromethane)
(Figure 1b). Overall, our results show that the reduction in perpendicular dielectric permittivity
ensues from the existence of confinement and the tendency of the fluid molecules to align parallel
to the graphene surface. The preferred in-plane alignment of molecules lowers the dipole-dipole
electrostatic interaction energy hindering the out-of-plane rotation and thus reducing the tendency
to align with an external electric field acting in the normal direction (z-axis).

Conclusions

Till date, most of the literature on perpendicular dielectric permittivity dealt with confined water
and less attention has been given to the response of other polar liquids. Many studies have shown
that the perpendicular dielectric response is significantly reduced as a result of confining water
molecules. This work goes further by demonstrating that the reduction in the perpendicular
permittivity is a universal feature for both protic and aprotic fluids. The physical origin of this
reduction was attributed to the low dielectric response of the interfacial layer due to the preferred
in-plane alignment of the fluid molecules’ dipole moments. Such an alignment lowers the in-plane
dipole-dipole electrostatic energy and therefore, restricts the molecular rotations normal to the
surface. Furthermore, our results reveal that for narrow confinements with no bulk-like region in
the middle of the channel, perpendicular permittivity scales linearly as a function of the channel
width and the slope is proportional to an effective length scale which is close to the fluid’s
molecular diameter. As the bulk-like region begins to form inside the channel, nonlinear effects
are observed. We showed that such a behavior can be modeled by the Langevin function.
Moreover, using the Langevin function we predict the length scale beyond which the fluid can be
treated as bulk in terms of its dielectric properties. We found that depending on the fluid, the
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channel width that recovers the bulk dielectric response varies from hundreds of nanometers for
less polar molecules such as dichloromethane to micrometers for water. Our results for water are
in qualitative agreement with the recent capacitance microscopy experiments in which the length
scale to retrieve bulk-like dielectric permittivity was estimated to be beyond 100 nm.

Under extreme confinement (sub nanometer channels), the perpendicular permittivity of the
fluids is anomalously suppressed to values as low as < 2.5. This indicates that the molecules
primarily take a planar orientation on the surface with very small out-of-plane dipolar components.
For water the smallest value of the perpendicular permittivity was found to be ~2.3 in good
agreement with the experimental value of ~2.1.2! Using the multiscale parallel-plate capacitor
model, we have also studied the perpendicular response of water dielectric permittivity as a
function of the external electric field. In the limit of a vanishingly small electric field, our results
coincide with the perpendicular dielectric permittivity obtained from the statistical mechanics
approach (fluctuation formula). Furthermore, we observed a non-monotonic decrease in the out-
of-plane dielectric permittivity as a function of the electric field. We showed that such a dielectric
decrement can be adequately modelled by the Booth relation.>**

We believe our findings will provide significant implications for theoretical assessment of both
protic and aprotic solvents next to an interface, understanding long-ranged electrostatic
interactions in biological systems, and understanding the solvation chemistry in polar fluids.
Finally, it would be interesting to see whether our predictions for the reduction in perpendicular

permittivity of both protic and aprotic fluids confined in slit channels could be verified in actual

experiments of such systems.
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Methods

Molecular dynamics simulations. All the MD simulations were performed using the
GROMACS software.’? Equations of motion are integrated with the leap-frog algorithm with a
time step of 1 fs. During the simulations, temperature is kept constant at 298 K using the Nosé-

Hoover thermostat’>

with a 0.2 ps time constant. For the bulk simulations, all systems were initially
equilibrated for 5 ns, followed by a 20 ns of production run in isothermal-isobaric (NPT) ensemble
with the pressure of 1 bar. For the short-ranged interactions, the cutoff radius was set to 1.2 nm.
Both energy and pressure tail corrections>* have been applied to the standard 12-6 LJ potential for
the bulk MD simulations. For the bulk MD simulations, the long-range electrostatic interactions
were calculated using the particle mesh Ewald (PME) summation® with the tinfoil boundary
condition (infinite dielectric) and a fast Fourier transform (FFT) grid spacing of 0.12 nm. Periodic
boundary conditions were applied in all the directions. In order to obtain enough statistics to
calculate the bulk dielectric permittivity, trajectories of atoms were collected every 0.05 ps. For
the confined fluid simulations, all simulations were performed in the canonical ensemble (NVT).
Confined systems consist of two parallel graphene sheets separated by a distance of H in the z
direction and the lateral dimensions lie in the x-y plane with an area of 4.17648 X 4.25420 nm?.
The LJ length and energy scale parameters for the carbon atoms are 0.3390 nm and 0.2334 kJ/mol,
respectively. During the simulation, the graphene sheets were frozen, i.e., their positions were not
updated. The system is periodic in all directions with an extra empty space (vacuum) of length at
least 3H added in the z direction (see Supplementary, Figure S6). Although periodic in the z
direction, we exclude the long-ranged electrostatic contributions from the periodic image cells,
which are unwanted in the two dimensional periodic systems (2DP). Yeh and Berkowitz>® have

shown that such a treatment of the electrostatic interactions (i.e., Ewald3dc) mimics the behavior
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of rigorous two-dimensional Ewald summation for a 2DP system with a finite length along the
third dimension. Therefore, by eliminating the contributions from the image cells in the z direction
and sufficient empty space in the z direction, the right fluctuation formula to calculate the
perpendicular dielectric permittivity under these conditions is eq (9).

