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ABSTRACT: The solid-to-liquid phase transition in water nanofilms confined between plates, with
varying separations and water−plate interactions ranging from strongly hydrophobic to strongly
hydrophilic, was simulated using a coarse-grained monatomic water model (mW) and the
generalized replica exchange method (gREM). Extensive gREM simulations combined with the
statistical temperature weighted histogram analysis method (ST-WHAM) provide a detailed
description of the thermodynamic properties intrinsic to the phase transition, including the transition
temperature, isobaric heat capacity, phase change enthalpy, entropy, and their dependence on the
interplate distance and the plate−water interaction. The ice structure of water nanofilms was
characterized at various conditions using the transverse density profile and the distribution of angles
formed by hydrogen-bonded neighboring molecules. Flat bilayer ice was observed to be the
dominant solid phase at close interplate distance, while puckered bilayer ice, similar to a slab of ice Ih,
is the predominant structure at larger interplates. Stable puckered bilayer ice, previously observed to
have a low melting point, is observed to have enhanced stability with high melting temperature when
confined between hydrophilic plates. These results demonstrate the strong dependence of phase
stability and coexistence in nanoconfined systems on the geometry and physical properties of the confining environment.

■ INTRODUCTION

Due to its fundamental importance, water has received a great
deal of attention in both experiment and computational studies
of its complex and often anomalous behavior. Many atomistic
models have been built to reproduce the properties of water in
molecular simulations using long-ranged forces (electrostatics)
that make simulations intrinsically computational demand-
ing.1−7 Recently, a coarse-grained monatomic model for water
molecules (mW) was developed8 by Molinero and co-workers
to represent water as a single site with three-body potential
terms that lead to a tetrahedrality intermediate between carbon
and silicon. The mW model captures essential features of the
hydrogen bonding in water using a nonbonded angular-
dependent term that encourages tetrahedral structure. This
potential reproduces the structural, thermodynamic, and
dynamic properties of liquid water with comparable or better
accuracy than many popular atomistic water models at much
less computational cost. mW has been applied to the study of
pure bulk water9−11 and nanoconfined water,12−14 as well as
biological water15 and clathrate hydrates.16

Confined water is present in biological systems and
nanoscale materials and is known to possess a variety of
structural, dynamic, and thermodynamic properties that differ
from bulk water.12−14,17−22 These are direct results of the
interaction with surfaces and/or a truncation of the bulk
correlation length and depend on whether the interactions of
water with the wall particles are hydrophilic or hydrophobic.23

Moreover, the geometry of the confinement is also an
important factor. The cylindrical nanopore and parallel slit

nanopore are two types of confining geometries used in studies
of nanoconfined water.12,13,17,18,24−29 Experimental evidence of
pronounced layering of the water within the confining gap was
reported using X-ray reflectivity for water across a narrow gap
between cleaved mica surfaces.30

This study focuses on bilayer water confined to a slit
nanopore made of two infinite parallel plates separated by a
fixed distance. Previously, we simulated the solid-to-liquid
phase transition in bilayer water as a function of density,
demonstrating a variation in the order of the transition from
first (at low densities) to second (at high densities).31 The
focus of this study is to probe the effect of varying
hydrophilicity of the plates and the plate-to-plate distance on
the thermodynamic and structural properties of the nano-
confined water film. The transition in confined bilayer water
has been shown to be first-order, based on a sharp drop in the
potential energy and discontinuity in the diffusion coefficient.14

However, due to the large latent heat associated with strong
first-order phase transitions, it is hard to precisely determine
the phase transition temperature using regular MD simulations
in canonical ensembles. As such, it is of interest to explore the
properties of this transition using a generalized ensemble
approach.
Generalized Replica Exchange Method (gREM)32 is well-

suited for the simulation of first-order phase transitions with
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large energy gap. It combines the merit of replica exchange
paradigm33−38 and generalized ensemble sampling, and tran-
forms the unstable or metastable states in the canonical
ensemble39−42 into stable states. Since its development, gREM
has been successfully applied to the study of phase transitions
in Potts spin systems,32 an adapted Dzutugov model,43

Lennard-Jones fluid,44 bulk water,45 and nanoconfined water
systems.31 In this study, we employed gREM to simulate the
solid-to-liquid phase transition of coarse grained mW water
nanofilm. We demonstrate remarkable sensitivity of the
transition to the nature of the water-wall interaction, with
implications for the understanding of interfacial and nano-
confined water.

