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ABSTRACT: Enhancement of parallel (x−y plane) dielectric permittivity of confined fluids
has been shown previously. However, a theoretical model that explains this enhancement is
lacking thus far. In this study, using statistical-mechanical theories and molecular dynamics
simulations, we show an explicit relation between the parallel dielectric permittivity, density
variations, and dipolar correlations for protic and aprotic fluids confined in slit-like channels.
We analyze the importance of dipolar correlations on enhancement of parallel dielectric
permittivity inside large channels and extreme confinements. In large channels, beyond the
interfacial region, dipolar correlations exhibit bulk-like behavior. Under extreme confinement,
the correlations become stronger to the extent that they give rise to a giant increase in the
parallel dielectric permittivity. This sudden increase in dielectric permittivity can be a
signature of a liquid transition into higher-ordered structures and has important
consequences for understanding ion transport, molecular dissociation, and chemical
reactions inside nanoconfined environments.

I t is well-established that the properties of fluids confined in
nano spaces are very different from those in bulk: density

variations,1 unusually high-pressure regions,2,3 dynamical
anomalies,4−7 existence of different phases,8,9 to name a few.
Another example is the dielectric permittivity. Dielectric
permittivity plays a crucial role in many fields of science and
technology such as in electric double-layer capacitors
(EDLCs),10,11 coordination chemistry,12 determining high-
pressure hydrogen structures,13 nanofluidics,14 molecular
transport through membranes,15 and biophysics.16 Unlike in
bulk, the dielectric response of fluids under confinement is
neither isotropic nor scalar. Dielectric permittivity is a two-
rank tensor, whose components vary in different spatial
directions and exhibit an anisotropic behavior. For example,
next to a flat surface, the relevant components are the
perpendicular to the surface, ε⊥, and parallel to the surface, ε∥,
dielectric permittivity.17−20 Understanding the anisotropic
behavior is important since different applications require the
use of a specific component of the dielectric permittivity
tensor. For example, determining the capacitance of EDLCs
requires the knowledge of perpendicular dielectric permittiv-
ity.21 Other applications such as in nanofiltration and water
desalination,22,23 where the transport of the species is mainly
parallel to the pore surface, the parallel component of the
dielectric permittivity becomes the most relevant quantity.
From both molecular dynamics (MD) simulations and
experiments, there has been a surge of interest in studying
the dielectric permittivity of confined fluids, in particular,
water. Most of these efforts have focused on the perpendicular
dielectric permittivity. It has been shown that the perpendic-
ular dielectric permittivity is significantly reduced near the

interface24,25 and the reduction is universal for both protic and
aprotic fluids.26 On the other hand, the parallel dielectric
permittivity is enhanced near the interface and shown to
approximately follow the density variation inside the confine-
ment.18 It has also been shown that for water inside carbon
nanotubes the axial dielectric permittivity enhances signifi-
cantly as the diameter decreases.27 The results reported from
the MD simulations are primarily on confined water, and the
relation between the parallel permittivity and density profile
has not been rigorously established.28,29 The molecular origin
of the enhancement of parallel permittivity has been
investigated for water and shown to be associated with
excluded volume and hydrogen bonding network.28,30

However, this remains an open question, when it comes to
aprotic fluids as they are incapable of forming hydrogen bonds.
In this paper, we use extensive MD simulations with a

cumulative time of 1 μs to study parallel permittivity variation
of both protic and aprotic fluids confined in 2D graphene slit-
like channels. Starting from the fluctuation formula and using
statistical mechanics, we show that in addition to the density
variation, dipolar correlations at the interface play an important
role in enhancing the parallel dielectric permittivity depending
on the fluid polarity and the degree of confinement. We also
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elucidate the molecular origin for the enhancement of parallel
permittivity. Finally, we study the parallel dielectric permittiv-
ity inside an extreme confinement, where only a single layer of
fluid could fit inside the channel. We show that such confined
geometries can give rise to a giant increase in parallel dielectric
permittivity, which could serve as a probe to identify fluid
transition into a highly ordered structure.
We simulate both protic (water and methanol) and aprotic

(dichloromethane) fluids confined between two frozen
graphene sheets separated by a distance H and a surface area
denoted by A. A snapshot illustrating the model system is
presented in Figure 1a. All simulations are carried out in the
canonical ensemble (NVT) at 298 K with a time step of 1 fs
using the GROMACS software.31 Periodic boundary con-
ditions were applied in all the directions with an extra vacuum
of length at least 3H in the z direction. The short-ranged
interactions are modeled using the standard 12−6 Lennard-
Jones potential function. For the long-ranged Coulombic
interactions, the common choices for a slab geometry are the
Ewald algorithm32,33 in all the directions (Ewald3d) or its slab-

adapted version (Ewald3dc),34 which excludes the long-ranged
electrostatic contributions from the periodic image cells in the
z direction. It has been shown that, depending on using
Ewald3d or Ewald3dc, the fluctuation formula to calculate the
perpendicular permittivity is different (see the Supporting
Information of ref 26). For a system periodic in two
dimensions and finite in the third (e.g., slit-like channels),
the more efficient and accurate method is the Ewald3dc.
Therefore, we choose the Ewald3dc algorithm to compute the
electrostatic interactions (see the Supporting Information for
more details regarding the MD simulations and force fields).
For systems where the inhomogeneity is only in one direction
(perpendicular to the surface, z axis), using statistical
mechanics and linear response theory the locally varying
parallel dielectric permittivity is given via the fluctuation
formula,17

z z zp P p P( ) 1
2

( ) ( )0
1

0 0 0ε βε= + [⟨ · ⟩ − ⟨ ⟩ ·⟨ ⟩ ]
−

(1)

