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ABSTRACT: The extent of confinement effects on water is
not clear in the literature. While some properties are affected
only within a few nanometers from the wall surface, others are
affected over long length scales, but the range is not clear. In
this work, we have examined the dielectric response of
confined water under the influence of external electric fields
along with the dipolar fluctuations at equilibrium. The
confinement induces a strong anisotropic effect which is
evident up to 100 nm channel width, and may extend to
macroscopic dimensions. The root-mean-square fluctuations of
the total orientational dipole moment in the direction
perpendicular to the surfaces is 1 order of magnitude smaller
than the value attained in the parallel direction and is independent of the channel width. Consequently, the isotropic condition is
unlikely to be recovered until the channel width reaches macroscopic dimensions. Consistent with dipole moment fluctuations,
the effect of confinement on the dielectric response also persists up to channel widths considerably beyond 100 nm. When an
electric field is applied in the perpendicular direction, the orientational relaxation is 3 orders of magnitude faster than the dipolar
relaxation in the parallel direction and independent of temperature.

■ INTRODUCTION

Experimental and computer simulation studies on confined
fluid systems suggest that interfacial effects extend only to a few
nanometers from the interface,1,2 while others have found long-
range surface induced structuring effects.3,4 X-ray scattering
measurements near surfaces reveal a density increase in
interfacial water compared to bulk water,5 and X-ray diffraction
shows layering effects in the first hydration layers.6 Interfaces
also affect the orientational dynamics of water reducing the
dielectric relaxation time, as observed by terahertz time-domain
spectroscopy.7 Relaxation dynamics becomes strongly aniso-
tropic in a confined environment, such as between graphene
surfaces,8 where the faster relaxation is evinced for the confined
direction. von Domaros et al.9 examined the dipole orienta-
tional relaxation of confined water at the wall’s interface and
found an order of magnitude difference due to the difference in
orientation of water at the upper and lower walls.
Confinement affects coexistence properties of fluids. The

fluid critical density and critical temperature approach bulk
values at large slit pore width (40 molecular diameters).10

Vapor−liquid interfacial properties also dramatically change
under confinement, such as the phase coexistence liquid−vapor
surface tension and is reduced many fold under confineme-
ment.11 Investigations of the shift in critical temperature and
density and of the coexistence densities as a function of the slit
pore width demonstrated that these properties are general
properties of confined fluids.12

Confinement affects water’s static and dynamic properties,13

further unfolding a variety of intriguing phenomena when
hydrodynamics couples with electrostatics, such as electro-
pumping,14−18 electromelting,19 and electrostriction.20 These
phenomena are rooted in the complicated interplay between
hydrogen bond network strength, interface induced orientation
effects and the dipole alignment due to the electric field
injected torque. An external electric field influences thermo-
physical fluid properties. The vapor−liquid coexistence curve
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shows a decrease of the critical temperature of confined water
and a decrease of the saturated liquid phase density.21

In linear, homogeneous, and isotropic systems the dielectric
constant of water ϵ is a scalar quantity22 which can be measured
via linear response theory by monitoring the dipole moment
fluctuations22,23 or via nonequilibrium molecular dynamics
(NEMD) applying a static field24−27 and tracking the
polarization response. When a spatially varying electric field is
applied the dielectric response of water becomes wave vector
dependent.28

In confined geometries, the dielectric response is anisotropic
and ϵ becomes a second-rank tensor whose elements are
dependent on spatial coordinates if the medium is inhomoge-
neous,29−31 such as close to an interface. An overscreening
behavior27,30,31 manifests in the perpendicular direction, i.e., ϵ⊥
< ϵ∥ for nanoscopic systems. Similarly, atomic force microscopy
experiments on interfacial water reveal ϵ ∼ 4, reaching the bulk
value ϵ ∼ 80 approximately 10 nm away from a solid
interface.32 Thin film water measurements33,34 with gap widths
from micrometer to nanoscale dimensions show ϵ⊥ ≲ 10,
consistent with recent results from dielectric property measure-
ments of guest water molecules inserted in porous metal−
organic crystals.35

