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1. INTRODUCTION

The phase behavior of water in confined geometries has at-
tracted significant interest due to the ubiquity of confined water in
nature and materials, and the fundamental differences between
ice�liquid equilibrium for water in bulk and in confinement.1,2

Mesoporous silica materials MCM-41 and SBA-15 provide arrays
of monodisperse cylindrical pores with tunable diameter between
2 and 10 nm. These materials can be functionalized to tune the
hydrophobicity of the pore wall and are widely used in studies of
confined water. The freezing and melting of water in filled and
partially filled pores of MCM-41 and SBA-15 silica have been
extensively characterized through differential scanning calorimetry
(DSC), neutron (ND) and X-ray diffraction, NMR, and dielectric
measurements.3�14 The most important results that emerge from
these studies are a significant depression of the melting tempera-
ture with respect to the value for bulk ice and the existence of
noncrystallizable water in the pores, even at temperatures well
below the melting point of the confined ice.

Differential scanning calorimetry demonstrates that the melt-
ing temperature of confined ice in pores with diameter 3 nm or
larger is rather insensitive to the hydrophilicity/hydrophobicity
of the pore wall and the degree of filling of the pore.2,3,11,15,16

Interestingly, a recent X-ray and neutron diffraction study of
water in partially filled hydrophilic and hydrophobic nanopores

at 298 K showed significant differences in the structure of water
in the two environments,17 although the melting temperatures of
ice in the hydrophilic and hydrophobic nanopores were essen-
tially identical.11 This poses the question of whether the state of
water at temperatures below the melting point is the same in
hydrophobic and hydrophilic nanopores.

Themelting temperature of ice in cylindrical nanopores is well
represented by a modified Gibbs�Thompson (GT) equation,
ΔTm = KGT/(R� d), which predicts an inverse relation between
the depression of the melting temperature with respect to the
bulk value,ΔTm, and the effective radiusR� d of the ice confined
in a pore of radius R.2,18,19 This expression suggests the presence
of a noncrystallized water layer of width d in coexistence with the
confined ice just belowTm.

2�5 DSC andNMR studies of water in
partially filled ordered silica pores MCM-41 and SBA-15 with
radius between 2 and 10 nm yield melting temperatures satis-
factorily fitted by the GT equation with KGT = 52.4 ( 0.6 K nm
and d = 0.6( 0.1 nm.3 KGT determined from the experiments is
in excellent agreement with the one predicted from bulk water
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ABSTRACT: We investigate the melting and formation of ice in
partially filled hydrophilic and hydrophobic nanopores of 3 nm
diameter using molecular dynamics simulations with the mW water
model. Above the melting temperature, the partially filled nanopores
contain twowater phases in coexistence: a condensed liquid plug and
a surface-adsorbed phase. It has been long debated in the literature
whether the surface-adsorbed phase is involved in the crystallization.
We find that only the liquid plug crystallizes on cooling, producing
ice I with stacks of hexagonal and cubic layers. The confined ice is
wetted by a premelted liquid layer that persists in equilibrium with
ice down to temperatures well below its melting point. The
liquid�ice transition is first-order-like but rounded. We determine
the temperature and enthalpy of melting as a function of the filling
fraction of the pore. In agreement with experiments, we find that the melting temperature of the nanoconfined ice is strongly
depressed with respect to the bulk Tm, it depends weakly on the filling fraction and is insensitive to the hydrophobicity of the pore
wall. The state of water in the crystallized hydrophilic and hydrophobic pores, however, is not the same: the hydrophobic pore has a
negligible density of the surface-adsorbed phase and higher fraction of water in the ice phase than the hydrophilic pore. The widths of
the ice cores are nevertheless comparable for the hydrophobic and hydrophilic pores, and this may explain their almost identical
melting temperatures. The enthalpy of melting ΔHm, when normalized by the actual amount of ice in the pore, is indistinguishable
for the hydrophobic and hydrophilic pores, insensitive to the filling fraction, and within the error bars, the same as the difference in
enthalpy between bulk liquid and bulk ice evaluated at the temperature of melting of ice in the nanopores.
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properties at 273 K under the assumption of complete wetting of
the pore wall by the liquid layer,18,19KGT = 2Tmγv/ΔHm = 51.9(
4 K nm, where ΔHm is the enthalpy of melting, v the molar
volume, γ the liquid�ice surface tension for bulk water.3 There is
consensus that this agreement probably results from compensa-
tion between decreased values of the enthalpy of melting ΔHm

and liquid�ice surface tension γ in the nanopore.2,3 There is no
consensus, however, on the value of the enthalpy of melting per
mol of confined ice,3,6,15 because of the uncertainty in assigning
what fraction of the water belongs to the ice phase just below the
melting temperature.

NMR, neutron diffraction, and X-ray diffraction experiments
evidence the presence of a disorganized state of water in silica
nanopores at temperatures below the melting points of ice in the
pores.11�14,16 Diffraction patterns of water in mesoporous silica
indicate that this disorganized water component is in reversible
equilibrium with the confined ice.11,13,14 On the basis of NMR
relaxation times and neutron diffraction measurements for water
and ice confined in SBA-15 silica, Webber et al. proposed that
this disordered component is ice in a plastic state, with sub-
stantial rotational motion and a well-defined crystal structure.13

The calorimetric results, on the other hand, suggest that there is a
layer of liquid between the ice and the pore wall. State of the art
experimental methods, however, are not yet able to resolve the
structure and spatial distribution of the different components of
water in the pore.