Figure 1. (a) Schematic illustration of the confined fluid between two graphene sheets separated by a distance H in the z direction. Lateral
dimensions in the x and y directions are denoted by Lx and Ly, respectively. Oxygen (O, red), hydrogen (H, white), carbon (C, gray), and chloride

(Cl, green) atoms are shown. Normalized parallel dielectric permittivity (ε∥*(z) =
z( ) 1

1b

ε
ε

−
−

) and density (ρ* = z( )

b

ρ
ρ

) of confined fluids: (b) water (H

= 3.17 nm), (c) methanol (H = 3.5 nm), and (d) dichloromethane (H = 3.15 nm).
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where β = 1/kBT with kB as the Boltzmann constant and T as
the temperature, ε0 is the vacuum permittivity, ⟨···⟩0 denotes
the ensemble average in the absence of an external electric
field, p∥ = (px, py) is the in-plane fluid polarization density
vector at position z, and P∥ is the parallel component of the
fluid total polarization vector. It has been shown that for
confined water, higher-order multipole moments such as
quadrupole and octupole are negligible in calculating the
parallel dielectric permittivity.18 To verify this for other
confined fluids, in addition to water, we calculate the parallel
dielectric permittivity of methanol and dichloromethane using
all the multipole moments. As shown in Figure S2, the higher-
order multipole moments beyond the dipole have a negligible
effect on the parallel dielectric permittivity of confined polar
fluids. Therefore, the total parallel polarization and the local
parallel polarization density calculated from MD can be written
in terms of the molecular dipole moment,

P
j

N

j
1

,∑ μ=
= (2)

z
A z
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where μ∥,j = (μx,j, μy,j) is the parallel component of the jth
dipole, A is the surface area of graphene, N is the total number
of fluid molecules, N(zi) represents the number of molecules
located at z = zi, and zi is the location of the ith layer (bin) of
thickness Δz inside the slit channel. Due to the homogeneity
in the x−y plane, the contribution of ⟨p∥(z)⟩0·⟨P∥ ⟩0 in eq 1 is
negligible. Therefore, using definitions provided in eqs 2 and 3,
we arrive at
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In eq 4, the first summation is the dipole−dipole self-
correlation within a layer and the second summation is the
cross-correlation between dipoles of the ith layer and the entire
system. We can further rewrite eq 4 as

Figure 2. Normalized space-dependent parallel dipolar correlations of water, methanol, and dichloromethane inside (a) large channels and (b)
under extreme confinement. The normalized correlations are obtained from eq 9 by calculating the ratio, ε∥*(z)/ρ∥*(z). The bottom row shows the
histograms of maximum normalized density and parallel permittivity for (c) large channels and (d) extreme confinements.

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://dx.doi.org/10.1021/acs.jpclett.0c03219
J. Phys. Chem. Lett. 2020, 11, 10532−10537

10534



( )z
z

k T
z h r z r( ) 1

( )

2
1 ( ) ( , ) di

i
i i

2

0 B
∫ε

ρ μ
ε

ρ= +
⟨ ⟩

+ Δ
(5)

where ρ(zi) is the density at location zi, r is the radial distance
vector with magnitude r, and hΔ(r, zi) is the z-dependent
parallel dipole−dipole correlation function and is defined as
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where rjk = rj − rk is the center-to-center distance between j
and k dipoles and μ̂∥ is the unit vector in the direction of μ∥.
The term in the parentheses in eq 5 accounts for angular
correlations among the dipoles and is similar to the definition
of the well-known Kirkwood g factor in the bulk, i.e., Gk,b.

35,36

Thus, we recast eq 5 in terms of the z-dependent Kirkwood g
factor, Gk(z):
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Equation 7 explicitly shows the relation between the parallel
dielectric permittivity, density variations, and angular correla-
tions inside slit-like confinement. On the other hand, for a
homogeneous system (bulk) of polar molecules with periodic
boundary conditions, the bulk dielectric permittivity is
calculated from the following relation:

G
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with ρb representing the bulk density. Combining eqs 7 and 8
yields
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where
z( ) 1

1b
ε* = ε

ε
−

− is the normalized parallel permittivity and

ρ* = z( )

b

ρ
ρ

is the normalized density.