Despite the large amount of knowledge gathered, it is still
not fully understood if the effects on the total dipole moment
behavior of the fluid system are short or long ranged. The main
result of this work is the finding that the f luctuations of the total
dipole moment of water are affected by the confinement
potentially up to macroscopic dimensions. In particular, we find
that when liquid water is confined between two planar solid
surfaces the root-mean-square fluctuations (rms) of the
perpendicular component of the total dipole moment of
water is 1 order of magnitude smaller than the bulk fluctuations
and constant for channel widths at least as large as 100 nm.
This strong anisotropy in the dynamics of the orientational
polarization extends out to at least mesoscale dimensions, and

possibly out to macroscopic length scales. By applying a
spatially uniform and static electric field in the perpendicular
direction we find that the dipole alignment is very fast and
resembles a step function, contrary to the typical exponential
shape of the dielectric relaxation observed in homogeneous
systems or when the field is applied parallel to the surfaces.
The next section summarizes the molecular dynamic

simulation methods, and a detailed dielectric characterization
of our fluid system is provided in the Results section. This is
required to compare the dipole moment in the parallel and
perpendicular directions for the same local electric field (and
not the external field) and to establish the reliability of the
dipole moment signal.

■ METHODS
Two planar uncharged hydrophobic graphene-like surfaces enclose
SPC/E model water molecules (constrained with SHAKE) with a
permanent dipole moment of 2.35 D in agreement with the
experimental value 2.9 ± 0.6 D.36 The van der Waals interaction
parameters between water molecules and carbon atoms of the
graphene (ϵ = 0.09369 kcal/mol, σ = 3.19 Å) are taken from Werder
et al.37 which are shown to reproduce the experimental contact angles
of water on graphene surface. Walls lie in the x − y periodic plane and
z is the perpendicular or confined direction. Quantum, liquid-surface
chemical reactions (thus any charge transfer mechanism) and atomic
and electronic polarizability effects are neglected. We use a rigid and
nonpolarizable water model because our study only pertains to the
orientational polarization mechanism. The nonpolarizable SPC/E
water model has been demonstrated to be appropriate to model water
in the presence of strong electric fields.38 Future investigations will be
carried out using polarizable models of water.39 The system is
equilibrated for 3 ns with a time step of 1 fs, before data collection is
performed for 1 ns. The short-range repulsive part and the dipole-
induced attractive part of the interaction between particles is modeled
through the pairwise additive LJ potential with a cutoff length of 1
nm.15 The long-range electrostatic interactions are modeled employing
the Ewald algorithm adapted for slab geometry as implemented in
LAMMPS40,41 with a cutoff truncation radius of 1 nm and with

Figure 1. Polarization of confined water with time. The arrow in (a) indicates the time when the electric field is switched on. An external field E =
0.04 VÅ−1 is applied in (a) parallel and (b) perpendicular directions for different channel widths. (c) and (d) are for a fixed channel width h = 11 nm
and varying electric field.
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specified accuracy in forces41 of 10−5. Periodic tinfoil (conducting
metal) boundary conditions are applied in the x and y directions.
Vacuum boundary conditions are applied in the z direction for the
Ewald algorithm, with the slab geometry correction40 in which an
empty volume is inserted such that the extended confined dimension is
three times the actual channel size.40,41 The corrected Ewald algorithm
is also named EW3DC.40 Note that every system examined in this
study is electroneutral, making the EW3DC choice appropriate. For
confined systems carrying a net charge, a neutralization procedure
based on a background-charge correction must be implemented42,43 to
avoid spurious electrostatic potentials across the channel. The bulk
density of water is fixed at ρ = 998 kg m−3, and the procedure to
estimate its accessible volume for the graphene channels is described in
ref.15 The simulations are carried out in the NVT ensemble with the
Nose ́−Hoover thermostat using the MD software package
LAMMPS.41 Due to the incompressibility of liquid water, small
variations in the fluid density may cause strong variations in the fluid
pressure when the system volume is fixed. To verify that our results do
not depend on small density variations we performed equilibrium
simulations in the NPT ensemble with the nanochannel h = 11 nm
immersed in a larger water reservoir of 10 × 10 × 15 nm3 and setting
the barostat at 1.01 bar. The density of water inside the channel has
been obtained considering the same volume as the NVT systems. We
found 2.6% lower density inside the nanochannels compared to the
fixed density ρ = 998 kg m−3 we have used in the simulations with an
applied field. We have verified that this small difference in the density
of water has no detectable effect on the property measurements
reported in this paper. Note that although the thermostat acts on the
fluid and not the walls, this is justified because no flow occurs. Bernardi
et al.44 have previously shown that serious side effects can occur for
thermostated confined fluids under flow conditions, but under zero
flow conditions there are no significant artifacts. Notwithstanding, we
verified that using a Langevin thermostat, in conjunction with the
TIP3P water model, gives the same results suggesting that this effect is
not a peculiarity of any specific water model or thermostatting strategy.
Surfaces are kept rigid during the simulations and assumed electrically
transparent for simplicity. The simulation box dimensions in x and y
for the graphene channel are Lx = 6.02 nm, Ly = 6.24 nm. Channel
widths (z-direction) range from h = 3 nm to h = 100 nm. The range of
applied electric field amplitudes used in this work are smaller or
comparable to previous molecular dynamics studies of confined water
subjected to an external static electric field, such as E = 3.0 VÅ −1