Molecular simulations provide optimum spatial resolution for
the study of the structure of water within nanopores and the
phase transformations it experiences on cooling and heating.
Molecular simulations have predicted novel phases of ice in
carbon nanotubes20�22 and revealed a variety of ice forms for
water confined between parallel surfaces.23�38 The crystal struc-
tures of ice confined in narrow carbon nanotubes and between
parallel plates are, for the most part, distinct from any of the bulk
forms of ice, whereas neutron and X-ray diffraction experiments
indicate that the ice formed in silica and functionalized silica
nanopores is a hybrid of ice I with features of the cubic and
hexagonal polymorphs.16,39�41 There has been a study of the
melting of nanocolumns of hexagonal ice in vacuum42 but, to the
best of our knowledge, no study of melting or freezing of ice in
cylindrical silica or silica-like nanopores using atomistic simula-
tions. This scarcity is mostly due to the high computational cost
of the long simulations required for the rare ice nucleation event
and equilibration of systems that contain at least several thou-
sand molecules. Recently, we presented the first study of the
freezing, melting, and structure of ice in a fully filled 3 nm
hydrophilic nanopore using molecular dynamics simulation with
a very efficient coarse-grained model of water, mW.43 The mW
model represents each water molecule as a single particle with
short-ranged anisotropic interactions that mimic hydrogen
bonds and is ∼180 times more efficient than fully atomistic
models of water with Ewald sums.44 The mWmodel reproduces
the anomalies and structure of liquid water and its phase trans-
formations, including the melting temperatures of hexagonal and
cubic ice I, and the kinetics of crystallization of bulk ice.44�46 Our
study of water in the nanopore provided direct evidence for the
existence of a premelted liquid layer between the pore�wall and
the confined ice in the pores, showed that nanoconfined ice
contains an almost random arrangement of cubic and hexagonal
layers, in a ratio approximately 2 to 1, and revealed that the
crystallization was initiated by ice nuclei without well-defined
stacking structure and containing about 100 water molecules.43

The melting temperature for the confined ice predicted by the
simulations, Tm = 222 ( 3 K,43 was in very good agreement
with the one measured or predicted by the Gibbs�Thomson
equation with the experimentally determined parameters, 215 <
Tm < 231 K.3�5

In the present work, we use coarse-grained molecular
dynamics simulations to investigate the freezing, melting,
and structure of water in 3 nm diameter partially filled cylin-
drical nanopores with hydrophobic and hydrophilic walls.
The use of partially filled pores is crucial to investigate the
effect of reduced dimensions of the liquid domain on the
freezing and melting of water and to address whether the
surface-adsorbed water phase in equilibrium with the liquid
plays any role in the crystallization of water, an open question
in the literature.5,16 The use of hydrophilic (silica-like) and
hydrophobic walls allows us to address whether there is a
correlation between the water�wall interaction, the struc-
ture of water in the pore and the temperature and enthalpy of
melting of the confined ice.

2. MODELS AND METHODS

Systems. We analyze the crystallization and melting of water
in partially filled hydrophilic and hydrophobic pores of 3 nm
diameter. The fraction of water in the hydrophilic pore was
f = 0.4, 0.6, 0.9, and 1, where the last corresponds to a pore fully
filled with water. The hydrophobic pore was studied only at 0.6
filling fraction. The particles making up the hydrophilic pore wall
and those contained within it were both modeled with the mW
water force field, as in previous studies of melting43 and capillary
condensation.47 Partially filled cylindrical nanopores were built
according to the protocol of ref 47: first, a block of liquid water
with dimensions 5 nm� 5 nm� 10 nmwas equilibrated at 298 K
and 1 atm (density 0.997 g cm3). A configuration of the liquid
was randomly selected, wherein we defined a cylinder of radius
Rp = 1.5 nm aligned with the z-axis. The water molecules
outside the cylinder were considered to be the pore wall and
they were restrained to their original configuration through
soft harmonic bonds with constant k = 30 kcal/Å2 between
pore particles, in addition to water�water nonbonding
interactions.47 This results in 3 nm diameter and 10 nm long
pores lined with a surface that has the structure of liquid water
at 298 K (the intermolecular interactions between the parti-
cles in the pore wall and the water molecules inside are
described in the following subsection). By this procedure,
NT water molecules remained inside the cylinder. To produce
varied pore filling fractions f, we removed (1 � f)NT water
molecules from the water cylinder. The fully filled pore,
f = 1 was the same used in the study of ref 43. A difference
between the fully filled and partially filled pores, is the T-shape
of the liquid phase in the former, with a ∼1 nm head block of
water phase to allow for the expansion and compression of the
liquid upon cooling. The partially filled pores do not need of a
slab space for expansion of the water. Further details regarding
the building of the nanopores can be found in refs 43 and 47.
The number of water molecules inside each pore is indicated
in Table 1.
Force Fields. Water was modeled with the monatomic water

model mW44,47 that has been successfully employed in the study
of liquid-crystal equilibrium in bulk and in nanopores.43,45,46

