
This item is the archived peer-reviewed author-version of:

Abnormal in-plane permittivity and ferroelectricity of confined water : from sub-nanometer channels to

bulk

Reference:
Hamid Ilyar, Jalali Hossein, Peeters François, Neek-Amal Mehdi.- Abnormal in-plane permittivity and ferroelectricity of confined water : from sub-nanometer

channels to bulk

The journal of chemical physics - ISSN 0021-9606 - 154:11(2021), 114503 

Full text (Publisher's DOI): https://doi.org/10.1063/5.0038359 

To cite this reference: https://hdl.handle.net/10067/1775790151162165141

Institutional repository IRUA



Abnormal in-plane permittivity and ferroelectricity of confined water: from
sub-nanometer channels to bulk

Ilyar Hamid,1 Hossein Jalali,2, 3 Francois. M. Peeters,1 and Mehdi Neek-Amal1, 3, a)

1)Department of Physics, Universiteit Antwerpen, Groenenborgerlaan 171, B-2020 Antwerpen,

Belgium.
2)Department of Physics, University of Zanjan, 45195-313, Zanjan, Iran.
3)Department of Physics, Shahid Rajaee Teacher Training University, 16875-163 Lavizan, Tehran,

Iran.

(Dated: 24 February 2021)

Dielectric properties of nano-confined water are important in several areas of science, i.e. it is relevant in dielectric
double layer that exist in practically all heterogeneous fluid-based system. Molecular dynamics simulations are used to
predict the in-plane dielectric properties of confined water in planar channels of width ranging from sub-nanometer to
bulk. Because of suppressed rotational degrees of freedom near the confining walls the dipole of the water molecules
tend to be aligned parallel to the walls which results in a strongly enhanced in-plane dielectric constant (ε||) reaching
values of about 120 for channels with height 8Å< h <10 Å. With increasing width of the channel, we predict that ε||
decreases nonlinearly and reaches the bulk value for h > 70Å. A stratified continuum model is proposed that reproduces
the h > 10Å dependence of ε||. For sub-nanometer height channels an abnormal behaviour of ε|| is found with two
orders of magnitude reduction of ε|| around h ∼7.5 Å which is attributed to the formation of a particular ice phase
which exhibits long-time (∼ µs) stable ferroelectricity. This is of particular importance for the understanding of the
influence of confined water on the functioning of biological systems.

INTRODUCTION

Adsorbed water in nanopores and its anomalous properties
are a subject of recent theoretical and experimental interest,
which is poorly understood. Several of its physical properties
are strongly modified, e.g. its thermodynamics, mass trans-
port, flow dynamics, heat transfer, melting and energy trans-
port1. The study of nanoconfined fluids (fluids confined in
nanoscale geometries) has developed rapidly over the past few
years. For example, the thermal conductivity of nanoconfined
water was found to be anisotropic2 and when the confining
walls are made of graphene oxide membranes, nanoconfined
water showed remarkable fast permeation3,4. Recently, in a
review paper Kavokine et al. discuss how basic equations
that govern fluid behavior in the continuum limit break down
and new properties emerge in molecular-scale confinement5.
It was shown that a large number of analytical estimates and
physical arguments are needed to organize various properties
of confined water at channels with different heights5.

Determining the dielectric constant of nanoconfined water
is a recent subject of research with conflicting predictions6,7.
Generally, the dielectric constant of a material has three main
contributions8,9: i) electronic, ii) ionic, and iii) dipolar. The
dipolar contribution can be found using molecular dynamics
simulations (MDS) or Monte Carlo simulations (MCS). In the
past few years, MDS or MCS were used to examine water’s
unique properties employing a variety of classical force fields
under both normal and critical conditions10–19. For example,
using MCS the variation of the dielectric constant of water
with temperature and pressure were obtained by Aragones
et al.20 for both proton ordered and proton disordered struc-
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tures of different ices using several water models. The dielec-
tric constant of proton disordered ices (e.g. ice Ih at low tem-
peratures) were perdicted to be larger than 100 while the pro-
ton ordered structures20 have a much smaller dielectric con-
stant of the order ∼ 3-4. The latter is due to the decrease of
the rotational degree of freedom and/or decrease of the num-
ber of H-bonds.