■ METHODS AND MATERIALS
System and Force Field. We investigate the state of water

confined between both hydrophilic and hydrophobic plates.
The mW8 potential energy consists of a sum of pairwise two-
body (Φ2) and three-body interactions (Φ3), parametrized as
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with A = 7.049556277, B = 0.6022245584, γ = 1.2, a = 1.8, θ0 =
109.47°, the tetrahedrality λ = 23.15, the diameter σmW =
2.3925 Å, and energy scale ε = 6.189 kcal/mol. All
intermolecular forces in the mW model vanish at a distance
aσ = 4.2 Å, making the mW model inherently short-ranged and
computationally efficient.
The plates were modeled following prior studies.12,13,46 One

plate consisted of particles arranged in a single-layer triangle
lattice with interparticle spacing of 3.2 Å. The interactions
between water molecules and particles on the plates were
modeled with the two-body potential
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with σwp set to 3.2 Å to prevent the diffusion of water molecules
into the plate, εwp modulating the hydrophilicity of the plate,
and A and B the same as those for the water−water interactions
in the mW model. As the plate−water interaction does not have
a three-body potential in this work, the plates do not form
directional hydrogen bonds with the water molecules. The
hydrophilicity of the plates was characterized by Molinero and
co-workers13 by the simulation of the contact angle of droplets
with a flat plate. On the basis of their results, we set the
parameters of two hydrophobic plates to be εwp = 0.2 and 0.3
kcal/mol and the parameters of two hydrophilic plates to be εwp
= 0.5 and 0.7 kcal/mol.
The water nanofilm systems are composed of 256 or 1024

water molecules confined between two parallel plates separated

by a distance D, varying between 8 and 10 Å, with 0.5 Å as the
interval. The range of the interplate distance was chosen to
form a bilayer water nanofilm as suggested in ref 12. Distances
in this study are measured from the centers of the plates. The
plates, along with the particles on the plates, have fixed
locations in the simulation. A schematic plot of the water
nanofilm confined between two parallel plates is shown in
Figure 1. The average width of the plate is roughly 55 Å for the
system with 256 water molecules and 110 Å for the system with
1024 water molecules.

The plate−water interactions are governed by eq 2, in which
εwp modulates the hydrophilicity of the plates. We simulated
two hydrophobic plates with εwp = 0.2 and 0.3 kcal/mol and
two hydrophilic plates with εwp = 0.5 and 0.7 kcal/mol. The
system is periodically replicated in the x and y directions to
model confinement between infinite plates, and the z direction
is not subject to periodic boundary conditions. The lateral
pressures of water nanofilms are maintained at 1 atm. The
lateral dimensions of the water nanofilm are allowed to
fluctuate, while the interplate distance is fixed at a certain
distance.

Generalized Replica Exchange Method (gREM). We
employed the recently developed generalized replica exchange
method (gREM)32 implemented in Monte Carlo simulation to
study the solid-to-liquid phase transition in water nanofilms.
gREM combines sampling of a generalized noncanonical
ensemble with replica exchanges in order to restore the
power of the replica exchange paradigm in the vicinity of a
strong first-order phase transition. For the convential temper-
ature replica exchange method (tREM), in moving across a
strong first-order phase transition, replica exchanges near the
transition temperature are severely impaired as the canonical
energy or enthalpy distribution functions are disjointed and
separated by a large energy or enthalpy gap. gREM bridges the
energy/enthalpy gap by controlling the locations of the energy/
enthalpy distributions using optimally designed generalized
ensemble sampling. A number of studies have demonstrated
that gREM achieves comprehensive sampling of phase-
coexistence states,44,45,47 which are inaccessible in a constant-
temperature ensemble.
In gREM simulation, each replica α of the system is

associated with an effective temperature Tα(H;λα), H being
enthalpy and λα being a set of relevant parameters, and samples
a configurational space with the generalized ensemble weight
Wα(H;λα), which is determined from the effective temperature
through the inverse mapping
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∂
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where wα = −lnWα is the generalized effective potential. The
effective temperatures are conveniently parametrized using

