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T
he melting of ice is a very familiar
process, but its ubiquity belies its
importance. It plays a central role in

a wide variety of chemical processes and is
particularly relevant to environmental and
atmospheric chemistry. It has been antici-
pated since the time of Faraday that at
temperatures below zero degrees Celsius a
liquid filmofwater forms on the ice surface.1

However, some 160 years or so later this
“premelting” or “quasi-liquid” layer remains
amatter of debate and has been the subject
of numerous recent experimental and the-
oretical studies (see, for example, refs
2�19). Much of this work has focused on
understanding the surfaces of bulk (macro-
scopic) ice crystals and usually with an
emphasis on the basal surface. Much less
attention, however, has been paid to the
melting and premelting behavior of smaller
ice particles, such as those in the nanometer
size range. It is important to understand
such particles not least because they occur
in polar mesospheric clouds, which occur at
altitudes of about 80�90 km and are some-
times known as noctilucent clouds because
of how light is scattered from the water/ice
nanoparticles they contain.20 In particular,
questions related to the structure and prop-
erties at temperatures relevant to noctilu-
cent clouds (ca. 120 K) remain unresolved.
In the laboratory it is difficult to prepare

isolated nanosized ice clusters.21 Often they
are grown on a substrate, such as in surface-
science style studies of ice nanoclusters
supported on metal surfaces (see for exam-
ple, refs 22�24). So far studies of such
metal-supported clusters have focused on
characterizing the structures of the clusters
and in exploring how they diffuse across
the surface. Melting temperatures have not
yet been determined. However, given the
strong interaction that is present between

these clusters and the substrate, they can-
not be expected to display melting proper-
ties characteristic of isolated crystals. In
contrast to experiment, with computer si-
mulation techniques it is relatively straight-
forward to explore isolated crystals. For
example, Egorov et al.25 used empirical
potentials to examine how the melting
point changed with cluster size for some
very small (from 8 to 40 molecule) water
clusters. A nonmonotonic decrease in melt-
ing temperature was observed upon going
to progressively smaller clusters, behavior
that is likely attributed to the very small
cluster sizes examined. Similarly, Pereyra
and Carignano26 studied the melting of ice
nanocolumns, whose initial cross section
was rectangular. This study was a particu-
larly valuable contribution, as the depen-
denceof themeltingpoint depressionon the
width of thenanocolumnswas explored, and
clear finite size effects were observed. De-
spite this recentprogress, there are anumber
of interesting and important questions related
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ABSTRACT Although the melting of ice is an everyday process, important issues remain unclear

particularly on the nanoscale. Indeed despite extensive studies into ice melting and premelting, little

is known about the relationship between (pre)melting and crystal size and morphology, with, for

example, the melting temperature of ice nanocrystals being unclear. Here we report extensive long-

time force-field-based molecular dynamics studies of the melting of hexagonal ice nanocrystals in

the ca. 2 to 8 nm size range. We show that premelting is initiated at the corners of the crystals, then

the edges between facets, and then the flat surfaces; that is, the melting temperature is related to

the degree of coordination. A strong size dependence of the melting temperature is observed, with

the combination of small particle size and premelting leading nanosized ice crystals to have liquid-

like surfaces as low as about 130 K below the bulk ice melting temperature. These results will be of

relevance in understanding the size dependence of ice crystal morphology and the surface reactivity

of ice particles under atmospheric conditions.
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to ice nanocrystal melting that have still not been
tackled. In this work, we have focused on the following
questions: (i) How does the melting and premelting
temperature change with crystal size across the nan-
ometer size regime? (ii) How does the morphology of
the ice crystals change as they melt? (iii) Where on the
nanocrystals is the melting initiated, and how does the
melting differ at different locations of the crystals (flat
surfaces, edges, corners)? To answer these questions,
we have performed long molecular dynamics simula-
tions with the TIP4P force field on hexagonal ice
nanocrystals in the ca. 2 to 8 nm size regime. We have
examined hexagonal platelet structures, as these are
often observed under natural and experimental con-
ditions and expose both prism and basal surfaces as
well as edges and corners. The underlying crystal
structure of the ice particles is hexagonal ice Ih, the
most common form of ice, although we note that on
the nanoscale crystals of ice Ic have also been
observed.27