In the literature conflicting reports can be found on
the value of the in-plane dielectric constant of confined
water6,21–23. For instance by applying a large external elec-
tric field E0 = 0.01 V/Å, Itoh et al.6 found a nonlinear in-
crease in the dielectric constant of confined water (for chan-
nels wider than 10Å) for both lateral and perpendicular fields.
On the other hand, the in-plane dielectric constant of wa-
ter as a function of the distance between hydrophobic con-
fining surfaces (graphene) for nano-scale size channels was
found to be fluctuating around the bulk dielectric constant
when h >>10Å and larger than the bulk value22 for h ≃
10Å, i.e. 105. Gekle et al.21 reported a small difference
(up to 5%) between the in-plane dielectric constant of con-
fined water in channels with size h=11, 31, and 61Å and
bulk water. In addition, Ruiz-Barragan et al.[24] disclose stark
dependences of the tensor profile for parallel dielectric re-
sponse of confined water within planar graphene slit pores
as a function of the confinement length.24. Also, Schlaich et
al. studied the dielectric constant of confined water in chan-
nels made of flexible polar head-groups of walls for channels
with height h>10Å and found the bulk dielectric constant of
water for channels with height h > 10Å and 85 for channel
h ∼ 10Å. For channels smaller than h <10Å there is no ex-
perimental data so far.

Moreover, recently, by using electrostatic force detection
with an atomic force microscope (AFM), unexpected varia-
tion in the out-of-plane permittivity of confined water between
graphene and hexagonal boron nitride (h-BN) was observed7.
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The presence of a surface layer with vanishing small polar-
ization is the reason for such small out-of-plane permittivity
≃2 for channels with size of h <20Å. Beyond 20Å a nonlin-
ear increase in the permittivity was observed. Despite several
studies that determined the out-of-plane component of the di-
electric constant of confined water, there is currently no ex-
perimental data for the in-plane component.

Up to now ferroelectricity in nanoconfined water is con-
troversial and is expected to influence the functioning of bio-
logical systems. The timescale of proton vibration is beyond
experimentally accessible timescales, thus observing proton
ordering (ferroelectricity) in cubic and hexagonal ice XI is in-
feasible and controversial25,26. In bulk water the hydrogen
bonds screen the dipole-dipole coupling resulting in the sup-
pression of ferroelectric order. However, in confined water
ordering of molecular dipoles trapped in beryl crystal lattices
was detected27. A ferroelectric soft mode that causes a Curie-
Weiss behaviour of the static permittivity was also observed27.
Nakamura et al.28 reported spontaneous step-wise changes in
the net polarization at the transition of immobile to mobile
water when confined inside a carbon nanotube, which was un-
derstood as due to the transformation to single−domain ferro-
electric water.

In this paper we performed extensive MDS to simulate wa-
ter confined between graphene and h-BN layers. We calcu-
late the in-plane component of the dielectric constant (dipolar
part) of confined water as a function of the channel size h.
Since the dielectric constant is a second rank tensor, the varia-
tion of ε|| = (εxx +εyy)/2 with the slab size from h = 6.4Å to
h = 100Å was obtained by calculating the fluctuation of the
total dipole moment of water. We present a continuum model
where we include some of the microscopic details of confined
water which is able to reproduce like decreasing behaviors of
ε|| results for h>10Å. Furthermore, we predict long time sta-
ble ferroelectricity (≃ 1µs) of confined water in channels with
h = 7.4±0.5Å.