Figure 1. Schematic plot of the water nanofilm confined between two
parallel plates. The particles forming the plates are shown in gray, and
the water molecules are shown in light blue with x, y, and z axes
marked.
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linear functions of enthalpy with a uniform slope for all replicas
as

λ λ γ= + −α α αT H H H( ; ) ( )0 0 (6)

where the control parameter γ0 is the constant slope, H0 is a
constant offset in the relevant enthalpy range, and λα is the T
intercept at a chosen H0. Denoting the lowest and highest
temperatures as T1 and TM, respectively, the average enthalpies
H̃1 and H̃M can be determined by short canonical runs at T1
and TM. The value of H0 can be set as H0 = H̃1. The dynamic
range of λα is determined to be λ1 = T1 and λM = TM − γ(H̃M −
H̃1), so that the first and Mth effective temperatures cross
[H̃1,T1] and [H̃M,TM], respectively. The intermediate values of
λα (1 < α < M) are determined by equally dividing the
parameter space as

λ λ α λ= + − Δα ( 1)1 (7)

and Δλ = (λM − λ1)/(M − 1).
The linear effective temperature of eq 6 produces a

generalized ensemble sampling weight

λ λ γ≈ + −α α α
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which governs the trial moves within one replica and replica
exchanges between neighboring replicas. The acceptance
probability of a Monte Carlo trial move in configuration
space within replica α is
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where wα(H) = −lnW. The acceptance ratio for replica
exchange between neighboring replicas α and α + 1 is

α ′ = ΔαA xx( ; ) min[1, exp( )]g
x

REM (10)

where Δα
x = wα+1(H(x′)) − wα+1(H(x)) + wα(H(x)) −

wα(H(x′)).
Simulation protocols of the gREM are defined by the

following three steps.
(i) Perform short canonical runs for a number of replicas

having the temperature equally spaced between the lowest and
highest temperatures of interest, T1 and TM, to provide relevant
data sets for the parameterization of gREM.32

(ii) Run the gREM simulation for each replica by making
Monte Carlo trial moves in configuration space with the
acceptance probability given in eq 9. After all replicas undergo
configurational trial moves, randomly choose one pair of
neighboring replicas and attempt a replica exchange with the
acceptance probability defined by eq 10.
(iii) After the production run is completed, apply the

statistical temperature weighted histogram analysis method
(ST-WHAM)48 to join multiple generalized ensemble runs and
calculate the entropy estimate and additional observables in the
canonical ensemble.
Monte Carlo simulations in configuration space within one

replica were arranged in cycles of trial moves including N
randomly selected single-particle moves (N is the number of
particles in the system), followed by a volume-changing move.
A single-particle move is accepted with probability
min(1,exp{−(kBTα)

−1[U(r′N) − U(rN) ]}), where Tα is the
effective temperature of the replica α, rN and r′N are the old and
new coordinates of all N particles, and U is the potential energy
of the system. The volume-changing move is accepted with
probability, min(1,exp {−(kBTα)

−1[H(sN,V′) − H(sN,V) ] + (N
+ 1) ln(V′/V)]}), where sN represents the reduced coordinates

scaled by the box dimension, V and V′ are the old and new
volumes, and H is the enthalpy of the system.49 When the
volume of the water nanofilm is changed from V to V′, the
length of the water nanofilm, Lx and the width, Ly, are adjusted
according to Lx′ = (V′/V)1/2Lx and Ly′ = (V′/V)1/2Ly, while the
depth in the z direction remains constant. Consequentially, the
coordinates in the x and y directions are adjusted according to
xi′ = (Lx′/Lx)xi and yi′ = (Ly′/Ly)yi, while z coordinates are not
affected by a volume change.
The maximum displacements of the single-particle moves

and the maximum volume changes were adjusted during the
simulation to achieve an average acceptance probability in the
range of 45−55%. The equilibrium simulation was performed
for 90 000 cycles, and the production simulation was performed
for 200 000 cycles. The total CPU time was roughly 120 h on
an Intel Xeon E5-2640 processor.