The main results to come from this study are that
premelting is initiated at the corners of the crystals,
then the edges between facets, and then the flat
surfaces. A strong size dependence of the melting
temperature is observed, with the combination of
small particle size and premelting leading nanosized

ice crystals to have liquid-like surfaces as low as about
130 K below the bulk ice melting temperature. We
show, however, that this size dependence follows the
classical Gibbs�Thomson relation reasonably well. We
believe that these results will be of relevance in under-
standing the size dependence of ice crystal morphol-
ogy and the surface reactivity of ice particles under
atmospheric conditions, specifically conditions rele-
vant to polar mesospheric clouds.

RESULTS AND DISCUSSION

Nanocrystal Melting Temperatures. A series of molecular
dynamics simulations using the TIP4P force field was
performed on the melting of ice nanocrystals in the ca.
2 to 8 nm size regime. The number of water molecules
in the clusters varied from 768 to 9600, and the
structure of a typical nanocrystal considered is shown
in Figure 1. Further details of the computational setup,
ice crystal structures, information and justification of
the potential model used, and protocol used to deter-
mine accurate melting temperatures are given in the
Methods section.

In the beginning we want to obtain a general
picture of how the ice nanocrystals melt. In Figure 2
we show snapshots from ourMD simulations of two ice
nanocrystals with 9600 and 2592 water molecules at
four different temperatures. It is clear that as the
temperature increases the order within the nanocryst-
als diminishes and the overall shapes of the crystals
change from hexagonal to spherical. The water mol-
ecules in the core of the ice nanocrystals maintain their
ordered hexagonal arrangement right up until about 5
to 2.5 K below the melting points. At the surface the
disorder (premelting) sets in at much lower tempera-
tures and is already apparent from the images in
Figure 2 some 30 to 40 K below the melting point.
These qualitative features are common for all the ice
nanocrystals investigated here.

The snapshots in Figure 2 give an indication of
when the crystals melt, but in order to establish the
melting temperatures more precisely, we look at how

Figure 1. Hexagonal ice nanocrystal before premelting,
with ordered proton arrangements at each surface. A (0001)
cross section shows that in the interior of the crystal the
protons are disordered (see methods). Red balls are oxygen
atoms and white ones are hydrogen atoms, both of which
are increased in size in order to show the proton distribu-
tions more clearly.

Figure 2. Snapshots of the ice nanocrystals with (A) 9600 water molecules and (B) 2592 water molecules. The temperature
beloweach ice nanocrystal,ΔT, is the difference between the simulation temperature T and themelting temperature Tm

c ;ΔT=
T � Tm

c . Tm
c = 212.5 K for the 9600 water molecule cluster and ~Tm

c = 195.5 K for the 2592 water molecule cluster.
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the potential energy changes with temperature. The
variation in potential energy with temperature is
shown in Figure 3 for all nanocrystals considered. In
general we see that the potential energy increases
gradually with temperature up until the melting point
of the nanocrystals, Tm

c , at which point it increases
abruptly, at the first-order transition point. For the ice
nanocrystalswith 9600watermolecules, the jump in the
potential energy is between 210 and 215 K, so we
estimate Tm

c to be about 212.5( 2.5 K (the bulk melting
temperature for this TIP4P model is Tm

b = 230 ( 3 K).17

The melting temperature for the ice nanocrystal with
6144 water molecules is estimated to be 207.5 ( 2.5 K.
For the onewith 2592watermolecules it is Tm

c = 195.0(
5.0 K, and for the 768-molecule nanocrystal it is Tm

c =
175.0 ( 5.0 K. In addition to simply examining the
nanocrystals and evaluating changes in potential en-
ergy, we alsomonitored the diffusion coefficients of the
molecules within the nanocrystals, which is another
good way to judge when the crystals melt. The melting
temperatures obtained from analysis of the diffusion
coefficients agree with those obtained from the poten-
tial curves (and by simply looking at the nanocrystals).
Thus we have three separate measures of the melting
temperatures, and together with the care taken to

ensure that sufficiently long MD simulations were per-
formedwe have confidence in ourmelting temperature
determinations.