THE MOECULAR DYNAMICS SIMULATIONS

Equilibrium molecular dynamics simulations with the
large scale atomic/molecular massively parallel simulator
LAMMPS29 was used to investigate the impact of the confin-
ing walls on the relative permittivity of water confined inside
graphene (and hexagonal boron nitride) capillaries. Our sim-
ulated system (see Fig. 1(b)) contains two layers of graphene
each with 680 carbon atoms, i.e. our configuration unit cell
has a planar geometry with dimensions A = lx × ly =42 Å×

43 Å.
The confining walls were fixed at their z-positions. The

SPC/E model was used to describe the water molecules30. The
number of water molecules inside channels have been cho-
sen to provide bulk density, i.e. ρB ≃ 1g.cm−3. For ex-
ample the number of water molecules in the channel with
heights of 6.5 and 10Å are 175 and 410, respectively. Other
number of molecules for other channels can be found using
N = int[(Ahe f f ρBNA)/m], where NA is the Avogadros num-
ber, m is the mass of one water molecule and Ahe f f is the ef-

FIG. 1. (a) Continuum model and the atomistic model for confined
water between two graphene or h-BN sheets (black balls) which are
separated by distance h. In (a) the surface water layers and middle
bulk water are shown by different colors and in (b) white (red) balls
are hydrogen (oxygen) atoms.

fective volume that is introduced in next section. Notice that,
the density of nanoconfined water might not be determined
experimentally because different setups have different condi-
tions such as size and confining walls and etc. Rather than
the density, the chemical potential of water inside the chan-
nel should agree with the bulk value which can either be set
by attached reservoir (as done in experiments) or by measur-
ing the chemical potential31–33. The driving force of water
flow into graphene channel arises from lower chemical poten-
tial of nanoconfined water molecules to bulk water where the
chemical potential difference is proportional to the logarithm
of relative water density31,34,35. The water molecules interact
with the graphene sheet via Lennard-Jones (LJ) pair potentials
using εC=71.224 cal mol−1, σC=3.41 Å and the cross LJ po-
tential parameters were obtained using the Lorentz-Berthelot
combining rules. The cut-off radius for the LJ potential was
chosen at 10 Å. The NVT ensemble (Nose-Hoover thermo-
stat) was used to keep the temperature at 300 K.

Periodic boundary conditions are employed along all direc-
tions and the confinement was along the z-direction. The vac-
uum space between two periodic images in the z-direction is
taken to be lz=100Å. This number is large enough to mini-
mize the long range electrostatic interaction between periodic
images along the z-axis. The particle-particle particle-mesh
method was used to compute the long-range Coulomb interac-
tion with a relative accuracy of 10−4. Water bonds and angle
were fixed by the SHAKE algorithm36. This condition re-
sulted in densities close to the bulk density when h ≥ 10Å and
slightly larger than the bulk density for h < 10Å. A time step
of 2 fs was taken. After relaxing the system for 1 ns, the ther-
modynamical sampling was done up to 16 ns to ensure that the
permittivity was converged.

THE MICROSCOPIC MODEL

By defining parallel polarization correlation function
as23,24,37,38:

C||(z) = ⟨m∥M∥⟩−⟨m∥⟩⟨M∥⟩, (1)

where m∥(z) is the laterally averaged polarization density at
position z. Also “⟨⟩" is the average over many uncorre-
lated realizations (MD snapshots) having equal z. Here,
M∥ = A

∫

m∥(z)dz is the total in-plane polarization. Note
that the symbol ∥ refers to either x or y directions. Using
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the fluctuation-dissipation theorem the local in-plane dielec-
tric constant is given by23:

ε||(z) = 1+
C||(z)

ε0kbT
. (2)

In Fig. 2, as a typical case, we depict the variation of ε||(z)
with z, for confined water between two graphene sheets which
are separated by h=10Å. Our result is in good agreement with
those reported in Ref. [24].

Next, by assuming an effective dielectric constant ε
e f f

|| in a

box with effective height he f f and using Eq. (2)23 one finds:

ε
e f f

|| = 1+
[
∫ h/2
−h/2 ε||(z)dz]−h

he f f
. (3)

Because of uniform charge distribution23 in a plane located
at height z, one can approximate Eq. (3) by22:

ε
e f f

|| = 1+
σ2
||

ε0kBTV e f f
, (4)

where the effective volume is V e f f = Ahe f f , he f f = (h −
σC−O), and σ2

|| = ⟨M∥M∥⟩− ⟨M∥⟩⟨M∥⟩. Here σC−O = 3.2 is
subtracted from h in order to use the actual height of channels
in the calculations, i.e. the excluded volume effect31. Notice
that when the confining walls are h-BN layers the he f f = h−
1
2 (σN−O +σB−O) where σN−O=3.26Å and σB−O=3.31Å39.

