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The growth kinetics of ice are modeled using the Water Potential from Adaptive Force Matching for
Ice and Liquid (WAIL) potential with molecular dynamics. The all-atom WAIL model provides a good
description of the properties of both ice and liquid with an equilibrium temperature of 270 K at 1 bar.
The growth kinetics captured by this model can thus reflect those of real ice. Our simulation indicates
that the growth rate of ice on the basal plane is fastest at approximately 20 K supercooling, consistent
with experimental findings, where the growth rate increases monotonically as the supercooling increases
to 18 K. The key factors that control the growth kinetics leading to the optimal growth temperature
are investigated. The simulation revealed a bilayer-by-bilayer growth mechanism on the basal plane
that proceeds in two steps. Whereas water molecules lose translational motion and become ice-like
quickly, the establishment of orientational order to form ice is a slow and activated process. Enhanced
by the templating effect of sublayers, the rapid reduction in translational motion in the formation
of the prefreezing layer might explain the significantly faster growth rate relative to the nucleation
rate of water. Whereas remelting of the prefreezing layer is observed at low supercooling and may be
responsible for the lower growth rate close to the melting temperature, the slow orientational ordering
of the prefreezing layer into the final ice conformation is partly responsible for the reduced growth rate
at deeper supercooling.
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growth on surfaces is important for innovative strategies

1 Introduction

Water has many intriguing behaviors that have not been
clearly explained. The anomalous properties of deeply
supercooled water attract much research attention [1-
4]. The study of water on surfaces plays an important
role in biology [5-9]. In particular, the hydrogen bond
interactions in water systems directly influence many
physiochemical processes [10-13]. Moreover, the crystal-
lization of water on surfaces is an essential process in
various technologies. Liquid water can be supercooled
easily. Once ice nucleates, either by homogenous or het-
erogeneous means, the growth of ice is relatively fast.
The growth rates of ice on surfaces influence the diffi-
culty of deicing of mission critical structures, such as
airplane wings or fuselages. A better understanding of ice

for the promotion or prevention of icing [14-19]. The
study of ice nucleation and growth has received signifi-
cant attention, both experimentally [20-22] and theoret-
ically [23—-25]. The experimental measurements of nucle-
ation and growth rates generally do not directly reveal
the atomistic details of the growth kinetics. The growth
rate of ice increases initially as supercooling increases be-
low the freezing temperature. Whereas it is anticipated
that growth should slow down below the temperature of
maximum rate as a result of slower diffusion, existing ex-
periments show a monotonic increase in growth rate up
to 18 K of supercooling [26-28]. The growth rate mea-
sured with molecular dynamics generally suggests the
maximum growth rates occur at approximately 10 K of
supercooling [25, 29]. The disagreement between theory
and experiments is not surprising, considering that var-
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ious approximations made in simulations. For example,
most simulations use a thermostat that involves rescal-
ing of atomic velocities, and thus the procedure is not
able to capture the true influence of heat dissipation on
growth rates [30, 31]. In addition, it is anticipated that
the temperature of maximum growth rate in a simula-
tion is strongly influenced by the model potential used
for water.

In this work, we study the growth kinetics of ice with
the Water potential from Adaptive force matching for
Ice and Liquid (WAIL) model [32]. WAIL is one of the
few models that reproduce the true Th; of water within
5 K. We note that the WAIL potential was developed
by only fitting to high-accuracy electronic structure gra-
dients, and thus the 270 K Tj; of WAIL is not simply
a result of fitting to experiments. It might provide the
least biased description of the growth kinetics of water
at the atomistic scale. Whereas a brute-force simulation
of nucleation has been done with the coarse-grained mW
potential [33], an all-atomistic description would require
enhanced sampling methods, such as seeding [34, 35] and
forward flux sampling [36]. Evidences have shown differ-
ent kinetics produced by a a result of the enhanced sam-
pling algorithms. In this work, we focus on a brute-force
simulation of the growth kinetics on the basal plane of
ice. The focus is to establish the temperature of maxi-
mum growth rate. Attention will be paid to the growth
mechanisms and the microscopic processes that influ-
ence the growth rate at different degrees of supercooling.
With an all-atom potential, one limitation would be the
fairly small system used to allow sufficient simulation
length to provide more reliable statistics. The finite size
limitation should be kept in mind when the simulation
results are used to interpret real world phenomena.