Each water molecule is modeled as a single particle with inter-
molecular interactions described by a Stillinger�Weber potential48
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that consists of a sum of pairwise ϕ2(r) and three-body ϕ3(r,θ)
contributions,
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where A = 7.049556277, B = 0.6022245584, p = 4, q = 0, γ = 1.2,
a = 1.8, θo = 109.47�, the characteristic size σ = 2.3925 Å, the
characteristic energy ε = 6.189 kcal mol�1, and the weight of the
three-body interactions λ = 23.15. The model encourages “hydro-
gen bonded” configurations through the nonbonding three-body
term, which penalizes water�water�water angles departing from
the ideal tetrahedral angle θo = 109.5�. The mass of a mW particle
corresponds to that of a water molecule, 18.015 g/mol.44

In spite of not having hydrogen atoms or electrostatic inter-
actions, the mWmodel reproduces the experimental enthalpy of
vaporization and density of the liquid, radial and angular dis-
tribution functions of the liquid, the liquid�vapor surface tension,
the melting temperature of hexagonal ice (and correctly predicts
that cubic ice is marginally less stable), and the excess free energy of
liquid with respect to ice.44,49 The enthalpy and entropy of melting
of ice with the mWmodel is underestimated by 13% with respect
to the experimental value. The agreement between the values
predicted by mW and the experiments for all these properties are
comparable to or better than those for any of the most popular
atomistic models of water (SPC, SPCE, TIP3P, TIP4P, TIP5P)44

and comparable to the one for TIP4P/ice.50 The time scales of
molecular processes in the mWmodel, however, are shorter than
for atomistic models because the model lacks the hydrogen
atoms that effectively add a friction to the mobility of the center
of mass of the water molecules. We refer the interested reader to
ref 44 for further details on the mW model.
The hydrophobic pore wall is constructed in identical manner

to the hydrophilic one, carving a block of liquid water at 298 K
and adding soft restraining bonds between the pore wall particles
to keep them in the positions they would have in the original
liquid water configuration. The only difference between the
hydrophilic and hydrophobic pore is on the parameters of
the interaction potential (eq 1) between the water molecules
inside the pore and the atoms in the wall: in the hydrophobic
pore the wall makes no hydrogen bonds with water (i.e., the
weight of the three body term in the potential is zero, λ = 0, for
triplets involving water and pore wall molecules) and it presents

little attraction with water, εwp = 0.2 kcal mol�1 (all other
parameters for the interaction of water with the particles of the
hydrophobic pore are as indicated above for water). These para-
meters correspond to the most hydrophobic surface that still
prevents dewetting of the pore, as shown elsewhere.51 The water�
wall interactions of the hydrophilic pore are described by eq 1with all
parameters identical to those used for water�water interactions.43,47

Simulation Methods.Molecular dynamics simulations of the
fully filled and partially filled pores were carried out using
LAMMPS.52 The equations of motion were integrated in the
canonical (NVT) ensemble using the velocity Verlet algorithm
with a time step of 10 fs. The temperature was controlled with a
Nose�Hoover thermostat with relaxation time 0.25 ps. The
systems were simulated with periodic boundary conditions in the
three dimensions. Simulation times vary between 50 ns and 2 μs
and are indicated through the text.
Identification of Ice. For the distinction of liquid from crystal

and the identification and quantification of hexagonal and cubic
ice during crystallization and melting, we use the CHILL algo-
rithm, which allows for the identification of ice from liquid water
and distinguishes the cubic and hexagonal ice polymorphs in a
rotational invariant manner.43 The CHILL algorithm determines
the correlation of orientations between the first coordination
shells of neighboring water molecules to classify them according to
whether they present the local order of cubic ice (C), hexagonal ice
(H), interfacial or intermediate ice (I), or liquid (L). Molecules
classified as C orH have four tetrahedrally coordinated neighbors
in their first coordination shell, each of them with four neighbors
that have also themselves a tetrahedral first shell. The difference
between C and H is that C has four staggered intermolecular
bonds (i.e., the orientation between the tetrahedron around C
and the tetrahedral around each of its four neighbors is in a
staggered conformation) whereasH has three bonds in a staggered
conformation and one bond in an eclipsed conformation.We refer
to the sum of C and H as core ice. Water molecules classified as
interfacial or intermediate ice (I) have a tetrahedral first coordina-
tion shell but not the requisites to be C or H: I molecules have
either two staggered bonds and at least one neighbor with two
staggered bonds or three staggered bonds, no eclipsed bond and at
least one neighbor with two staggered bond. These I molecules are
found at the surface of crystallites and also in very deeply super-
cooled water, where they form threads.43,46We refer the interested
reader to ref 43 for the description and validation of the algorithm.
We denote as ice core the sum of cubic and hexagonal ice, and as
total ice, the sum of cubic, hexagonal and interfacial ice. To
characterize individual ice nuclei, the water molecules that belong
to core ice (C and H) are clustered using as cutoff distance 3.5 Å,
the first minimum of the water�water radial distribution function.
The VMD program was used for visual analysis of the data.53

Table 1. Temperature and Enthalpy of Melting of Ice in Partially Filled Pores

f water�wall interaction water molecules melting total water molecules Tm [K] ΔHm
w b [kcal/mol water] ΔHm

ice c [kcal/mol of ice]