Panels b−d of Figure 1 show the variation of the normalized
parallel dielectric permittivity and density profile inside the
confined nano channels with a well-defined bulk region (large
channels). For all the fluids considered, beyond the first fluid
density layer (interfacial layer (IFL)), ε∥* closely follows the
density variation inside the channel. This indicates that except
for the interfacial region, the dipolar angular correlations in
confinement behave similarly to that of the bulk regardless of
the proticity of the fluid (see Figure 2a). In the interfacial
region, however, depending on the type of the fluid, the dipolar
correlations deviate from the bulk and contribute to the
enhancement of the parallel dielectric permittivity. Figure 2c
shows the contribution of density to the interfacial parallel
dielectric permittivity. For protic and more polar fluids such as
water and methanol, in addition to density, dipolar correlations
are also responsible for enhancing the parallel dielectric
permittivity adjacent to the wall. For dichloromethane, a less
polar and aprotic fluid, dipolar correlations have a smaller
contribution in enhancing the parallel dielectric permittivity
compared to the high-density region in the IFL. Thus, for
fluids such as dichloromethane, with a good approximation, the

Figure 3. (a)−(c) Normalized density and parallel permittivity distribution of water (a), methanol (b), and dichloromethane (c) under an extreme
confinement (single-layer density). Dipole−dipole in-plane pair correlation functions of bulk, IFL, and confined single-layer (SL) water, methanol,
and dichloromethane depicted in subplots d−f, respectively. It is important to note that in extreme confinement 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., r|| = (x, y).
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parallel permittivity in larger channels, where confinement
effects are not significant, can be obtained from the density
variations (see Figure 1d). We have also calculated the in-plane
dipolar correlation in the IFL (i.e., hΔ(r∥) from eq 6 with N
replaced by N(zIFL) and r∥ = (x, y)) to investigate the effect of
interface on the planar dipolar correlation. A closer look at
Figure 3d−f reveals a higher in-plane dipolar correlation in IFL
for more protic and polar fluids (water > methanol >
dichloromethane). This not only corroborates the notion
that the hydrogen bonding network increases the parallel
dielectric permittivity30,37 but also reveals a deeper underlying
explanation for enhancement of parallel dielectric permittivity,
which is the preferred alignment of the dipoles parallel to the
graphene sheet (see the Supporting Information for orienta-
tional profiles and angle distributions, Figures S3 and S4).
As shown in Figure 3a−c, we also study fluids under extreme

confinement characterized by a single-layer density (SL). Due
to the degree of confinement, the fluid molecules arrange in a
condensed single-layer sheet creating a high-density layer with
a more ordered in-plane structure compared to the bulk (see
the Supporting Information, Figure S6). We observe large
enhancement factors of ∼15, 16, and 85 in the parallel
dielectric response of water, methanol, and dichloromethane,
respectively, compared to their bulk dielectric constant. Due to
the single-layer arrangement, the relevant angular correlation is
the in-plane parallel dipole−dipole correlation. Looking at
Figure 2b, it appears that the role of in-plane dipolar
correlation becomes more prominent when fluid molecules
acquire a single-layer arrangement. The dipolar correlation
analysis shows that extreme confinement enhances the in-plane
dipolar correlations (see Figure 3d−f), to the extent that an
aprotic, less polar molecule, such as dichloromethane exhibits
an abnormally large parallel dielectric permittivity of 85 times
higher than its bulk dielectric constant. In such confinement,
the density enhancement over the bulk contributes only ∼15%
to the normalized parallel dielectric permittivity of dichloro-
methane, whereas for dichloromethane confined in the large
slit channel this contribution in the IFL is ∼86% (see Figure
2c,d). This finding is in contrast to what has been reported in
the literature for fluids confined in large channels, wherein the
density variations are the dominant factor in enhancing the
parallel dielectric permittivity.18,21 The role of in-plane dipolar
correlation is more evident in Figure 3d−f, where the
correlations exhibit more oscillations and higher peaks
compared to the bulk and IFL in-plane angular correlations.
It can be seen that, although the layer thickness is
approximately the same, the nature of the fluid in IFL inside
large channels is very different from the fluid layer in extreme
confinement. Thus, the dipolar prealignment parallel to the
surface and ordered structural arrangement result in super
permittivity inside extreme nanoconfinement (see the Support-
ing Information, Figures S7 and S8). Such an abnormal
enhancement can be utilized to identify the onset of liquid
transition into higher-ordered structures. High dielectric
permittivity has also been found to significantly affect water
self-dissociation next to graphene surfaces.38,39 Moreover, high
values of permittivity can stabilize electrochemical reactions
between charge species.40 Therefore, this opens up oppor-
tunities to effectively host highly charged and polarized species
by using extreme confinement.
In summary, using statistical mechanics and MD simu-

lations, we show that both a high-density layer and dipolar
correlations are responsible for the enhancement of the parallel

dielectric permittivity in the interfacial region. To what extent
they affect the permittivity depends on the fluid polarity,
proticity, and the degree of confinement. We show that beyond
the interfacial region, protic and aprotic fluids exhibit bulk-like
dipolar correlations. Our results reveal that under extreme
confinement the dipole−dipole correlation becomes stronger
and a single-layer arrangement of molecules can lead to large
values of parallel dielectric permittivity in graphene slit-like
channels. We believe that such high values of permittivity can
be utilized to identify the onset of liquid transition to higher-
ordered structures and possibly phase transition.
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