In this study, we have considered a total of 4 fluids of various polarity and density such as water,
methanol, acetonitrile, and dichloromethane. We modeled water by the extended simple point
charge model (SPC/E) and used the SHAKE algorithm®’ to maintain the molecule rigidity. For
acetonitrile, we adopted the six-site model from Nikitin et al.,’® where the force field parameters
were optimized to reproduce the dielectric permittivity close to the experimental value. For the
rest of the fluids, all parameters were adopted from the All-Atom Optimized Potential for Liquid
Simulations (OPLS-AA) forcefield® with the exception of dichloromethane charges, which were
modified for more accurate estimation of its dielectric constant.’® Quantum, atomic and electronic
polarizability effects are neglected, therefore, the fluid models are considered to be non-
polarizable. In order to determine the number of confined fluid particles, each channel was
connected to a big reservoir equilibrated at the temperature of 298 K and the pressure of 1 bar, to
allow for particle exchange in an NVT ensemble. To obtain enough statistics, especially for
calculating the perpendicular dielectric permittivity, the equilibrium properties are averaged over
a set of 7 MD simulations each with different initial velocities and positions for a total time of 20
ns, in which the first 5 ns were discarded. Additionally, we have simulated water in capacitor
channels, where uniform partial charges are assigned to the atoms of each wall to achieve external
electric fields of 0.005, 0.01, 0.02, 0.05, 0.1, 0.2, 0.3, 0.5, 0.7, 1.0, and 1.5 VA1,

Fluctuation formula for perpendicular permittivity. Unlike bulk, in confinement, the
dielectric permittivity of a polar fluid takes a tensorial form. For a slit-channel, where the
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inhomogeneity is only in one direction (perpendicular to the surface, z axis), the component of the
dielectric permittivity tensor spatially varies as a function of z. Using statistical mechanics and the
linear response theory,'>!? the locally varying inverse perpendicular permittivity is given via the
following fluctuation formula,

e1'(2) =1 - By [{pL(2)PL)o — (PL(2))o(PL)o] ©)
where f8 is the inverse of thermal energy, (- ), denotes the ensemble average in the absence of an
external electric field, p, (2) is the perpendicular fluid polarization density at position z, and P, is

the perpendicular component of the fluid total polarization and is given by,

H
P, = Af p,(2)dz (10)
0

It has been shown that in addition to the dipole moment, higher-order multipole moments such
as quadrupole and octupole moments have a non-negligible contribution to the perpendicular
dielectric permittivity."> Therefore, to account for higher-order multipole moments the

perpendicular polarization density at position z is calculated as,

z

p.(2) = j pe(z)dz’ (11)

0
where pq(2) is the fluid atomic charge density profile in the z direction, and is computed by the
binning method with 0.1 A resolution. Integrating eq (9) over the entire channel yields the average
inverse perpendicular permittivity as,

(P2) —(P.)?

-1 _ 1 _ 12
&L eoVkgT (12)
We want to emphasize that eq (9) was originally derived for a single slab, periodic only in the x

and y directions.!? For a system non-uniform in the z direction, but periodic in all directions (e.g.,

a solvated lipid bilayer), the correct fluctuation formula to calculate the perpendicular dielectric
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permittivity should also include the fluctuations of the total polarization of the system.®! For more
information, see Supplementary information Section S5.

Electrostatic potential calculations. To compute the electrostatic potential, ®(z), of the
confined fluid in a slit channel, the Poisson equation is used which is given by

PO (@) o)
dz? &

with the following boundary conditions:

do O¢left

— = —— 14-

dzl,=o €o (14-2)

do Ocri

a™ _ cright (15-b)

dz z=H €o

®(z=H/2)=0 (16-c)
where 0 jefe = —0 and 0 righe = +0. are the surface charge densities on the left and right wall,

respectively. We note that, due to the last boundary condition (eq (16-c)), the electrostatic potential
at any point is relative with respect to the mid-point of the channel.