0.9 hydrophilic 754 2123 219 ( 2 0.33( 0.05 0.92( 0.14

0.6 hydrophilic 475 1399 216.5( 2 0.32( 0.05 0.95( 0.14

0.6 hydrophobic 591 1378 216( 2 0.41( 0.06 0.95( 0.14

0.4 hydrophilic 211 948 212 ( 2 0.23( 0.03 1.04( 0.14

bulka 274( 1 1.26( 0.03 1.26( 0.01
aData for the mWmodel from ref 44, experimental values areΔHm = 1.44 kcal/mol and Tm = 273.15 K.72 bThe suffix w corresponds to the enthalpy of
melting calculated by considering all the water molecules in the system. cThe suffix ice refers to the value normalized with the water molecules in the ice
phase (including cubic, hexagonal, and interfacial ice).
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Exchange Rates.The exchange rate between molecules in the
liquid and crystal phases was characterized by the probability of
survival of molecules in each phase and by analyzing the
translational motion in the liquid phase. The probability that a
molecule survives in the phase x (ice or liquid) for a time t was
calculated as

PxðtÞ ¼ 1
IΤ
∑
IΤ

τ¼ 1

Nðτ;τþ tÞ
MðτÞ ð2Þ

where N(τ,t+τ) is the number of water molecules that remain in
phase x during the time interval between τ and τ + t, M(τ) is
number of molecules in such phase at time τ, and IT is the
number of time intervals averaged over. P(t) was analyzed in
terms of stretched exponential decay with time,

PðtÞ ¼ Ae�ðt=τÞβ ð3Þ
The correlation time is defined by

τ̅ ¼ ðτ=βÞΓð1=βÞ ð4Þ
where Γ is the gamma function. The translational motion of liquid
water along the axis of the pore was analyzed qualitatively, compar-
ing the axial position of the molecules at the beginning and at the
end of each simulation.

3. RESULTS AND DISCUSSION

A. Crystallization of Water in Partially Filled Pores. The
initial step of this study involved the crystallization of the partially
filled pores. The initial configurations contained two phases of
water in the pore: a liquid plug and a surface-adsorbed phase. At
298 K, the surface-adsorbed phase in the hydrophilic nanopores
has a surface density Γ of about 3 water molecules per nm2 and is
formed by small clusters, most of them containing less than five
water molecules.47 The surface density for water adsorbed in the
hydrophilic nanopores equilibrated for 200 ns at 200 K is
comparable to the surface density Γ at 298 K. We do not find
a dependence of Γ with the filling fraction f, implying that the
length of the cylindrical liquid plugs does not significantly affect
the chemical potential of water. The surface-density Γ of the
hydrophobic nanopore is too small to be quantified: all the water
has condensed in the liquid plug.
The crystallization of each partially filled pore was performed

in two steps: First, the pore containing liquid water was cooled at
a rate of 0.2 K ns�1 from 230 K down to 180 K. This process
resulted in ice nucleation in all pores, except for the one with the
lowest filling fraction, f = 0.4, for which an additional 2 μs
simulation at 180 K was needed to nucleate and grow ice. In a
second step, the ice formed at 180 K was further annealed for
50 ns at 190 K followed by 50 ns at 200 K to complete the growth
and favor its structural reorganization into a single crystallite. The
result in all cases was an ice plug that occluded the pore.
Crystallization of the f = 0.6 and 0.9 partially filled pores over
the cooling ramps yielded ice cores containing about a quarter
of the water in the pores. Crystallization of water in silica
nanopores with as little as 0.2 filling fraction has been observed
in experiments.11 Due to the stochastic nature of the nucleation
process, crystallization of water occurs more readily (i.e., at higher
temperatures on constant cooling rate) on pores with a larger
filling fraction. A decrease in the freezing temperature on decreas-
ing the filling fraction been previously reported in a DSC study for
water confined in SBA-15.16

The crystallization of water occurs exclusively within the liquid
plug. The surface-adsorbed molecules present in the hydrophilic
pore do not form ice, consistent with their low surface density
and the strong energy of adsorption to the walls (6.83 ( 0.08
kcal/mol at 298 K and 7.28 ( 0.12 kcal/mol at 0 K; see ref 47).
The crystallization was initiated by homogeneous nucleation
(i.e., without assistance by the pore walls) from an ice nucleus
that grew to yield a single crystallite, as previously reported for
the nucleation of the filled pore in ref 43. The size of the final ice
crystallite strongly depended on the amount of water in the pore.
We analyze in detail the isothermal crystallization of the least

filled pore, f = 0.4, as it provides insight into the process of
nucleation of ice from a very small pool of water molecules in a
confined environment. Figure 1 shows the number and fraction
of water molecules in the ice phase (upper panel) and the size of
the largest ice nucleus (lower panel) for the pore with f = 0.4
evolved at 180 K. There are two well-defined regimes: an
induction period during which subcritical ice nuclei, each con-
taining less than ∼20 water molecules in their core, form and
dissolve until a critically sized nucleus is created, followed by a
growth period in which the viable nucleus develops into a
crystallite. The induction period for the nucleation is stochastic,
taking about 900 ns in the simulation presented in Figure 1. This
is 3 orders of magnitude longer than the ∼1�2 ns induction
period determined for the nucleation of ice in simulations of bulk
mWwater with 32 768molecules at the same temperature.46 The
slower nucleation rate in the partially filled nanopore can be
ascribed to two factors. First, the lowest driving force for ice