Statistical Temperature Weighted Histogram Analysis
Method (ST-WHAM). Because each replica in gREM samples
a configurational space with a noncanonical sampling weight, all
simulation results should be combined to estimate correct
canonical averages via reweighting. The ST-WHAM48 was used
for posterior analysis of gREM simulation results. Unlike the
conventional weighted histogram analysis method (WHAM),50

ST-WHAM does not require iteration to determine the relevant
partition function but instead calculates the entropy directly
from the quantities determined in gREM, the generalized
ensemble sampling weight in each replica, and the associated
enthalpy histogram. This approach leads to a substantial
acceleration of the data analysis without loss in accuracy, as has
been demonstrated in a number of recent applications.51,52

ST-WHAM provides an approximate calculation of the
entropy through first calculating the inverse statistical temper-
ature, βS, by
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where Pα(H) is the enthalpy histogram in replica α and fα(H) =
Pα(H)/∑αPα(H) is the simulated histogram fraction.
Integration of βS provides an entropy estimate S(H),

according to the relationship βS = ∂S(H)/∂H. Once the
entropy is determined, canonical expectation values of any
thermodynamic variable may be computed as
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and the canonical heat capacity may be estimated through the
enthalpy fluctuation as
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The maximum of the heat capacity is used to define the melting
temperature of the ice. The combination of gREM and ST-
WHAM allows for the accurate determination of the phase
transition temperature between ice and liquid water, as well as
the change in enthalpy and entropy.

■ RESULTS AND DISCUSSION
Thermodynamic Properties of the Freezing Transi-

tion. We simulated 20 systems with 5 interplate distances, D =
8, 8.5, 9, 9.5, and 10 Å, and 4 different water−plate interaction
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strengths, εwp = 0.2, 0.3, 0.5, and 0.7 kcal/mol. The aim was to
carry out an extensive study of the effect of the hydrophilicity of
the plates and the plate-to-plate distance on the thermody-
namic and structural properties of water nanofilms. Simulations
of the solid-to-liquid transition in water nanofilms were
performed using gREM. ST-WHAM was used to combine
multiple generalized ensemble runs in gREM to determine the
inverse statistical temperature and the entropy estimate. The
canonical expectation value for the enthalpy and the isobaric
heat capacity were computed using eqs 12 and 13. The solid-to-
liquid phase transition temperature was determined as the
maximum of the heat capacity. Changes in enthalpy, entropy,
and the volume of the transition were also computed.
Figure 2 shows the statistical temperature and the canonical

temperature of the system with 256 water molecules; D = 9 Å

and εwp = 0.2 kcal/mol. The statistical temperature shows
backbending behavior as an indicator of the strong first-order
solid-to-liquid phase transition. In gREM, the S-loop is removed
when the temperature is reweighted into the canonical
ensemble. The canonical temperature is monotonically
increasing as a function of enthalpy in the canonical ensemble.
Figure 3 shows the enthalpy−temperature curves, H(T), and

the isobaric heat capacity, Cp(T), of the systems with interplate
distance D = 8 Å and four different water−plate interaction
strengths, εwp = 0.2, 0.3, 0.5, and 0.7 kcal/mol. Figure 4 shows
isobaric curves of H(T) and Cp(T) of systems with interplate
distance D = 10 Å and four different water−plate interaction
strengths. In all cases, a sharp peak in Cp(T) and abrupt
changes in H(T) are observed, suggesting a first-order phase
transition. The enthalpy curve moves downward as εwp
increases, indicating that the enthalpies of both the ice and
liquid phases decrease as εwp increases. At the same time, the
enthalpy curve and the heat capacity curve shift to the right as
εwp increases, indicating that the transition temperature
increases as εwp increases.
From the location of the peaks of the isobaric heat capacity