To prove that the results of direct integration using Eq. (3)
and that of Eq. (4) are equal, for channel with h=10Å, we
directly integrate over Eq. (2) and found ε

e f f

|| ≃124.5 which
is an agreement with the number that we found by using Eq.
(4), i.e. 120. Notice that the results for ε

e f f

|| do not change re-
markably by changing slightly the effective height of channel.
Note that Eq. (4) can be reformatted23 to have the usual form
of the fluctuation dissipation theorem. Hereafter for simplic-
ity, we use the ε|| instead ε

e f f

|| . In fact, Eq. (4) has the linear
response theory form with thermal averaging of the dipole of
confined water when the external electric field is zero. This al-
lows us to determine ε|| using an equilibrium correlation func-
tion. By calculating Mx and My and corresponding variance
using Eq. (4), we were able to compute ε|| = (εxx + εyy)/2 as
a function of h.

In addition, one can find σ2
||

σ2
|| (h) = λ (h)kBT , (5)

where λ (h) = ( 2d
h
(ε||− εb)− (εb −1))ε0V . This equation re-

lates the macroscopic parameters of confined water to a micro-
scopic parameter (σ2

|| ) which has the usual form of the fluctu-

ation dissipation theorem40.

DENSITY PROFILE

The number of water molecules across the channels sig-
nificantly influences the physical properties of confined wa-
ter. The variation of local mass density ρ(z) was depicted in

FIG. 2. The variation of in-plane dielectric constant (Eq. (2)) versus
z which is perpendicular to the graphene sheets for h=10Å.

FIG. 3. The variation of local mass density of confined water versus
z which is perpendicular to the graphene sheets.

Fig. 2 versus z-direction across the channel for four differ-
ent h, i.e., h = 6.5, 10, 12 and 15Å. There is a dense layer
of water in the channel with height h = 6.5Å which is al-
most four times larger than the density of bulk water. The
two layers of water (with smaller peaks and an almost empty
middle part) are formed by increasing the height of the chan-
nel up to h = 10Å. These two sharp peaks remain constant at
the layer closest to the surface for h > 10Å and correspond to
the interaction between water molecules and confining walls6.
For the larger channels (h = 15Å) other smaller density peaks
appear between the two layers. Note that by increasing the
channel height, the local mass density between these layers
approaches to bulk value 1gr.cm−3.

CHANNELS WITH HEIGHT SMALLER THAN 10Å

It is seen from Fig. 4 that for channels with size smaller than
6.7Å the total in-plane dielectric constant (εT

|| ) is larger than

120, and for channels with height within the range 6.7Å< h <
8Å there is a deep minimum at h=7.4Å with εT

|| ≈ 1.93. The
latter is about a factor 40 smaller than the bulk value. This is
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FIG. 4. The variation of the in-plane dielectric constant ε|| with
height of the channel for confined water between graphene sheets
for channels with size h ≤10Å. The inset shows the corresponding
results for confined water between two h-BN sheets.

due to the formation of an unusual amorphous ice structure
of confined water41 between the two confining walls when
they are separated by h ≃ 7.4 ± 0.5Å. Because of the ob-
tained structure, one can categorize this as a proton-disordered
ice phase of water. Previously it was found that the proton-
disorder phase of ice (e.g. ice Ih) can have a dielectric con-
stant of 100 and larger42,43.

The radial distribution function (RDF) of the oxygen atoms
confirms the mentioned ordered structure of confined water
(see Fig. 5). The two dimensional RDF (RDF||) of systems
with size h=6.5Å and h=7.4Å are shown in Fig. 5 where the
horizontal axis is r =

√

x2 + y2. In these RDFs significant sec-
ond and third peaks appear only for h=7-8Å. On the one hand,
the results for h=7.4Å and h=6.5Å indicate a very different
planar microscopic structure of confined water.