Figure 1. Crystallization of ice in a 40% filled hydrophilic pore at 180 K.
Upper panel: number of water molecules in the largest ice nucleus,
counting only the molecules in the core (cubic and hexagonal ice) of the
crystallite, as a function of time. The black arrow indicates the time at
which the critical nucleus forms, ending the nucleation period and
starting the period of growth of the crystallite. The maximum size of the
subcritical nuclei suggests that the critical nucleus size contains a core of
about 20 water molecules. Lower panel: The blue curve (label in left
axis) shows the evolution of the number of water molecules in the core of
the ice nuclei (C and H). The green curve (label in right axis) shows the
total fraction of water in the ice phase, including cubic, hexagonal, and
intermediate ice. Although there is about 5�10% intermediate ice in the
nucleation period, intermediate ice does not form compact ice nuclei but
loose threads46 that form and dissolve without leading to the growth of
the crystallite until a sufficiently large “core” ice nucleus forms.

http://pubs.acs.org/action/showImage?doi=10.1021/jp205008w&iName=master.img-001.jpg&w=240&h=194
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nucleation in the pore, as the melting point of ice in the pore is
depressed about 60 K with respect to the bulk value (see subsection
C, below). Second, nucleation is hindered by the scarcity of water in
the liquid plug from which the ice nucleates in the partially filled
pore. There are less than 1000 water molecules in the f = 0.4
nanopore, about 650 of which are part of the liquid plug that
nucleates the ice. As a comparison, the maximum density of ice
nuclei in bulk water at 180 K, attained when∼40% of the water has
crystallized, corresponds to approximately one ice nucleus every 800
water molecules.46 Ice nuclei containing as many as 20 molecules in
their core are unable to trigger the crystallization in the f=0.4 pore at
180 K (upper panel of Figure 1). This suggests that at 180 K the
critical nucleus contains about 20 molecules in its core, comparable
to the∼10 estimated for the crystallization of bulk water at the same
temperature.46

The growth of ice in the partially filled pore with f = 0.4 at 180 K
spans over 500 ns, about twice the growth time for ice in bulk
water at the same temperature.46 The lengthening of the growth
period is probably due to a slowdown of water mobility in
confinement. The growth of ice in the pore at 180 K is about 25
times slower than at 195 K.43 The crystal produced in the
partially filled pore is fairly small, attaining a maximum of about
50 water molecules in its core (200molecules when including the
interfacial ice) over the 2μs of simulation. In section 3.Cwe show
that this small crystallite, after annealing at 200 K, has a well-
defined melting temperature. Cooper et al. have discussed the
effect of strong confinement on the kinetics of crystallization, and
concluded that for very small (nanoscopic) volumes the crystal-
lization is not limited by the nucleation barrier but by the
availability of material to grow the critical nucleus into a stable
crystallite.54,55 The formation of a stable crystallite from the small
liquid plug of the f = 0.4 pore indicates that this limit has not yet
been reached for water domains containing about 650 water
molecules at 180 K.
B. Structure of Water in the Crystallized Nanopores.

Figure 2 shows representative snapshots of the hydrophilic and
hydrophobic pores with water filling fraction f = 0.6, as they are
heated up to their melting temperatures. The ice crystallized
in the nanopore contains intercalated cubic and hexagonal layers
(displayed in red and green, respectively, in Figure 2A). A
structurewith random stacks of hexagonal and cubic layer has been
previously proposed in the literature for confined ice.11,12,14,41

Although the presence of profuse stacking faults in the ice
crystallized in largely filled pores (f > 0.9) has been well
established both in experiments11,12,14 and in simulations,43 it
is not clear how the structure of ice depends upon pore filling.
Recent neutron diffraction results for 7 nm diameter partially
filled silica nanopores suggest that hexagonal ice is formed only
for largely filled pores (f > 0.9), whereas for less filled pores (f <
0.5), the characteristic triplet of hexagonal ice at low wave vectors
q was absent from the diffraction pattern.11 The absence of
hexagonal peaks in the spectrum, however, should not be
equated with an absence of hexagonal layers, as hexagonal growth
and deformation stacking faults may account for as much as a
third of the ice without the hexagonal ice signature peaks
appearing in the diffraction pattern.56 We find an average ratio
of cubic to hexagonal ice in the partially filled pores was around 2,
same as for the filled pore in ref 43. This preference of cubic over
hexagonal ice in confinedwater has beenwidely characterized.40,41,57

Hexagonal ice layers are still present in the simulations of the least
filled pores, suggesting that they may be present in the experiments
although they cannot be distinguished in the diffraction pattern.

NMR, calorimetry, and neutron and X-ray diffraction indicate that
there is a noncrystallizable water fraction in nanopores.5,11�14,16,58

Our simulations indicate that this noncrystallizable water encom-
passes both small clusters of surface-adsorbed water (negligible for
the hydrophobic pore wall) and the premelted liquid that surrounds
the ice crystallites. Coexistence of ice, with its premelted liquid layer,
and the surface-adsorbed phase in the hydrophilic nanopore can be
appreciated in Figure 2. The surface adsorbed phase is distributed
along the pore surface in the form of small water clusters, character-
ized in ref 47. These water clusters do not crystallize during the
simulations; because of their small size and relatively low coverage of
the surface, we do not expect the surface-adsorbedwater to crystallize
in experiments.
The confined ice in the pore is covered by a premelted liquid

layer, for all pore fillings and pore�water interactions, down to
the lowest temperature of this study, 180 K. The presence of this
liquid layer in coexistence with the ice plug at T < Tm is in
agreement with NMR, neutron scattering, and X-ray reflectivity
results and predictions from surface melting theory,11,12,19,59�64

and it has been observed in simulations of fully filled nanopores.43,51

The fraction of water in the pore that does not crystallize at 180 K
ranges from 80% for the least filled pore, to 40% for the fully filled