The paper is composed of four sections. After the
introduction, the simulation details, such as the choice
of order parameters and identification of different layers
of growth, are discussed in Section 2. The results and
discussions are presented in Section 3, with the main
conclusion summarized in Section 4.

2 Simulation details

2.1 Simulation protocol

The system contains an ice box with 300 water molecules
and a slab of liquid water with 1500 molecules on top of
the ice. In order to avoid possible complications with
barostats, we perform NVT simulations in the system
with a vacuum region of 3.5 nm wide above the liquid,
as shown in Fig. 1. Periodic boundary conditions are ap-
plied in the x, y, and z directions.

Both ice Th and ice Ic are proton-disordered. Because

— Growth direction

>

300 Th
molecules

1500 liquid
molecules

3.5 nm
vacuum

Fig. 1 TIllustration of an initial configuration. The system
contains six fixed layers of 300 hexagonal ice (Ih) molecules
(green) with the basal face (perpendicular to z) exposed to
1500 liquid water molecules (red), and vacuum above the lig-
uid.

the inter-conversion between different proton arrange-
ments is slow, choosing any one initial proton arrange-
ment could lead to biased sampling. In this work, a total
of 20 ice Th conformations with 300 water molecules were
generated with the electrostatic switching method [37] to
sample independent proton arrangements of ice. Each
ice box was equilibrated under the NPT ensemble for
2 ns to obtain the initial lattice vectors, which depend
weakly on the proton arrangement. In the z—y dimen-
sions, such a procedure leads to approximate lengths of
2.28 and 1.98 nm for the a and b lattice vectors, respec-
tively, at an angle of 60°. The slab was constructed by
extending the c lattice vector orthogonally to the z—y
plane, to a length of 16.0 nm. The 300 ice Ih molecules
formed six bilayers of ice, which are fixed to their bulk
positions. An additional 1500 liquid molecules were in-
troduced on top of the ice molecules for the study of
ice growth. The choice of 16.0 nm for the ¢ lattice vector
allows approximately 3.5 nm of vacuum on top of the lig-
uid in the initial conformation before the additional ice
formation.

All the simulations were performed using the GRO-
MACS simulation package [38]. The coulombic interac-
tions were treated with a 4th-order particle mesh Ewald
method with 0.1 nm spacing for the reciprocal Ewald
sum. The real-space cutoff for the coulombic interaction
was 0.9 nm, which was also the cutoff for the van der
Waals interactions. From each initial configuration, NVT
simulations is performed at five different temperatures
from 240 to 260 K with a timestep of 0.5 fs. The system
temperature was controlled with the Nosé Hoover ther-
mostat with a relaxation constant of 2.0 ps. Each trajec-
tory was simulated until the potential energy levelled off,
suggesting the end of growth. This leads to trajectories
lasting 100 to 160 ns, depending on the conformation and
temperature. The coordinates of molecules are recorded
every 10 ps for our analysis.
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2.2 Identification of different forms of ice and water

Part of the complication of the growth kinetics arises
from the complex phase diagram of ice. Although the
only thermodynamically stable phase at ambient pres-
sure slightly below 0 °C is ice Ih, the metastable ice Ic
has been observed during freezing, both in experiments
[39, 40] and simulations [41, 42].

Ice Th and ice Ic are very similar, both structurally and
thermodynamically. Each water molecule forms four hy-
drogen bonds and satisfies the so-called ice rules in both
phases [43]. The basal (0001) plane of ice ITh and the (111)
plane of ice Ic are identical, with each water participat-
ing in three different six-membered rings while forming
one hydrogen bond with an adjacent layer. As shown in
Fig. 2, both ice Th and ice Ic can be seen as a stack
of a series of bilayers. Whereas all the bilayers in ice Ic
are identical, every other bilayer in the ice Ih structure
is flipped. Consequently, it is difficult to distinguish be-
tween ice Ih and ice Ic from one bilayer; the two forms
of ice can only be distinguished by observing the relative
orientation of two bilayers. Owing to the close similarity
of the two phases of ice, it is not surprising that ice Ic
grows spontaneously on ice Th and vice versa, leading to
stacking disorder [42].