When evaluating the time series of the total dipole mo-
ment, we discovered that confined water in channels with size
h = 7.4± 0.5Å exhibits ferroelectricity. In Fig. 6(a), we de-
pict the time evolution of Px,y,z for water in a channel with
height h=7.4Å. Notice that Pz = 0 while Px ̸= 0 and Py ̸= 0 for
very long time simulation (we ran the simulation up to ∼ 1µs
and found Py is nonzero), i.e. non-zero net macroscopic elec-
trical polarization. We found that when we repeat our simula-
tions with new seed points, Px and Py showed other patterns
but still Px ̸= 0 and Py ̸= 0. This led us to conclude that con-
fined water in channels with height h = 7.4± 0.5Å exhibits
ferroelectricity. This effect profoundly influence water per-
mittivity and transport inside either one dimensional or two-
dimensional channels28,31. For other values of h we did not
find any net dipole moment. To gain more insights, we calcu-
lated the time average of the polarization vectors (< Mx,y >)
of confined water for channels h<10 Å. The results are shown

 

FIG. 5. Planar radial distribution function (RDF||) for confined water

in channels with h=6.5Å, and 7.4Å. The inset shows corresponding
structure of confined water.

in Fig. 5(b). It is seen that the confined water in channels h

= 7.4±0.5Å exhibits ferroelectricity. The latter is due to the
particular local ordered structure of confined water at these
channels. Note that < Mz > almost equal zero for all channel
heights.

CHANNEL WITH HEIGHT LARGER THAN 10Å

By increasing the channel height further ε|| approaches the
bulk value ≃ 75, see Fig. 7. Notice that the scattering in the
data of ε|| for confined water between two h-BN sheets (the in-
set of Fig. 7) is due to the ionic nature of the h-BN sheet, i.e.
the N and B atoms have local charges of -0.3e and 0.3e, re-
spectively. In other words, in addition to the vdW interactions
between water molecules and N and B atoms, the Coulomb in-
teraction is also involved in the simulations. The latter causes
a competition between thermal motion of the water molecules
and the Coulomb (and vdW) interaction resulting in an en-
hanced variance of the dipoles of water i.e. σ2

|| . The results
for h-BN were obtained by using the water-h-BN potential in-
troduced by Wu et al.44. Therefore we conclude that indepen-
dent of the strength of the interaction between the water and
the confining walls, there is a universal behavior in ε|| with h

in case of hydrophobic confining walls.

THE CONTINUUM MODEL

The capacitors-in-series model can explain the channel size
dependence of the out-of-plane dielectric constant. It was first
proposed by Zhang [49]. Here, we extend this idea and to find
the in-plane dielectric constant of nanoconfined water. It has
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FIG. 6. a)Time series of the three different components of the dipole
moment of confined water in a channel with h=7.4Å. b) The variation
of polarization vs h.

also been used to explain experimental results in Ref. [7].
Confined water can be considered as a continuum media

consisting of three regions7, i.e. two surface water layers (SL)
and bulk water (b) between them (see Fig. 1(a)). One nat-
urally expects, because of the isotropy in the (x,y)-plane in
the absence of external field, that the net in-plane polariza-
tion of the system is zero. For a given channel with height
h, the boundary conditions on the in-plane components of the
electric field (E||) at the interfaces of the aforementioned re-
gions are ESL

|| = Eb
|| where || refers to the planar component.