Figure 2. Melting of ice in 60% filled hydrophilic and hydrophobic
nanopores. Representative snapshots showing the progression of melt-
ing of confined ice on a heating ramp at a rate of 0.5 K ns�1 in pores with
hydrophilic (left panel) and hydrophobic (right panel) walls at filling
fraction f = 0.6. Panel A: shows the pore wall (gray) and water molecules
in the hexagonal (green) and cubic (red) ice. Panels B�E: water
molecules in liquid water (yellow) and total ice (blue), where total ice
includes cubic, hexagonal, and interfacial ice. It should be noted that the
classification of the water molecules in the system in liquid or crystal is
based on the correlation of bond-ordering and does not differentiate the
water in the condensed liquid phase from the water adsorbed on the pore
walls. The corresponding temperatures for each panel are indicated on
top of each snapshot. Figure 3 shows the evolution of the fraction of ice
with temperature in these two systems.

http://pubs.acs.org/action/showImage?doi=10.1021/jp205008w&iName=master.img-002.jpg&w=192&h=265
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one. The premelted liquid layer coexists in dynamical equilibrium
with ice for extended periods of time, as can be seen in the micro-
second simulations of the 40% filled system and the active exchange
of molecules between ice and liquid (section 3.D below).
The formation of such a surface-melted layer is inherent to the
curvature and substrate effect of the confining matrix and arises
because the liquid can accommodate better to the structure of thewall
than the crystal.62,65,66 There is also a layer of liquidwater between ice
and vacuum at the two caps of the quasi-cylindrical crystallites, as
expected from the known premelting of ice at a vapor interface.65,67,68

It has been argued that the presence of a nonfreezable liquid
layer is due to the strong interactions with the pore walls. We
find, however, a premelted liquid layer even in the highly hydro-
phobic pore. The effect of water�wall interaction in the premelted
layer is addressed elsewhere,51 here we note that the fraction of ice
in the hydrophobic nanopores is larger than in the hydrophilic
nanopores (60% ice for hydrophobic vs 35% ice for hydrophilic,
both for f = 0.6), due both to the lack of a significant surface-
adsorbed phase and a thinner premelted layer in the hydrophobic
pores. In the next section we show that despite the differences in
the surface-adsorbed and premelted layer for water confined in the
hydrophobic and hydrophilic nanopores, the melting tempera-
tures of ice in these two pores are the same.
C. Temperatures and Enthalpy of Melting of Ice in the

Nanopores. A first estimation of the melting temperature of ice
in the pores was obtained through the analysis of the crystallized
systems resulting from the protocols described above, further
annealed at 190 and 200 K for 50 ns and then heated from 200 to
240 K at a rate of 0.5 K ns�1. Figure 3 shows the fraction of water
in the ice phase as the temperature increases. Melting along the
temperature ramp was monitored through the fraction of mol-
ecules in the ice and liquid phases. The melting of ice is sharp for
water in all the pores. Melting of the confined ice proceeds from

the outer part of the crystallite to the center, until the ice core
reaches a size small enough for which it melts completely.
Accurate melting temperatures (Tm) were determined from a

series of isothermal simulations, each 100 ns long, of the crystal-
lized systems around the temperature for which ice melted
during the heating ramp. The Tm are presented in Table 1 and
graphed as a function of filling fraction in Figure 4. There is a
slight drop in melting temperature, from 219 to 212 K, as f
decreases from 1 to 0.4. The decrease inTmwith filling fraction in
the simulations is comparable to that reported in the experi-
ments, 3�9 K.11 Experimental studies of melting in nanopores
using X-ray,64 NMR,11 DSC,5,11,69 and ND11 all agree that the
melting temperature is not significantly affected by the level of
filling of the pore.We attribute this small drift toward lowerTm to
an increase in the surface to volume ratio for the ice phase as the
crystallite becomes smaller. We expect that longer pores with the
same filling fraction would produce larger crystallites and thus
present even less pronounced change in Tm with f. It should be
noted, however, that this variation with f is minimal when
compared to the depression in Tm with respect to bulk ice,
Tm

bulk = 274 K in the mWmodel.44 This implies that most of the
free energy penalty to ice formation arises from the cylindrical
interface of ice and not from the two circular areas that cap the
ice plug.
We analyze the effect of water�surface interactions on the

melting by comparing the hydrophobic and hydrophilic f = 0.6
pores. We found that although the fraction of ice is considerably
higher in the hydrophobic pore (Table 1 and Figure 3), the
melting temperature of ice in both pores is the same (Table 1 and
upper panel of Figure 4). These findings are in agreement with
recent NMR cryoporometry and DSC results by Jelassi et al. that
showed no difference in the melting temperatures of hydropho-
bic and hydrophilic partially filled and overfilled pores of∼7 nm
diameters11 and DSC studies of fully filled nanopores by
Findenegg et al. that show no difference in the Tm of ice in bare
silica pores and the same pores with acid-functionalized surfaces.2

The structure of water in the two pores, however, is not the same:

Figure 3. Fraction of water molecules in the ice phase upon heating the
partially filled nanopores at a rate of 0.5 K ns�1. Pore filling fractions f are
1.0 (magenta), 0.9 (green), 0.6 hydrophobic (blue) and 0.6 hydrophilic
(red), and 0.4 (black). It should be noted that the water in the pore is not
in equilibrium along these warming up ramps; the fluctuations observed
are a consequence of the heating rate employed. The triangles show the
Tm for each system (same color code as the lines), determined from
equilibrium simulations at a series of temperatures. The equilibrium
melting temperatures are lower than the nonequilibrium melting
temperatures, except for the least filled, f = 0.4, pore for which significant
annealing of the ice to a less defective structure occurs in the equilibrium
simulations, resulting in a higher melting temperature.