curves, the solid-to-liquid phase transition temperatures of all
20 systems were determined. The transition temperatures as a
function of the interplate distance D are shown in Figure 5 for
systems with εwp = 0.2, 0.3, 0.5, and 0.7 kcal/mol and with 256
or 1024 water molecules. The transition temperature reaches a
maximum at D = 8.5 Å at all values of εwp and is observed to
decrease as the interplate distance increases from 8.5 to 10 Å.
The parabolic behavior of the transition temperatures near D =
8.5 Å agrees with previous observations.12 At a given value D,

Figure 2. Statistical temperature, TS(H), and the canonical temper-
ature, TC(H), of the system with 256 water molecules; D = 9 Å and εwp
= 0.2 kcal/mol, plotted as red and blue lines, respectively.

Figure 3. (a) Enthalpy, H(T), and (b) isobaric heat capacity, Cp(T), in
canonical ensembles for systems with 256 water molecules; D = 8 Å
and εwp = 0.2, 0.3, 0.5, and 0.7 kcal/mol. The enthalpy and heat
capacity curves for systems with 1024 water molecules are shown in
the Supporting Information.

Figure 4. (a) Enthalpy, H(T), and (b) isobaric heat capacity, Cp(T), in
canonical ensembles for systems with 256 water molecules; D = 10 Å
and εwp = 0.2, 0.3, 0.5, and 0.7 kcal/mol. The enthalpy and heat
capacity curves for systems with 1024 water molecules are shown in
the Supporting Information.
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the transition temperature is higher when εwp of the system is
larger. Varying both parameters for interplate distance and the
water−plate interaction, D and εwp, the transition temperature
of the water nanofilm is observed to span over a wide range
from 240 to 340 K.
Figure 6 shows the change in enthalpy, ΔH, and entropy, ΔS,

for the solid-to-liquid transition for different interplate distances
D, for systems with four different plate−water interaction
parameters, εwp = 0.2, 0.3, 0.5, and 0.7 kcal/mol. At all
distances, within statistical error, the change in enthalpy for
systems with hydrophilic plates is higher than that for the
corresponding systems with hydrophobic plates. The negative
values of ΔV result from the fact that the volume of the water
bilayer decreases as it melts. At all distances, the values of ΔV
for systems with hydrophilic plates are less negative than those
for the corresponding systems with hydrophobic plates,
indicating that the volume difference between solid and liquid
states decreases. This results from the tendency of the liquid
state to expand and increase the contacting areas with the
hydrophilic plates favoring the water−plate interaction.
For systems with hydrophobic and hydrophilic plates, as D

increases from 8 to 9.5 Å, ΔH and ΔS are observed to decrease
monotonically, showing that the differences in enthalpy and
entropy of the solid and liquid states are getting smaller as D
increases. For systems with strong hydrophilic plates, the results
at D = 10 Å do not follow that same trend as ΔS increases, and
ΔH maintains a constant value. This is the apparent result of a
substantial structural change in the water nanofilm as D
increases to 10 Å (discussed below).
The change in entropy, ΔS, for the solid-to-liquid transition

can be directly computed using ST-WHAM. We compare
TmΔS, Tm being the melting temperature, with the phase
change enthalpy, ΔH. Figure 7 demonstrates that ΔH agrees
very well with TmΔS for water nanofilms confined between
plates with εwp = 0.2, 0.3, 0.5, and 0.7 kcal/mol and separated
by varying distances, D. As ΔS, Tm, and ΔH are obtained
independently, the close agreement validates our results.
Simulations in this work were performed with a lateral