applied to water confined between Pt(111) walls38 and E = 0.2 VÅ −1

applied to water confined between graphite and mica pores,21 and is
approximately 2 orders of magnitude higher than experiment.45 For
some systems, five independent simulations with different initial
velocity distributions are carried out to verify the reproducibility of the
results and to estimate the statistical errors. After the application of the
external electric field, each independent simulation yields almost
exactly the same average dipole moment and the same statistical error,
suggesting the achievement of an appropriate new equilibrium state.

■ RESULTS

We denote byM = Σi= 1
Nw μi the total liquid dipole moment where

μi is the dipole moment of a single molecule and Nw is the total
number of water molecules. In Figure 1 we show the dielectric
response of the system with the field applied along the parallel
and perpendicular directions to the walls, varying the graphene
channel width. Figure 1a plots the time-series of the x-
component of the average net dipole moment of water px(t) =
p∥(t) = M∥(t)/Nw =∑i = 1

Nw μ∥,i(t)/Nw where μ∥,i is the projection
of the dipole moment μi in the parallel x−direction and M∥ is
the projection of M in the same direction. The system is
subjected to a static and spatially uniform electric field polarized
in the parallel x−direction i.e., E∥ = E∥x ̂ with fixed amplitude E∥
= E = 0.04 VÅ −1 switched on at t = 20 ps. Samples are taken
every 500 fs. We also plot p∥(t) for the homogeneous system
(with no walls) having approximately the same lateral box sizes
as the confined system with h = 11 nm. It can be seen that the
dielectric response of the confined system is equal to the
homogeneous system response, both yielding in the new
equilibrium state (after the field is applied and the polarization
signal is stable) px ≃1.4 D (after t ∼ 60 ps). As expected, p∥
does not depend on h since the applied electric field is constant
and equal for every system. However, the fluctuations depend
on the channel width, are affected by the presence of the
electric field, and strongly depend on the direction. For both
the intervals 0−20 ps (E∥ = 0) and 20−120 ps (E∥ ≠ 0) the
fluctuations are similar for every h except for the channel width
3 nm, where the closer surfaces perturb water significantly.
We monitor p⊥ applying E⊥ = E⊥z ̂ with E⊥ = 0.04 VÅ −1

plotted in Figure 1b (same external field as before). The
fluctuations of the signal p⊥(t) are much smaller compared to
the parallel case, for both the E⊥ = 0 case (0−20 ps) and the E⊥
≠ 0 case (20−120 ps). This signal has also been plotted in
Figure 1a for comparison (pink line). Moreover, the transient
part of the signal p⊥(t), i.e., immediately after the application of
the electric field, has a completely different shape compared to
the classical Debye-like exponential dielectric relaxation
observed in the parallel case (Figure 1a). We will show that
the effect is unaltered when the local field, i.e., the sum of the
external field and the induced field, for both the directions is
equal. We will exclude any nonlinear effect showing that when
the external field is E⊥ ≤ 0.02 VÅ −1 we are in the linear regime
as discussed below (comparing with the Langevin function26).
For h = 11 nm and the field E = E∥x ̂ with varying the electric

field amplitudes in the interval 0.001−0.1 VÅ−1 gives the time
series plotted in Figure 1c. As expected, p∥ monotonically