Dipolar orientational correlation functions. For a system of dipolar molecules the two
important orientational correlations are the dipole-dipole pair correlation, h (), and hp (r) which
represents the angular dependence of the dipole-dipole interaction energy. In MD simulations,

ha(r) and hp(7) can be calculated using the following equations:

N N
1 —~ —~
ha(r) = N—pbijzui - 6(r —1y)) (17)
1 N N
hp(r) = N_pb<z 2[3(171 7)) (@ - 7)) — - ] 6(r — 1)) (18)
i=1 51
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where N is the number of dipolar molecules, 7 is the position vector with magnitude of r, 7y =

rj — 1 is the center-to-center distance between i and j dipoles with the magnitude of r;;, and f is

the unit vector in the direction of u, which represents the molecular dipole moment vector.
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Table 1. Anomalously low perpendicular dielectric permittivity of different fluids in sub-
nanometer slit channels. g is the fitting parameter in the Langevin equation, 4, is the length scale

to retrieve the bulk dielectric behavior, and g is the effective molecular diameter taken from Ref.*

Fluid Hg (nm) &1 o4q(nm) o,(nm) Ap(nm)
Water 0.634 2.3146 0.3370 0.2922 1035.8
Methanol 0.700 1.5800 0.3870 0.3835 288.0
Acetonitrile 0.800 2.0900 0.5501 0.4244 344.5
Dichloromethane | 0.700 1.0558 0.6318 0.5045 153.0
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Table 2. The dipole moment squared, bulk and the interfacial layer densities, and the in-plane

dipole-dipole electrostatic potential for various fluids.

Fluid u*(D?) pp (nm~3) preL(m™3) | Ugq elec (k] mol™)
Water 5.5225 33.40 62.24 —1475.92
Methanol 5.4820 14.58 39.04 —281.09
Acetonitrile 15.1632 11.47 26.88 —316.04
Dichloromethane | 4.9131 8.96 24.59 —52.53
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Figure 1. Perpendicular dielectric permittivity of confined fluids. (a) Perpendicular dielectric
permittivity of different fluids confined in graphene slit-like channels of various widths. The bulk
dielectric constant for each fluid is shown by the dashed horizontal lines and the value is denoted by &,.
(b) Perpendicular dielectric permittivity normalized by the bulk dielectric constant of each fluid as a

function of the channel width, i.e., €, (H)/ &p. (¢) Langevin-like behavior of the perpendicular dielectric
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permittivity as a function of the channel width according to eq (3). (d) Using proper scaling, the data for
the perpendicular dielectric permittivity of confined fluids approximately collapses onto a single curve

that can be described by the Langevin function. In this subfigure, the scaled perpendicular permittivity is

H—-Hg

defined as &, = %, and the scaled channel width is given by qH= oaler—e)’
b~—¢sl d\éb—¢esl
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Figure 2. Parallel-plate capacitor multiscale method. (a) Schematic procedure for calculating the

perpendicular dielectric permittivity of confined fluids using eq (6). The procedure is illustrated for water,

where we first calculate the density of oxygen and hydrogen atoms. Multiplying by their atomic charges,

we obtain the charge density profile which can be used in the Poisson equation to obtain electric field and

thus the electrostatic potential required to calculate the perpendicular dielectric permittivity. (b) Total
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perpendicular polarization density (p, = P, /V, where P, is calculated from eq (10)) of water as a function
of the electric field for 3.17 nm wide channel. The inset shows the region, where the variation is almost
linear and the dielectric constant is nearly independent of the electric field inside the channel. The onset
of the nonlinear behavior occurs at the electric field ~0.02 VA~! (E,,, = 0.2 VA™"). (¢) Electric-field
dependent perpendicular dielectric permittivity of water confined in 3.17 nm wide channel for various
external electric field strengths. As shown, the direction of the applied electric field is from right to left.
Filled circles are calculated from eq (6) and the line is the fitted curve using eq (7) with the following
fitting parameters: b = 1.78 + 0.03 AV, and £, (0) = 9.96 + 0.02 (d) Comparison between the water
perpendicular dielectric permittivity obtained at the limit of zero electric field from the multiscale parallel-

plate capacitor method versus the results obtained from the fluctuation formula.
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Figure 3. Dipolar orientational correlation functions. Dipolar correlations for water (a.e),
methanol (b,f), acetonitrile (c,g), and dichloromethane (d,h). The top row shows the dipole-
dipole pair correlation function and the bottom row shows the angular dependence of the dipole-
dipole interaction energy in bulk (red color) and in the interfacial layer next to the graphene
surface (black color) as a function of the separation distance r. It is important to note that in IFL
the distance between the dipoles lies in the xy plane (parallel to the surface). Therefore, the

separation distance is the in-plane radial distance, i.e., T = (x, ).
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