pressure of 1 atm. We estimate dT/dPL, the slope of the
coexistence curve on the temperature−lateral pressure (T−PL)
diagram, given ΔS and ΔV in Figure 6. According to the
Clausius−Clapeyron equation for the two-phase boundaries in
the quasi-2D system24 dT/dPL = ΔV/ΔS. Tables 1 and 2 list
the computed results of dT/dPL for hydrophobic plates (εwp =
0.2 kcal/mol) and hydrophilic plates (εwp = 0.7 kcal/mol)

separated by varying distances. Most values of dT/dPL are
found to be negative, indicating that the melting temperature
decreases with increasing lateral pressure.
The work by Molinero et al.14 contains data on the melting

temperatures of hexagonal bilayer ice at varying lateral
pressures, PL. On the basis of two data points in Table 1 of
their work, (PL = 0, Tm = 297.5 K) and (PL = 460 MPa, Tm =
237.5 K), dT/dPL is estimated to be −0.1304 K/MPa. As the
plates in their work are hydrophobic plates separated by 8.5 Å,
we compared their results to that of hydrophobic plates (εwp =
0.2 kcal/mol) with D = 8.5 Å, which is dT/dPL = −0.08426 K/
MPa. We consider this to be good agreement. The difference
could be attributed to the details of the water−plate
interactions used, which were featureless plates modeled by a
Lennard-Jones 9−3 potential, unlike the atomistic plates that
we used in this work.

Structural Properties of the Nanonconfined Water
Film. Structural layering effects induced in the water nanofilm
by confinement are examined through the transverse density

Figure 5. Phase transition temperature of water nanofilms at interplate
distance D = 8, 8.5, 9, 9.5, and 10 Å for systems with four different
plate−water interaction parameters, εwp = 0.2, 0.3, 0.5, and 0.7 kcal/
mol. The results for systems with 256 and 1024 water molecules are
plotted with solid and dashed lines, respectively.

Figure 6. (a−c) Change in enthalpy ΔH, volume ΔV, and entropy ΔS,
for the solid-to-liquid transition in water nanofilms with varying
interplate distances, D, for systems with four different plate−water
interaction parameters, εwp = 0.2, 0.3, 0.5, and 0.7 kcal/mol, and 256
water molecules.
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profile (TDP), ρz, along the direction z, for ice structures of all
20 systems at T = 220 K (see Figure 8). The zero point of the
z-axis is defined as the midpoint between the two plates. The
profiles of ρz show two peaks symmetric with respect to the
midpoint between the plates with interplate distances of D = 8,
8.5, 9, and 9.5 Å, indicating two layers of water molecules
confined between plates. When D = 8, 8.5, 9, and 9.5 Å, the
peaks in ρz assume a Gaussian-like shape centered around z =
±1.4 Å, indicating that both layers are flat (consistent with the
2B structure in ref 12). Meanwhile, the height of the peaks
diminishes as D increases from 8 to 9.5 Å, indicating that the
solid state becomes less organized at a larger interplate distance.
Correspondingly, for the same interplate distance, the height of
the peaks increases with increasing εwp.
The profiles of ρz become different as D increases to 10 Å.

When D = 10 Å and εwp = 0.2 kcal/mol, each of the main peaks
in ρz shows a shoulder at around z = ±2.3 Å. The shoulder
grows into a subpeak when εwp = 0.3 kcal/mol and D = 10 Å.
The height of the subpeak continues to grow as εwp increases to
0.5 and 0.7 kcal/mol, while the location of the subpeak remains

the same. When D = 10 Å and εwp = 0.7 kcal/mol, the heights
of the subpeaks are equivalent to the heights of the main peaks,
which are located at z = ±1.4 Å. The split of each single peak
into two subpeaks indicates that at D = 10 Å, the ice state
becomes a puckered bilayer ice (referred to as the 2U
structure12).
The profiles of ρz of liquid states of systems with εwp = 0.2