Clearly a large variation in melting temperature
with nanocrystal size is observed, with Tm

c decreasing
as the cluster size decreases (Figure 4A). Such melting
point depressions are common for nanoscalematerials
and can sometimes be described by the Gibbs�Thom-
son relation.28 However, the validity of the Gibbs�
Thomson relation for ice nanoparticles is unclear,29�31

and for certain materials (e.g., metal nanoclusters32)
significant deviations are observed on the nanoscale.
Given our evaluations of Tm

c for a range of nanocrystals,
we are now in a position to assess the validity of the
Gibbs�Thomas relation for water�ice on the nano-
scale. The Gibbs�Thomson relation predicts a melting
point depression as follows:

ΔTcm ¼ Tb
m � Tc

m ¼ γTbmK

L
(1)

where ΔTm
c = Tm

b � Tm
c is the difference between the

bulk melting temperature Tm
b and the actual nanocrys-

tal melting temperature Tm
c , γ is the solid/liquid inter-

face energy, L is the volumetric latent heat of melting,
and K is the mean curvature of the solid/liquid surface.
K = dA/dV, where A is the surface area and V is the
volume. Values for the parameters, Tm

b and L in eq 1
were taken from previous work.33 With the help of a
fitted water/ice interface energy γ of 46.7 mJ/m2, the
predicted Gibbs�Thomson line is shown in Figure 4B.
Also plotted in Figure 4B are the melting temperatures
established from the MD simulations. It is clear that for
the range of nanocrystals explored the melting tem-
peratures obtained from the simulations and predicted
by the Gibbs�Thomson relation agree very well.34 This
demonstration that ice nanocrystal melting tempera-
tures follow the Gibbs�Thomson relation is of value,
as it enables useful predictions to be made for ice
crystal melting temperatures of arbitrary size. This is
important to, for example, researchers in the atmo-
spheric sciences community who are interested in

Figure 4. (A) Variation of the melting and premelting temperature with nanocrystal size obtained from the MD simulations.
The red solid and blue dotted lines show the bulk melting temperature and premelting temperature, respectively. (B)
Temperature depression with nanocrystal size and the Gibbs�Thomson relation (black line). Themelting point depression is
defined asΔTm

c = Tm
b � Tm

c , and the premelting temperature depression asΔTpm
c = Tpm

b � Tpm
c . The estimated error bar on each

data point is also indicated.

Figure 3. Potential energy changes with temperature for
the ice nanocrystals with 768, 2592, 6144, and 9600 water
molecules. The estimated error bar on each data point is
also indicated.
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understanding the properties and reactivity of ice
particles in the mesosphere. We note that in a recent
study by Pereyra and Carignano,26 in which infinitely
long nanoclumns were explored, themelting tempera-
ture of the nanoclumn was shown to vary with its
diameter in an analogous manner to what is observed
here. However, the extent of the melting point depres-
sion was somewhat smaller than in the present study.
This is most likely due to the different ice crystal
morphologies considered in the two studies, and in
particular to the absence of corner sites in the infinitely
long nanocolumns. In a more general sense it is inter-
esting to note that ice as a hydrogen-bonded nano-
crystal follows the classical Gibbs�Thomson equation,
whereas other materials such as metal32 and semicon-
ductor35 nanoparticles exhibit more dramatic varia-
tions in melting temperatures with crystal size.

Nanocrystal Premelting Temperatures. As discussed, the
ice nanocrystals examined here exhibit a premelting
layer before the onset of bulk melting. The presence of
premelting layers on ice surfaces in general is nowwell-
established (for example, refs 2�18). However, the
sensitivity of the premelting layer to nanocrystal size
is unclear.36,37 Using our MD simulations we can
directly assess the crystal size dependence on the
premelting layer, which is what we discuss in the
following.