Figure 2. Polarization of confined water with the channel width when the field E = 0.04 VÅ−1 is applied in (a) parallel and (b) perpendicular
directions. Polarization of confined water with the external field applied in (c) parallel and (d) perpendicular directions, for a channel of width h = 11
nm. Black lines are the Langevin equation, eq 2. H indicates the homogeneous system, and the angle brackets indicate the new equilibrium state time
averages. The error bars in (c) and (d) are smaller than symbol sizes.
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increases at increasing amplitudes, since the dipole alignment
depends on the torque exerted on the dipoles Γi = μi × E which
increases as the field increases. For E∥ = 0.001 VÅ−1 no
response is detected within statistical uncertainty (black profile)
since the thermally induced noise amplitude is larger than the
dipole response. The highest field, E = 0.1 VÅ−1 (green line),
yields the largest dipolar response ∼1.7 D. Figure 1d plots p⊥(t)
applying E = E⊥z.̂ A strong reduction of the dipole moment due
to the depolarizing field originating from the dipole surface
charge density at the interfaces is observed. Moreover, the
relaxation time is an order of magnitude faster. These aspects
will be discussed later on.
Figure 2a shows the new equilibrium state average values of

the signals p∥(t) plotted in Figure 1a as a function of pore
width, denoted with ⟨p∥(t)⟩. Standard errors are computed for
120 independent samples separated by 500 fs. Apart from the h
= 3 nm case, where the details of the solid/liquid interface
begin to be significant due to the high surface-to-volume ratio,
⟨p∥(t)⟩ does not depend on h, as expected. However, at T =
350 K the increased thermal energy competes against the
alignment effect of the torque exerted by the electric field on
the dipoles randomizing the orientations, thus substantially
lowering ⟨p∥(t)⟩ at T = 350 K.
Figure 2b reports the averages ⟨p⊥(t)⟩ plotted in Figure 1b. It

can be seen that the standard errors are smaller compared to
the parallel direction (note the smaller scale on y-axis in the
perpendicular direction). Interestingly, contrary to the parallel
case, ⟨p⊥⟩ does not depend on the temperature, at least in the
temperature range examined in this work. In the linear regime,
p⊥ = α⊥E⊥ (to be shown later), where p⊥ is the average dipole
moment in the perpendicular direction, E⊥ is the local electric
field, and α⊥ is the polarizability.46 To a first approximation,47

we then have the permittivity

ραϵ = + ϵ1 / 0 (1)

where ρ is the density of water and ϵ0 = 8.854 × 10−12 F m−1 is
the vacuum permittivity. From this we can conclude that if α is
constant and does not depend on T, then also ϵ is constant and
does not depend on T, in qualitative agreement with a recent
experiment performed above room temperature.35

New equilibrium state averages taken from profiles of Figure
1c obtained applying the fields E = E∥x ̂ are plotted in Figure 2c
with red filled circles. We also plot data for the homogeneous
system (empty red circles), for the confined system at T = 350
K, and for the homogeneous system at T = 350 K. Up to field
strengths around ≈0.02 VÅ−1, the polarization response is
approximately linear, in accord with literature,24,26 whereas
saturation effects begin to take place for E ≳ 0.04 VÅ−1. We

note also that the homogeneous system dielectric response
exactly corresponds to the dielectric response of the confined
system in the parallel direction. As noted earlier, the increased
thermal energy of the fluid at T = 350 K increases the
randomization of the permanent dipole moment orientations,
decreasing ⟨p∥⟩ at T = 350 K compared to the T = 300 K
measurements. This is true for both the confined and
homogeneous system.
The polarization response of water at high fields deviates

from linearity and nonlinearities are captured by the Langevin
function which has been derived considering the orientational
polarization of systems composed of noninteracting dipoles.
The Langevin function is25,26,46

= −⎜ ⎟
⎛
⎝

⎞
⎠p E A BE

BE
( ) coth( )

1
(2)

plotted in Figure 2c with fitting parameters A = 2 D and B =
83.7 Å V−1 for T = 300 K and E being the local electric field,
which in the parallel direction is usually assumed to coincide
with the external field. Figure 2c shows that when the external
field is E∥ ≈ 0.02 VÅ −1, we are in the linear regime. We
emphasize at this point that a static electric field does not
perform any macroscopic thermodynamic work on the fluid
system, even though there are microscopic fluctuations of the
total dipole moment. Hence, there are no heating effects to be
considered in our case, such as when a microwave field48,49 is
applied. A small amount of work is performed only during the
transient time in which the dipoles align with the field, and the
heat generated is absorbed by the thermostat. Averaging in the
perpendicular direction, i.e., averaging p⊥(t) from Figure 1d
taken in the new equilibrium state, leads to the results plotted
in Figure 2d which illustrates that the linear regime is attained.
In the perpendicular direction, the effect of the higher thermal
energy is almost undetectable.
As mentioned above, Figure 1d plots p⊥(t) applying E = E⊥z.̂