and 0.7 kcal/mol, with interplate distances D = 8 and 10 Å, are
shown in Figure 9, along with the profiles of the corresponding
ice states. The profiles of ρz of the liquid states have much
wider distributions with smaller peaks at each layer center and
with nonzero density across the slit center, indicating that water
molecules in liquid states can move between two layers across
the slit center, while the transverse movements of water
molecules in the solid states are highly restricted. In the liquid
state, as the water−plate interaction parameter, εwp, increases
from 0.2 to 0.7 kcal/mol, the wetting of the plate increases, and
the probability of water visiting the center of the nanoslit
decreases.
Direct comparison of the ice configuration of the systems

with D = 8 and 10 Å and εwp = 0.7 kcal/mol is shown in Figure
10. The top views of ices at both D = 8 and 10 Å exhibit similar
hexagonal ice structure, with two layers in register. However,
the side views clearly show that the bilayer structure of the ice
at D = 8 Å is flat whereas the bilayer at D = 10 Å exhibits a
puckered structure. Increasing the interplate separation and
volume induces a transition between flat and puckered solid ice
phases. The flat bilayer ice at D = 8 Å allows each molecule to
have four hydrogen-bonded neighbors. The top and side views
of the bilayer ice structure at D = 8 Å demonstrate that the
angle of neighbors within one layer is roughly 120° and the
angle assumed by neighbors not all in one layer is roughly 90°.
The puckered bilayer structure at D = 10 Å results in external

sublayers with three hydrogen-bonded neighbors, while the
molecules on the inner sublayers have four hydrogen-bonded
neighbors. Each layer of the puckered bilayer structure at D =
10 Å is split into an external sublayer and an internal sublayer.
In Figure 10, the molecules of the external sublayers of the
puckered structure are dark blue, and those of the internal
sublayers are red. A pattern is observed with one dark blue
molecule surrounded by three red molecules and one red
molecule surrounded by three dark blue molecules. The two
layers are packed such that red molecules stack over red
molecules, allowing water molecules on the upper and lower
layers to be close enough to form hydrogen bonds. Each red
molecule forms three hydrogen bonds within the layer and a
forth hydrogen bond with the closest red molecule on the
adjacent layer. This is different from the “pleated sheet water”
(PSW),29 which, having “ridges” stacking over “ridges” and
“valleys” stacking over “valleys”, does not allow water molecules
of different layers to share hydrogen bonds.
Distributions of angles between hydrogen-bonded neighbors

of ice structures at D = 8 and 10 Å are shown in Figure 11.
Consistent with the impression made by inspection of the
structures, the angle distribution of the ice structure at D = 8 Å
has two peaks located near 120 and 90°, corresponding to the
angles formed within one layer and between two layers. These
results agree with previous simulations12 of ice structures at D =
8 Å as well as experimental determination.53 The angle
distribution of the ice structure at D = 10 Å, formed by angles
for molecules with four or three hydrogen-bonded neighbors,
has a single peak located near 109°, which is the signature value
of tetrahedral geometry. As bulk ice Ih is characterized by

Figure 7. Change in enthalpy, ΔH (plotted with solid lines),
compared with TmΔS (plotted with dashed lines), Tm being the
melting temperature and ΔS being the change in entropy, for the
solid-to-liquid transition in water nanofilms with varying interplate
distances, D, for systems with four different plate−water interaction
parameters, εwp = 0.2, 0.3, 0.5, and 0.7 kcal/mol, and 256 water
molecules. Note that ΔH should equal TmΔS as ΔG = 0 at
equilibrium.