In our simulation, both ice Ih and Ic grow competi-
tively, leading to stacking disorder. In order to properly
monitor the growth kinetics, it is important to reliably

(@)

Fig. 2 The structure of ice Th and ice Ic. Comparison of the
top views of ice Th (a) and ice Ic (b) crystal structures, in an
overlay of two bilayers. The red oxygens are located above the
plane of the figure. The magenta oxygens are located below
the plane of the figure. In both structures, the blue oxygens
are not hydrogen bonded to any of the waters in the red-
magenta bilayer shown. The magenta and green oxygens are
hydrogen bonded. Comparison of the side views of ice Ih (c)

and ice Ic (d). Bilayers stack in an ABAB pattern in ice Th
while stack in an ABCABC pattern in ice Ic.

distinguish liquid, ice Th, and ice Ic. Various order param-
eters have been designed to distinguish the three forms
of water [44-48].

For distinguishing between ice Th and ice Ic, one of
the most effective parameters is the correlation between
the orientational bond order of water molecules i and
j [46, 47], ¢(i, ). This can be conveniently determined
using the ¢;,,, order parameter, defined as

Nn(2)

1
Yim (0ij, ¢ij) (1)

qim = Nn(Z)

j=1

where N, (¢) is the number of neighbors of particle ¢ and
Yim (05, ¢ij) are standard Laplace spherical Harmonics,
which are complex. 6;; and ¢;; are the polar and az-
imuthal angles of the vector from the oxygen atom of
water 4 to that of water j. In this work, a water molecule
is considered as a neighbor of another molecule if their
oxygen—oxygen distance is less than 0.35 nm. With an [
value of 3, the orientational bond order is defined as

(i, )= q3(1) - q3(j)
’ lg3(4)|1g3(4)]
3
Z: 3Q§m(i)Q§m (4)
— -(2)

: <m§_3q§m<i>qé‘m@>) <m§_3q;m<j>q;m<j>)

For each ice molecule 7, j is one of its four nearest
neighbor molecules. For ice Ic, all four ¢(i,j) of each
water are in the range from —0.75 to —1.0. For ice Ih,
one of the four ¢(¢, j) is in the range from —0.3 to 0.25,
and the other three are in the same range as that for ice
Ic [Fig. 3(b)].

Although ¢(, ) shows a clear difference between ice
Th and ice Ic, many molecules in liquid water could be
transiently identified as ice if it were to be used as the
only order parameter. In order to achieve better distinc-
tion between ice and liquid [48], we also leveraged the
neighbor-averaged gg parameter,

A 1/2
Guo(i) = (17; 3 |<qsm<z‘>>|2> , (3)

with (gom (1)) = 1/(Na (i) + 1) 104" gom (7). where the
sum is over particle ¢ and all the N,, neighbor molecules.
We note that gg,, is the order parameter defined in
Eq. (1) with an [ value of 6.

As shown in Fig. 3(a), although ¢,¢ does not readily
distinguish the two forms of ice, it does clearly separate
ice from water, with the liquid having ¢,s below 0.35.
Thus, we first utilize the ¢, parameter to distinguish
ice and liquid. Then for ice, c(4, j) is used to distinguish
between Ih and Ic. The final protocol for water molecule
classification is summarized in Fig. 4.

Rui Wang, Li-Mei Xu, and Feng Wang, Front. Phys. 13(5), 188116 (2018)
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Fig. 3 Orientational order parameters for forms of liquid
water, ice Ic and ice Th. (a) The probability of the neighbor
average orientational order parameter gn¢ for bulk ice Ih, ice
Ic and liquid water. (b) The probability of the correlation of
orientational order parameter c(z, j) for ice Th and ice Ic.
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Fig. 4 Flow diagram for water molecule classification.