The depolarizing (induced) field, i.e., the electric field due to
the polarization of the water molecules, screens the external
field, causing ⟨p⊥⟩ ≪ ⟨p∥⟩. For any field, the fluctuation
amplitudes are visibly smaller than the fluctuation amplitudes of
the parallel case (Figure 1c), considering the much smaller scale
of the y-axis in the perpendicular case. In homogeneous systems
and in the direction parallel to the walls, the local electric field
can be approximated with the external field.38 In the
perpendicular direction, for a system periodic in the directions
x and y and confined along z, the electric field Ep due to the
polarization of water in response to the external field E0 applied
across z is38

Figure 3. (a) Charge density and (b) local electric field profiles of confined water for h = 11 nm and E0 = 1 VÅ−1. Insets show the close view at the
center of the channel. (c) Dielectric constant (ϵ) of water with electric field calculated using eq 5.
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∫ ρ
=

′ ′

ϵ
E z

z z
( )

( ) d
z

p
0 q

0 (3)

where ρq(z′) is the charge density distribution and ϵ0 is the
vacuum permittivity. The total electric field is38

= +E z E E z( ) ( )0 p (4)

which allows us to estimate the dielectric constant ϵ of water at
a specific electric field38

ϵ =
E
E

0
(5)

When the external field is E0 = 1 V Å−1, the local field, eq 4,
gives in the center of the channel E = 0.015 V Å−1. This can be
observed in Figure 3a for ρq(z) and in part (b) for E(z),
yielding ϵ⊥ = E0/E = 68 ± 10, in agreement with earlier
studies.38 Figure 3c plots the field-dependent dielectric constant
of water, compared with the new equilibrium state values of p∥/
p⊥ computed for the same applied fields. The agreement could
be explained by noting that p = ϵ0(ϵ − 1)E assuming ϵ⊥ = ϵ∥ =
ϵ, where E is the local field and E∥/E⊥ = E0/E = ϵ. This explains
why in the external field range examined the polarization shows
nonlinearities in the parallel direction (Figure 2c), whereas in
the perpendicular directions we are still in the linear regime
(Figure 2d).
Figure 4a shows the average dipole moment per molecule p⊥

at varying external electric fields taken from Figure 1d for short
times. The signal is observed for the first 500 fs after the field is
switched on and is sampled every femtosecond. For the
external field E⊥ = 1 VÅ−1 (we will not use the symbol E0 to
denote the external field as in Yeh and Berkowitz38), the
perpendicular polarization attains a value of p⊥ ≈ 0.8 D, as
shown in Figure 4a (red profile). This signal should be
compared with the dipole signal p∥ ≈ 0.8 D (Figure 1c), which
occurs when E∥ ≈ 0.015 VÅ−1, i.e., at same local fields. Note the
difference between these two aforementioned profiles: p⊥
reaches 80% of its new equilibrium state value in less than 20
fs (Figure 4a, red profile) and its new equilibrium state value in
less than 200 fs, whereas p∥ reaches almost the new equilibrium
state in approximately 40 ps (Figure 1c, in between the two
lowest blue profiles). Hence, at the same local electric field the
signal p⊥ reaches the new equilibrium state 200 times faster
than it does in the parallel direction.
This dramatic difference between the dipole alignment

dynamics in the perpendicular and parallel directions at equal
local field appears to be constant for channel widths in the
range 11−100 nm, as shown in the following. Indeed, we