Figure 4. Melting temperature of ice as a function the percentage filling
fraction. Black circles correspond to the hydrophilic pore and red to the
hydrophobic pore wall, all of them of 3 nm diameter. The melting
temperature depends strongly on the radius of the pore and weakly on
the filling fraction and is insensitive to the hydrophobicity of the
pore wall.
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first, the premelted liquid layer is about 0.1 nm thinner and lower
in density for the water in the hydrophobic pore and, second,
there is no surface-adsorbed water in the hydrophobic pore.
Therefore, agreement in the melting temperature for water
confined in nanopores with different surface modifications must
not be interpreted to indicate that the structure of confined water
is the same. Our results concur with the recent diffraction study
of Jelassi et al. that show that partially filled hydrophilic and
hydrophobic nanopores that yield the samemelting temperature,
have nevertheless very different water structure.17

The enthalpy of melting ΔHm was computed from the
difference of the enthalpy of water in the pore at the lowest
temperature for which all water in the pore is liquid and the
highest temperature for which there is ice in the pore. The
enthalpy of melting was normalized in two ways: (i) by the total
number of water molecules in the pore (ΔHm

w) and (ii) by the
number of water molecules in the ice phase (ΔHm

ice). The
former allows for a direct comparison with the experiments, and
the latter for an assessment of the actual enthalpy of melting per
molecule undergoing the transition. The two values are pre-
sented in Table 1.
ΔHm

w increases with the filling fraction of the pore. This is a
consequence of the increased fraction of water in the ice phase as
f increases. The enthalpy of melting normalized by the number of
molecules actually undergoing the melting transition,ΔHm

ice, on
the other hand, is the same for all pores, irrespective of the filling
fraction andwhether they are hydrophobic or hydrophilic. The value
of ΔHm

ice, 1.00( 0.05 kcal mol�1, is the one expected from the
excess enthalpy of the liquid with respect to ice in bulk mWwater
at the temperature of melting of ice in the pores,Hex = 1.077 and
0.977 kcal/mol at 220 and 210 K, respectively.70 This value is
lower than the bulk value of the Tm of bulk ice (1.26 kcal/mol for
mW) because the structure of the liquid approaches that of low-
density amorphous ice on cooling, which in turn is structurally
very close to ice.6,45,70 The Gibbs�Thomson constant that
emerges from this and other simulations studies of liquid�ice
equilibria for mWwater in hydrophilic cylindrical nanopores,43,51,71

KGT = 54 K nm, is in excellent agreement with the value predicted
from bulk water data at the bulk melting point. Nevertheless, our
results indicate that the enthalpy of melting in the nanopore is lower
than the bulk value at 273 K. Our results lend support to the
conjecture that, if the approximations used to derived the Gibbs�
Thomson constant are still valid in these narrow nanopores, then
the agreement with the GT equation may reflect a compensation in
the change in the enthalpy and surface tension at lower temperatures.
D. Exchange of Molecules between Premelted Liquid and

Ice. Webber and co-workers investigated the state of water in
∼8.6 nm diameter overfilled SBA-15 silica pores through neu-
tron diffraction and NMR relaxation at temperatures of 300 to
180 K, the latter well below the Tm of ice in that pore, 260 K.13,14

In addition to cubic and hexagonal ice they identified a signal that
they assigned to a disordered component, termed “water/ice” or
“plastic ice”. Their results show that the transformation between
ice and the disordered component is reversible with temperature,
indicating that the partition of water between the ice and liquid
layers is an equilibrium feature of the system.13 We interpret that
the water/ice component in their study is the premelted liquid
layer predicted by surface melting theory,19 which we observe in
the simulations of this work and characterize in refs 43 and 51.
Here we investigate the kinetics of the exchange of water

molecules between the premelted liquid layer and the ice in the
pore. We analyzed two 500 ns long isothermal simulations of the

60% filled hydrophilic nanopore at 190 and 215 K, both below its
Tm = 216 K. The survival probability P(t) of the molecules in the
premelted liquid and ice are shown in the upper panel of Figure 5.
The sharp initial decay of P(t) during the first nanosecond is an
artifact that arises from molecules oscillating in the liquid-crystal
boundary and being alternatively classified as interfacial ice and as
liquid without significant translation. Note that it is not mobility
but change in identity as liquid or ice that is measured by P(t)
defined by eq 2.
At 190 K the exchange was not fast enough to determine

reliable time scales from the decay of P(t) during the 500 ns long
simulations. The molecules in the center of the crystal at 190 K
do not exchange with the molecules that were initially in the
premelted layer during the 500 ns of the simulations (lower panel
of Figure 5). At 215 K, on the other hand, the molecules in the
interfacial region are mobile in the characteristic time scales of
the exchange (lower panel of Figure 5). The survival probability
of the molecules in the ice phase at T = 215 K was well
represented by a stretched exponential decay (eq 3) with a very
low exponent, β = 0.3, which suggests a wide disitribution of