We begin, however, by defining more precisely
what we mean by the liquid layer and some other
related quantities. Following Conde et al.,17 water
molecules are classified as being either ice-like or
liquid-like with the tetrahedral index

qi ¼ 1 � 3
8 ∑

3

j¼ 1
∑
4

k¼ jþ 1

cos(Θj, i, k)þ1
3

� �2
" #

(2)

where i, j, and k are indices for the water molecules (or
O atoms). The angle Θj,i,k is formed by two of the four
nearest neighbor O atoms of the ith O atom, j and k, so
there are six terms in the sum. For a perfect tetrahedral
structure, i.e., Θj,i,k of 109�280, qi has a value of 1. As qi
approaches 1, the molecules are in a more tetrahedral
environment. So the tetrahedral index is a useful tool to
distinguish ice-like and non-ice-like structures. Again
following Conde et al., when qi g 0.91, a molecule is
defined as being ice-like; otherwise it is a liquid-like
molecule.

The thickness of thequasi-liquid layer is calculated as

dapparent ¼ nquasi-liquidMH2O

2FNAπr2
(3)

where nquasi-liquid is the average number of quasi-liquid
water molecules within a cylinder of radius r = 0.6 nm,
MH2O is the molar mass of water, NA is Avogadro's
constant, and F is the density of TIP4P water at the
melting point, 0.99 g/cm3.17 Here, we examine the
thickness within an ice cylinder that runs through the

ice crystal from one basal plane to the other, and
the radius of 0.6 nm is selected so that effects from the
edges or corners are eliminated for all nanocrystals (see
Figure 5B). We define the onset of premelting as the
temperature at which the quasi-liquid layer becomes
0.1 nm thick on the basal plane.17With this definition the
onset of bulk premelting occurs at about 100 Kbelow the
bulk melting temperature. For the nanocrystals, within
the error bars of the temperature estimates,38 the onset
of premelting is slightly slower, occurring at about 90 to
95 K below themelting temperature of each nanocrystal,
as can be seen in Figure 4A. Hence overall we see that as
the size of the nanocrystals decreases, the melting
temperature decreases and so too the premelting

Figure 5. (A) Percentage of quasi-liquid molecules in var-
ious regions of the 9600 water molecule nanocrystal as a
function of temperature. The regions identified are the
corners (solid line), basal�prism edges (dotted line),
prism�prism edges (dashed line), and basal and prism
surfaces. A sphere with a certain radius is set to intersect
with the hexagonal ice nanocrystal to define the corner and
edge. The center of the sphere is located at the vertex for
the corner, on the sides for the edges, and on the outermost
surfaces for the basal and prism faces. (B) Thicknesses of the
quasi-liquid layers on the basal (solid line) and prism
(dotted line) surfaces of the ice nanocrystal with 9600 water
molecules. The average thickness of the quasi-liquid layer in
the cylindrical ice core sample (shaded lines) is measured as
the premelting thickness. The estimated error bar on each
data point is also indicated.
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temperature, and as a result, the dependence of premelt-
ing temperature on nanocrystal size also follows a trend
similar to that predicted by theGibbs�Thomson relation.