showed that ϵ = ϵ⊥ = ϵ∥, assuming that in the parallel direction
the local field can be approximated by the external field (see the
Appendix: Polarizability of Water), and neglecting the details of
the interfacial dielectric profile close to the walls.30 As explained
by fitting the data with the Langevin function, these
characteristics are not due to nonlinear effects. It is interesting
to note that, in Figure 4a, 5−6 strong oscillations of period
∼20−30 fs are visible occurring in the first 200 fs for every field
amplitude, with frequency independent of field strength and
amplitude increasing with the applied field. The highest electric
field 1 VÅ −1 shows significant oscillation amplitudes (around
∼0.3 D), while preserving the oscillation frequency. These
oscillations are present also in the parallel direction, as can be
seen in Figure 4b where p∥ and p⊥ are compared on the very
short time scale of ∼300 fs. Figure 4b also shows that while p∥
steadily increases (up to completing its relaxation in ∼7−10 ps
if the field is low), p⊥ remains constant and will conserve the
value attained for t ≲ 30 fs. The collective reorganization of
hydrogen bonds occurring in the parallel direction (and in the
homogeneous systems) manifests as the classical Debye dipolar
relaxation mechanism in water. This mechanism appears to be
strongly affected by the confinement in the perpendicular
direction.
The equation for the dielectric relaxation14,15,17,50 is to a first

approximation given by

α
τ

=
−

t
p E pd

d (6)

where p = M(t)/Nw, τ is the dielectric relaxation time, α is the
water polarizability, and E is the steady and spatially invariant
local field. Integrating eq 6 for the parallel direction and
assuming that the fluid is not polarized at t = 0, i.e., p∥ = 0 at t =
0, gives

α= − τ−p t E( ) (1 e )t/
(7)

which when fit with the time-series of p∥(t) plotted in Figure 1c
gives an estimate of τ∥ (and α∥; see the Appendix: Polarizability
of Water). Figure 4c plots the dielectric relaxation time of
water. In the interval E ≲ 0.02 V Å −1, τ∥ is equal to ∼8 ps for
both the confined and homogeneous system, in accord with
previous MD17 and experimental results.51,52 For every field,
when the temperature increases from T = 300 to 350 K, τ∥
approximately halves for both the homogeneous and confined
system because the higher thermal energy reduces the
cohesivity of the hydrogen bond network, allowing for a faster
relaxation toward the direction of the applied field. When the
field amplitude increases, τ∥ decreases because of the higher

Figure 4. (a) Dipole moment over a short time after the field is switched on in the perpendicular direction, same as Figure 1d. (b) p⊥ and p∥ with the
time at an external field E = 0.034 VÅ−1. (c) Dielectric relaxation time with the external field. Channel width h = 11 nm. H indicates the
homogeneous system.
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torque exerted on the dipole. However, τ⊥ cannot be obtained
fitting by an exponential curve, as can be seen in Figure 1d and
more clearly in Figure 4a, because the signal oscillates at high
frequency several times before reaching its new equilibrium
state value, and its peak value is reached the first time in less
than 20 fs. At zero field and T = 300 K, the perpendicular
dielectric relaxation of water confined between two graphene
surfaces8 was less than approximately 200 fs and the radial
dielectric relaxation in carbon nanotubes53 was approximately
500 fs. Finally, faster perpendicular relaxation dynamics can also
be observed applying a rotating electric field and measuring the
phase shift between the field and the net dipole, which would
be much smaller for the perpendicular direction.15 The large
difference between τ⊥ and τ∥ demonstrates that the physical
mechanism underlying the orientational dynamics in the
perpendicular direction of a confined system is different from
the Debye bulk relaxation, revealing from a different perspective
the existence of a fundamental anisotropy in the hydrogen bond
network for confined water. We emphasize that up to the
channel width h = 100 nm this difference remains unchanged.
Hence, the dipoles experience almost no friction in the
perpendicular alignment, revealing the presence of a confine-
ment induced preferential route for their reorientation. It would
be interesting to examine if the rotational diffusion of water has
a tensorial character due to the confinement, i.e., if the
measured rotational diffusion in the parallel and perpendicular
direction are different. However, this will be the subject of a
future investigation.
We next examine the fluctuation amplitude of the average

dipole moment. Figure 5a−c shows the signals p∥(t) and p⊥(t)
over 1 ns simulation time and for the channel width h = 100
nm at zero field, and when the field is applied in the parallel and
perpendicular direction, respectively. In Figure 5a the
fluctuations around the dipole moment average value are

strongly damped in the perpendicular direction, in agreement
with the equilibrium simulations of Zhang et al.8 for graphene
channel widths up to 30 nm. In our analysis, we quantify the
amplitude of the dipole moment fluctuations by computing the
root-mean-square of the fluctuations of the polarization signal