Figure 5. Exchange of water molecules between the premelted liquid
and ice phases. The upper panel displays the probability that water
molecules in the 60% filled hydrophilic nanopores remain in the liquid
(full line) or crystal (dashed line) states at 190 K (blue) and 215 K (red).
The lower panel shows views perpendicular to the pore axis for water in
the pore at time t = 0 (left snapshots) and after 500 ns (right snapshots)
at these two temperatures. Molecules that originally were classified as
part of the liquid are shown in yellow and molecules that at t = 0 were
classified as ice are shown in blue. Within 500 ns there is complete
exchange ofmolecules between the two phases at 215 K, but there is only
partial exchange of the molecules at 190 K.
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relaxation times. The correlation time (eq 4) at 215 Kwas 130 ns.
The time scales of the mWmodel are known to be shorter than in
experiments, particularly at low temperatures;44,46 thus the
results of the simulations are a lower bound to the experimental
exchange times.
Figure 5 shows that the exchange of molecules between liquid

and ice at 215 K is accompanied by significant translation of the
molecules in both the liquid and the ice. It is noteworthy that at
215 K (1 K below Tm) the ice core keeps its crystalline structure
but practically all its molecules have exchanged with those in the
liquid layer within the 500 ns of the simulations. We have not
observed any significant water mobility in previous simulations of
bulk ice with the mWmodel,44,49 suggesting that the diffusion of
the molecules in the confined ice is facilitated by defects at the
interface.
Our results indicate that there is a dynamic and reversible

conversion between ice and the premelted layer in confined
water at T < Tm and significant mobility not only in the liquid
layer but also in the nanoconfined ice. The classification between
liquid and crystal in this work is based on the analysis of the
coherence of local ordering, and not the mobility of the
molecules. The simulations indicate that the nonfreezable water
located at the interface with the pore wall does not adopt a plastic
ice structure but remains a disordered liquid. Our results suggest
that the intermediate features between “liquid-like” and “solid-
like” reported for nanoconfined water in ref 13 result from the
reversible exchange between molecules in the premelted liquid
layer and the ice crystal.

4. CONCLUSIONS

This works presents, to the best of our knowledge, the first
study of freezing andmelting of water in partially filled nanopores
using molecular simulations. The use of an accurate and efficient
coarse-grained model of water allowed us to perform simulations
up to microseconds long, from which we characterized the
dependence of the temperature and enthalpy of melting with
filling fraction and hydrophobicity of the pore wall, the structure
of the ice formed in nanoconfinement, the dynamic equilibrium
between ice and a premelted liquid layer below themelting tempera-
ture, and the stochastic process of ice nucleation in partially filled
nanopores. The simulations indicate that the crystallization of ice in
partially filled pores occurs exclusively in the condensed liquid
phase: the low-density surface-adsorbed water phase does not
contribute to the formation of ice.

The ice�liquid equilibrium in nanopores differs from its bulk
counterpart in at least two aspects. First, the melting temperature
of ice in the nanopores is depressed with respect to the bulk Tm.
Second the confined ice in the pore coexists with a layer of liquid-
like water that wets the pore surface down to at least 40 K below
the equilibrium melting temperature. The simulations predict
that the melting point of ice in the fully filled 3 nm diameter
hydrophilic pore is 219 ( 2 K, in excellent agreement with the
215 K measured through differential scanning calorimetry for ice
in 3 nm pore MCM-41 silica pores.3 The equilibrium melting
temperatures for the confined ice in the nanopore were found to
vary very slightly (within 9 K) with pore filling, in good
agreement with reports of experiments on MCM-41,5 SBA-
15,5,16 Vycor porous glass,69 and mesoporous silica.11

We find that the melting points of the confined ice are
insensitive to the hydrophilicity/hydrophobicity of the pore wall,
in agreement with recent experimental results for silica and

functionalized silica nanopores.2,11 The water�pore surface
interactions have, however, an important impact on the surface
density Γ of the adsorbed phase, and modulate the measured
enthalpies of melting ΔHm. The fraction of ice just below Tm in
hydrophobic pores is larger than for hydrophilic pores, resulting
in larger values of ΔHm per mole of water in the pore. The
enthalpy ofmelting permole of water in the pore is lower than for
bulk water, in agreement with previous reports from
experiments.2,3 The simulations indicate that this decrease in
enthalpy of melting is not due to a loss of order in the crystalline
phase but to the ordering of the liquid at low temperatures70 and
to the significant fraction of liquid in the pore just below Tm.
When the enthalpy of melting is normalized by the number of
water molecules in the crystal phase, the difference in enthalpy
between liquid and ice in the nanopore is essentially identical to
the excess enthalpy of bulk liquid water with respect to bulk ice at
the melting temperature of ice in the pore.

There is a rounding of the ice�liquid transition in the 3 nm
diameter pore, which results in a continuous increase in the
fraction of liquid in the pore until it reaches the melting temper-
ature.18,51 There are, however, distinct ice and liquid phases in
the pore and the liquid�ice transition remains first-order-like.
Some authors have attributed the NMR relaxation times mea-
sures for confined water below the melting temperature to a
plastic crystalline state.13 Our results suggest that the intermedi-
ate dynamic properties of such a component, between liquid and
crystal, arise from the continuous and reversible exchange of
water molecules between the premelted liquid and the ice in the
pores at a rate faster than discernible by the NMR and neutron
diffraction measurements.13,14
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