Table 1. Change in Volume, ΔV, Entropy, ΔS, and dT/dP
for Hydrophobic Plates (εwp = 0.2 kcal/mol) Separated by
Varying Distances, D, with 256 Water Molecules Confined

D (Å) ΔV (cm3/mol) ΔS (cal/mol/K) dT/dP (K/MPa)

8 −0.65465 3.39301 −0.04611
8.5 −1.07834 3.09493 −0.08327
9 −1.57584 2.76567 −0.13618
9.5 −1.68221 2.41195 −0.16669
10 −1.68263 2.02543 −0.19855

Table 2. Change in Volume, ΔV, Entropy, ΔS, and dT/dP
for Hydrophilic Plates (εwp = 0.7 kcal/mol) Separated by
Varying Distances, D, with 256 Water Molecules Confined

D (Å) ΔV (cm3/mol) ΔS (cal/mol/K) dT/dP (K/MPa)

8 −0.38734 3.44927 −0.02684
8.5 −0.79651 2.98097 −0.06386
9 −1.03158 2.76953 −0.08902
9.5 −1.16823 2.48087 −0.11254
10 −1.30915 2.62627 −0.11914
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hexagonal symmetry and near-tetrahedral bonding angles, we
recognize that the ice structure at D = 10 Å is equivalent to a
slice of ice Ih. Figure 11 also displays fragments of the ice
structures at D = 8 and 10 Å, composed of three adjacent rings
in both layers, which accentuate the flat hexagonal ring
structure at D = 8 Å and the puckered hexagonal ring structure
at D = 10 Å.

■ CONCLUSIONS

We investigated the phase behavior of water nanofilms confined
between parallel atomistic plates at atmospheric lateral pressure
using a coarse-grained mW model. The solid-to-liquid phase
transition of water nanofilms was simulated with gREM to
provide comprehensive sampling in the vicinity of the first-
order phase transition for plates of varying separation and

Figure 8. (a−d) TPDs, ρz, of ice structures of systems with four different water−plate interaction parameters, εwp = 0.2, 0.3, 0.5, and 0.7 kcal. Each
subfigure compares ρz of systems with varying interplate distances, D = 8, 8.5, 9, 9.5, and 10 Å, but the same water−plate interaction parameter, εwp,
and 256 water molecules. The TPDs for systems with 1024 water molecules are shown in the Supporting Information.

Figure 9. (a,b) TPDs, ρz, of systems with D = 8 Å and εwp = 0.2 and 0.7 kcal, respectively. (c,d) ρz of systems with D = 10 Å and εwp = 0.2 and 0.7
kcal, respectively. The systems have 256 water molecules.
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strength of attraction from strongly hydrophobic to strongly
hydrophilic.
The transition temperature reaches a maximum at interplate

separation D = 8.5 Å, at all water−plate interaction strengths,
and behaves parabolically as a function of interplate distance, in
agreement with previous results.12 At a given interplate distance
D, the transition temperature is highest when the plates are
most hydrophilic, showing that for water nanofilms confined
between parallel plates, the transition temperature is a sensitive
function of the geometry and physical nature of the
nanoconfining environment. The melting transition temper-
ature of the water nanofilm was observed to span a remarkably
wide range of values from 240 to 340 K, with varying
parameters for the interplate distance and water−plate
interaction.
For interplate distances between 8 and 10 Å, the water

nanofilm forms a bilayer structure for the liquid and solid ice
states. Ice structures for D between 8 and 9.5 Å are flat bilayers

composed of planar hexagonal rings with nontetrahedral angles,
while bilayer ice at D = 10 Å takes on a puckered structure,
similar to a slab of bulk ice Ih, characterized by hexagonal
symmetry and near-tetrahedral bonding angles. The puckered
bilayer ice was previously reported,12 but it was observed to be
unstable with low melting temperature (210 K) at 1 atm of
lateral pressure, with the instability induced by the hydrophobic
plate.
In this study, the stable puckered ice bilayer structure with

high melting temperature (275 K) was obtained for an
interplate distance of 10 Å and hydrophilic confining plates.
This confining environment provides adequate volume to
accommodate the tetrahedral angles and stabilization of
undercoordinated water molecules of the external sublayers.
As such, hydrophilic plates are observed to stabilize the
puckered bilayer ice, which was otherwise marginally stable in
the featureless hydrophobic environment. Further work
employing different forms of water−plate potential, including
the introduction of a directional hydrogen-bonding interaction,
would verify the observed dependence of the phase behavior of
water nanofilms on the nature of the nanoconfining environ-
ment.
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