Δ =
∑ − ̅=p

p p

N

( )i
N

i
rms

1
2

(8)

where p ̅ is the average dipole moment Σi = 1
N pi/N over N

samples and pi is the dipole moment of the sample i. Results are
summarized in Figure 5d. To avoid trivial system size effects

Δprms is multiplied by N h( )w , i.e., the number of water
molecules for the channel width h. Data points are computed
by averaging over 2000 values sampling every 500 fs for 1 ns. It
is evident that the higher temperature does not substantially
affect the fluctuation amplitudes of p⊥(t) and p∥(t). In the
following, we denote the rms fluctuation amplitudes in the
perpendicular direction with the symbol Δp⊥ and parallel
direction Δp∥. We note that increasing h yields approximately
constant parallel fluctuation amplitudes, with small differences
increasing the temperature to T = 350 K. The perpendicular
fluctuation amplitudes remains almost exactly constant and
shows no dependence on the temperature. Moreover, results
obtained with a separation of ∼10 nm are approximately equal
to results taken with a channel width h = 100 nm. One would
expect the rms fluctuation amplitudes of the perpendicular total
dipole moment to approach that of the bulk fluid as h increases,
but this is not what we observe. In fact, our attempts to quantify
any dependence of the fluctuation amplitudes with h in order to
extrapolate to large distances were thwarted by the flat rms
trend values (Figure 5d). Perhaps the most fundamental
question is exactly when is the isotropic or bulk condition Δp∥
= Δp⊥ recovered, since the flat fitting curve in Figure 5d

Figure 5. Polarization of confined water for channel width h = 100 nm, (a) no field, (b) parallel, and (c) perpendicular fields of magnitude E = 0.04
VÅ −1. (d) rms fluctuations in the polarization with the channel width h.

Figure 6. (a) Tetrahedral order parameter. Channel width h = 11 nm and E = 1 VÅ−1. H indicates the homogeneous system. (b) Second order
parameters, S∥ and S⊥, are when the field is applied in parallel and perpendicular directions to the walls.
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potentially extrapolates to macroscopic h sizes. The curve is so
close to a flat line that as h increases no statistically meaningful
fits can be made to extrapolate into the bulk, which makes a
quantitative prediction impossible. Finally, we point out that
applying an external electric field approximately halves the rms
amplitude of the fluctuations in the parallel direction, whereas
only a small effect is observed on the fluctuations in the
perpendicular direction, as can be seen in Figure 5b and c,
respectively.
We look at whether Δp⊥ < Δp∥ is associated with some

structural changes among the water molecules in confinement
environment. Water is overall tetrahedrally coordinated,54 a
characteristic which is quantified calculating the tetrahedral
order parameter55

∑ ∑ θ= − +
= = +

⎜ ⎟⎛
⎝

⎞
⎠q 1

3
8

cos
1
3i

j k j
ijk

1

3

1

4 2

(9)

where j and k span the set formed by the four closest oxygen
molecules to a central oxygen i and θijk is the angle subtended
by the segments joining the oxygen i and two of its four nearest
neighbors j, k. The average value of q is 0 for a random system
such as the ideal gas, and 1 for a perfect tetrahedral
environment. For this calculation, we do not include water
closer than 2 nm from the surface to avoid the large distortion
of the water structure next to the interfaces.56 Figure 6a plots
the ⟨q⟩ histograms at zero field for the homogeneous system at
T = 300 K, the graphene confined system, and the confined
system at T = 350 K.
It can be seen that the tetrahedral structure of water is

unchanged by the confinement, i.e. q for the confined and
homogeneous system are approximately the same. The large
anisotropy of dielectric relaxation times and the r.m.s.
fluctuations is therefore not related to an alteration of the
water tetrahedral arrangement at least in terms of the definition
used. We also have verified that applying the electric fields in
the range used in this work does not substantially affect the
tetrahedral coefficient value. We emphasize at this point that
the negligible effect of the electric field on the tetrahedral
structure of water, and the correct average dipole moment
alignment for every electric field amplitude, suggests that an
excessive system pressure build-up, due only to molecular
alignment, is unlikely. The correct dipole alignment can be seen
by inspecting Figure 3c and noticing that the dielectric response
is in good agreement with the theoretical prediction by Booth
for the field-dependent dielectric constant of water.38 However,
a more careful study of the effect of the application of the
electric field on the pressure of a confined fluid system in a
NVT ensemble requires specific methods57 and will be the
subject of further investigation. Heating the confined liquid at T
= 350 K, decreases the tetrahedral order compared to T = 300
K, shifting to the left the tetrahedral peak, in accord with MD55