Sensitivity of Melting to Nanocrystal Corners, Edges, and
Surfaces. After discussing the size effects ofmelting and
premelting in general, now we look at some specific
locations on the hexagonal ice nanocrystal and ask
which parts of it will melt first. To this end we look
separately at the different corners, edges, and faces. A
“corner” is defined as the region where three surfaces
intersect and an “edge” where two surfaces intersect.
On the particular crystals examined here there are two
types of edges, one where two prism surfaces meet at
an angle of 120� and one where a prism and a basal
surfacemeet at an angle of 90�. The percentages of the
quasi-liquid molecules at the different locations of the
9600-molecule nanocrystal are shown in Figure 5A. In
practice, we set a spherical range with a radius of
2.0 nm to classify water molecules in the corners, on
the edges, or on the surfaces (on the prism surface, the
radius is 1.0 nm). The centers of the spheres are located
on the outermost surfaces of the ice nanocrystal (see
Figure 5A). Of course, this definition is to some extent
arbitrary; however it does provide some useful insight.
There are Ntotal water molecules in this spherical range
and nquasi-liquid quasi-liquid molecules. For all tempera-
tures where the basic hexagonal shape persists, the
percentages of the quasi-liquid molecules, nquasi-liquid/
Ntotal � 100%, decreases as we go from the corners, to
the basal�prism edges, to the prism�prism edges
(Figure 5A). Therefore, this suggests that the “sharper”
regions of the nanocrystal have larger fractions of
quasi-liquid molecules and that these are the regions
that will melt faster. According to the Gibbs�Thomson
equation, the melting point depression is proportional
to the curvature of an object, which is consistent with
the sharper parts of the nanocrystal melting first.

As shown in Figure 5A, the percentages of the quasi-
liquid molecules on the basal and prism surfaces are
similar. Conde et al.17 reported that for an ice slab the
quasi-liquid layer was thicker on the basal surface than
on the prism surface. Here, however, we do not see any
major differences between the basal and prism faces,
except at around 150 K,where the quasi-liquid layerwas
found to be about 0.2 nm thicker on the basal plane, in
accordance with previous findings (Figure 5B).39

CONCLUSION

In conclusion, we have performed the first sys-
tematic simulation study of the melting of a series of
hexagonal ice nanocrystals. Whereas considerable

attention has been paid from both experiment and
theory to the melting of ice, a detailed study addres-
sing the molecular scale details of ice nanocrystal
melting in this size regime has not previously been
performed. The nanocrystals examined here are of
most relevance to environmental chemistry, where
the surfaces of ice particles are known to act as
reactive (catalytic) substrates for important chemical
processes of relevance to, for example, the proper-
ties of polar mesospheric clouds.20 Here we have
shown that the ice nanoparticles experience strong
melting point depressions and that along with pre-
melting the ice particles considered can have liquid
water covered surfaces as low as about 130 K below
the bulk ice melting temperature. This, of course, will
have consequences for the chemical reactivity of the
ice nanoparticles with liquid-covered particles more
prone to the uptake of dissolved gases, especially
dissolved salts which have vastly different solubili-
ties in water and ice. In addition, the results reported
here may have important consequences for under-
standing meteoric iron and its removal in polar
mesospheric clouds.40 Experiments have shown that
the efficiency of Fe uptake depends strongly on
temperature in the 80�150 K temperature range,41

which may be connected with the appearance of a
quasi-liquid layer in small ice nanoparticles as we
predict here.
We have also shown that right down to the smallest

nanocrystal examined the melting point depression
follows the well-known Gibbs�Thomson relation. This
is useful since it now allows for simple estimates to be
made for the melting temperatures of arbitrary sized
ice nanoparticles.
Most prior work on ice melting and ice premelting

has focused on understanding the surfaces of macro-
scopic ice crystals, usually with an emphasis on the
basal surface. Our studies here on the hexagonal ice
nanoclusters are of interest because the nanoparticles
expose basal and prism faces as well as edge and
corner sites. This has allowed us to precisely explore
how the propensity for premelting depends on local
geometry. We find, as could easily have been antici-
pated, that the premelting is initiated at the corner
sites of the nanocrystals. This is then followed by
melting at the basal�prism edges, then the prism�pr-
ism edges, and then the basal and prism faces. Such
inhomogeneities inmelting is something that could be
exploredwith, for example, scanning probe techniques
for supported ice particles, and we hope this work will
prompt such follow-up studies.