Moreover, the total in-plane dipole moment PT
|| of the system

is given by

PT
|| = 2PSL

|| +Pb
|| , (6)

where PSL
|| and Pb

|| are the dipole moments at the SL and
bulk region of the system (see the small box in Fig. 1(a)
which indicates the interface between bulk and SL regions).
The factor 2 in Eq. 6 is added because there are two SLs
at the top and bottom of the system (see Fig. 1(a)). Here,
P

SL,b
|| = ε0(ε

SL,b
|| −1)ESL,b

|| ×V SL,b where V SL = dA and V b =

(h−2d)A are the volume of SL and bulk region, respectively.
Also, A is the area of the interface and h(d) is the height of the
channel (SL). Notice, εSL

|| and εb
||(= εb

⊥ = εb) are the parallel
(in-plane) component of the dielectric constant of SL and bulk
water, respectively. Substituting the polarization in Eq. 6, one
finds the following in-plane component of dielectric constant

FIG. 7. The variation of in-plane dielectric constant ε|| with chan-
nel height for confined water between graphene sheets. The inset
shows the corresponding results for confined water between two h-
BN sheets. The solid curves are the results of Eq. 7 and dashed lines
are bulk value from SPC/E model, i.e. 72.

as a function of h:

εT
|| (h) =

2d(εSL
|| − εb

||)

h
+ εb

|| . (7)

The water molecules in SLs are weakly bound to the graphene
walls due to the van der Waals interaction between the wa-
ter molecules and graphene, therefore, they are less mobile as
compared to the water molecules in the bulk region. In or-
der to determine εT

|| (h) one needs to know d, εSL
|| and εb

|| . It

is known that in bulk water εb
|| = εb

⊥ = εb ∼= 80. Moreover,
in Ref. [6], it was found that the SLs have: i) an effective
width of about d ≃5-10Å, ii) an amorphous ice structure, and
iii) small out-of-plane dielectric constant7 εSL

⊥ ∼ 2−3. From
our MD simulations we found that εSL

⊥ ≪ εSL
|| which results

in a nonlinear decrease in εT
|| versus h, i.e. dεT

|| /dh < 0. In
addition, Eq. (4) is a capacitors based model as previously in-
troduced by Zhang for determining the out-of-plane dielectric
constant of nanoconfined water [49].

The solid curve in Fig. 7 and corresponding inset figure are
the results of Eq. 7. With d = 5Å, εSL

|| = 115 and εb
|| = εb = 72

(the bulk value as obtained from the SPC/E model). For h-
BN walls we used d = 6Å. In fact, there is a weak van der
Waals adhesion between the graphene (and h-BN) walls and
the water molecules resulting in a weak bonding of water to
the walls. A typical length scale of this attraction is 5Å for
SLs near graphene and 6Å for that near h-BN. Notice that this
simplest model is able to describe the h > 10Å behavior of ε||
very well.

CONCLUSION

In summary, we performed extensive atomistic simulations
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to determine the in-plane component of the dielectric con-
stant of confined water in two regimes, i.e. h < 10Å and
h ≥ 10Å. The atomically smooth graphene and h-BN inter-
faces were used as confining walls. The correlation between
the height of the channels and the physical properties of the
trapped water was studied. We constructed continuum model
that is able to fit our atomistic simulations for channels with
h > 10Å where there is a strong enhancement of ε||. Our re-
sults verify the final conclusions of the review paper by Ka-
vokine et al.5 about different theoretical approach that one
needs to study confined water at slits with size smaller or
larger than 10Å. For channels with h = 7.4±0.5Å we ob-
tained values for ε|| (ε||(∞)) up to almost two orders of mag-
nitude smaller (the same order of magnitude) as compared
to the bulk value ∼80 (∼3)45. This was explained as due to
the formation of a crystalline phase of water. Furthermore,
we predict ferroelectricity in the experimentally accessible
timescales (1µs) and temperature (300 K) in water confined
in channels with height h = 7.4±0.5Å. We found that while
the diffusion coefficient reaches its bulk value for channels of
h> 15Å (i.e. diffusion is governed by short range effects), the
effects of graphene (or h-BN) sheets on the fluctuation of Mx,y

is long range, i.e. channels with height of 50Å have still sup-
pressed fluctuations of Mx,y. The abnormal decrease in the
dielectric constant of confined water in channels with height
h = 7.4±0.5Å is related to the emergence of ferroelectricity.
Our results provide insights into the dielectric properties of
nanoconfined water gives a consistent physical picture of ε||
as function of the water layer thickness.

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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