and experimental58 investigations.
We examine the order parameter59

θ= ⟨ − ⟩S
1
2

(3cos 1)2
(10)

where S = 1 for parallel, S = −1/2 for perpendicular, and S = 0
for random alignment of molecular dipoles. The angle θ is
defined by cos θ = n̂·Ê, where Ê is the applied field direction
and n̂ is the dipole moment direction. We have excluded the
first 2 nm width fluid slabs closest to the interfaces to avoid
surface induced orientation effects. As shown in Figure 6b, S∥

increases when E∥ increases for the larger torque exerted by the
larger fields. By applying a large field, E⊥ = 1 V Å−1, the local
field, as observed, is approximately ∼0.017 V Å−1, and the order
parameter reaches S⊥ ∼ 0.06 as can be seen on the inset of
Figure 6b, which depicts the time-series of S⊥, comparable to S∥
when the local field is E∥ ∼ 0.02 V Å−1. Hence, computations of
the second order parameter of water when the local electric
field for the parallel and perpendicular directions is similar,
show that also the dipole ordering is similar.

■ CONCLUSION

In this work, we have demonstrated that confinement induces
an anisotropy in the dielectric relaxation of water which extends
up to at least mesoscale dimensions. We have tracked the total
dipole moment of liquid water applying an electric field and
observing the effect of changing the direction of the field,
parallel and perpendicular to the walls, and monitoring the
corresponding dipole component response. The difference
found is large even for channel widths of ∼100 nm. The data
strongly suggests that this anisotropy may extend much further,
perhaps even to macroscopic dimensions.
We illustrated that the polarization relaxation in the

perpendicular direction, when the electric field points in the
confined direction, is approximately 200 times faster than the
parallel dipolar response, at equal local electric fields. We
conjecture that the confinement induces a preferential path on
the hydrogen bond network for the dipole moments to
collectively align with a perpendicular electric field, without
having to overcome any significant energy barrier. The
perpendicular component of the net dipole moment relaxes
toward the new equilibrium state in a few femtoseconds, even
for mesoscale channel sizes.
We measured the root-mean-square fluctuation amplitudes of

the dipole moment, showing that in the perpendicular direction
these values are 1 order of magnitude smaller than the
fluctuation amplitudes of the parallel direction, and that this
difference is approximately constant, hence, does not depend
on the channel width, in the range 10−100 nm studied here.
The results suggest that the isotropic condition, i.e., equal
parallel and perpendicular root-mean-square amplitudes of
fluctuations of the total dipole moment, may not be attained
until macroscopic dimensions are reached. Future investiga-
tions will address the possibility of a connection between the
hydrophobic forces, whose physical mechanism is still
unknown,60 and the dielectric properties of water under
confinement. If the strong reduction of the fluctuation
amplitudes of the total dipole moment in a confined
environment corresponds to a reduction of the entropy of
water, then this entropy loss may be the driving force for the
hydrophobic force itself. Assuming the validity of this
hypothesis, one might then suggest that hydrophobic forces
are present whenever Δp⊥ < Δp∥, and that they may extend to
macroscopic dimensions.

■ APPENDIX: POLARIZABILITY OF WATER

The polarizability of water can be estimated using eq 7, via α∥ =
⟨p∥⟩/E∥ obtained for t → ∞. For E = 0.012 V Å−1, sufficiently
low to be in the linear regime (as can be seen from Figure 1c
where τ∥ yields ∼8 ps or from Figure 2c of the text where p∥
still linearly depends on E), we attain ⟨px⟩ = 0.55 D (Figure 1c)
giving α∥ = 3.2 × 106 m2 kg−1 eV−1, in agreement with the
literature.17 From eq 1
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ραϵ = + ϵ1 / 0 (11)

we get the dielectric constant of water ϵ∥ ∼ 60, close to
previous published results for SPC/E model.17
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