METHODS

Since the aim of this study was to explore the melting of
isolated ice crystals in the nanometer size range, we employed

force-field-basedMDapproaches. Both the large crystal size and
long time-scale simulations required to establish accurate
melting temperatures (see below) make a first-principles based
study of ice nanocrystal melting unfeasible at present. The high
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melting temperatures (>400 K) predicted by widely used den-
sity functional theory (DFT) exchange correlation functionals
such as Perdew�Burke�Ernzerhof (PBE)42 and Becke�Lee�
Yang�Parr (BLYP)43�45 are a further reason to favor force fields
over DFT.46 In this study we opted for the TIP4P47 model, which
has beenwidely used to treat water and ice and describes many
features of the water phase diagram with impressive
precision.48 In addition, the TIP4P model can maintain stable
hexagonal ice structures and ice/water interfaces.11,49 The
melting point for TIP4P bulk ice is Tm

b = 230 ( 3 K,17 and
throughout this article we generally discuss melting and pre-
melting temperatures relative to this bulk value, ΔT = T � Tm

b .
Although the predicted melting temperature is underesti-
mated, TIP4P is believed to capture the correct structural
behavior in the premelting regime. Indeed, recently it was
shown for a range of nonpolarizable empirical potentials, e.g.,
TIP4P/ICE,50 TIP4P/2005,51 TIP4P, and SPC/E,52 that the thickness
of the quasi-liquid layer at a given ΔT was insensitive to the
potential used.17

MD simulations have been performed with the Gromacs
simulation package, v.3.3.3,53 in the canonical (i.e., NVT) en-
semble. A 1 fs time step is used throughout, and a Nos�e-Hoover
thermostat with a relaxation time of 1 ps54,55 is used to control
temperature. The van der Waals interaction is modeled using a
Lennard-Jones potential truncated at 1.20 nm, but no cutoff
procedure is performed in calculating the Coulomb forces. For
the larger nanocrystals (containing 9600, 6144, and 2592
molecules) an Ewald sum was used to treat the Coulomb
potential, whose real part has a radius of 0.9 nm. The long-
ranged part is calculated in Fourier space by Essmann's particle
mesh Ewald (PME)method.56 Themaximum spacing for the FFT
grid is 0.1 nm, and fourth-order interpolation is used. Because
periodic boundary conditions are required for the Ewald sum-
mation, the ice nanocrystals were placed in supercells, ensuring
that there was at least 5 nm of vacuum around the crystals. For
the 768 water molecule crystal, all interactions were calculated
in real space.
A series of MD simulations from 30 K up to the melting point

were performed for each cluster. Long NVT runs were per-
formed, and especially when the temperature approached the
melting point, the MD simulations were run for at least 45 ns. It
can be seen from Figure 6 that for certain temperatures (near
the melting point) such long simulations were essential. Anal-
ysis was performed on the last 15 ns of each simulation, with
data sampled every 0.5 to 2.5 ps on at least 2400 independent
configurations.
The ice Ih crystals used in this study require some comment.

Although the habit diagramof ice crystals shows a rich variety of
structures, to the best of our knowledge the equilibrium crystal
shape of ice crystals has not been determined.57 Given that the
basal and prism faces of ice have similar surface energies58 and
that hexagonal platelets are a commonly observed morphol-
ogy, we opted for a range of hexagonal nanocrystals with similar

areas of basal and prism face exposed, and hence the aspect
ratio of the crystals is approximately constant (see Figure 1).
Nanocrystals with 9600, 6144, 2592, and 768 water molecules
were examined, and they all had disordered proton arrange-
ments in the bulk but ordered proton arrangements at the
surfaces, to be consistent with recent studies on the ice
basal59,60 and prism58 surfaces, which showed that at these
surfaces protons prefer ordered arrangements. To generate
proton disordered arrangements in the bulk, we used Rahman
and Stillinger's algorithm,61,62 which we find to be very efficient
for the large systems considered here. Naturally occurring ice
crystals are unlikely to be as perfect and defect-free as the
nanocrystals modeled here and, in particular, may have sig-
nificant amorphous character. Although it would be interesting
to explore how such clusters melt, this is something that is
beyond the scope of the present study.
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