2.3 Identifying the growth interface

The growth rate is measured by the motion of the growth
interface, which can be identified with the z-density pro-
file of oxygen. The z-density profile is produced with a
bin width of 0.5 A. Figure 5 shows a snapshot of such an

oxygen z-density profile. As mentioned previously, the z
direction is normal to the (0001) plane of ice Th (basal
plane), which is also the (111) plane of ice Ic. As shown
in Fig. 5, the z-density in the ice region is composed of
double peaks separated by regions of zero density. Ow-
ing to the tetrahedral orientation of the hydrogen bonds,
water in the basal plane is buckled, giving rise to the dou-
ble peaks. We refer to each double peak as a bilayer of
water. Each water molecule forms three hydrogen bonds
with other water molecules inside the bilayer. To satisfy
the ice rules, each water molecule has to form a fourth
hydrogen bond with a water molecule in a different bi-
layer. Owing to the angular constraint, the orientation of
this last hydrogen bond is approximately normal to the
basal plane, leading to a region of zero density approxi-
mately 0.2 nm wide. As ice growth is primarily bilayer-
by-bilayer (vide infra), we define the growth surface to
be approximately 0.1 nm above the last stable bilayer for
the calculation of the growth rate.

3 Results and discussion

3.1 Growth mechanism based on prefreezing layer

Figure 6 shows the location of the growth interface as
a function of time at 240 K. The growth behaviors at
other temperatures are similar. A key observation from
the location of the growth interface is the fluctuations
between two bilayers that occur much more frequently
than the advance of the ice interface to form a third bi-

(a) 80

754

554 :
0.00 0.05 0.10
Oxygen density (N -A-3)

Fig. 5 Identification of growth interface and the pre-
freezing layer. (a) The oxygen z-density profile. The red
dashed line at the bottom is the growth interface. The region
between two red dashed lines is the location of pre-freezing
layer. (b) The snapshot from the simulation of (a). Hydrogen
bonds in ice layers are grey lines, in liquid region, red spheres
are molecules which have gn¢ below 0.35, and cyan spheres
are molecules which have g,6 over 0.35, that is, ice-like. All
the water molecules in the pre-freezing layers are cyan. The
blue dashed line is the growth interface.
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Fig. 6 The process of ice growth and the bilayer formation
time. (a) The location of interface as a function of time at
T = 240 K. The snapshots of time at the three stars are
shown in (b). t1 = 25 830 ps, t2 = 28 730 ps and ¢35 = 29 650
ps.

layer. In Fig. 6, the formation time of a bilayer is marked.
A bilayer is considered to be formed when fluctuations
with its sub-bilayer no longer occur. After the bilayer is
formed, the identity of the ice molecules in this bilayer
no longer changes except in rare cases, when structural
defects in the formed ice are then healed.

Figure 7 shows the state autocorrelation function (sac)
and the identity autocorrelation function (iac) for the
growth interface. With the water identity function,

0, i€ liquid
id(i)=4 1, i€icelh , (4)
2, i€icelc

where each water i is classified based on the procedure
described in Section 2.2, the identity autocorrelation
function is calculated as

. 1
lac(t) = + > Stacioideic—1) » (5)

where the sum is over the N water molecules in the bi-
layer of interest, the Kronecker § function is one when the
identity of water at time ¢ before time zero is the same
as that at time zero. Time zero is the time of formation
for this bilayer of ice. The state correlation function is

sac(t) = %Z H {id(i(o)) id(i(—t)) — % . (®)

- Sac

- iac

Autocorrelation
=)
~
Il

0.5 T T T T 1 T T T
0 2 4 6 8 10 12 14 16
Time (ns)

Fig. 7 The state and identity autocorrelation functions
for the growth interface at T = 240 K. When 85% water
molecules are ice-like, only 50% of them have the same iden-
tity as the final formation.

where the sum is over the N water molecules in the bi-
layer of interest, and H is the Heaviside step function. It
is worth emphasizing that both the sac and iac at time ¢
indicate the correlation at time ¢ before the formation of
ice, whereas the contribution to the iac goes to zero as
soon as the water changes its identity, the contribution
to sac goes to zero only if the water becomes liquid.

It is clear from Fig. 7 that 10 ns before the formation
of ice, half of the water does not have the same identity
as the final formed ice. However, the number of liquid
molecules is only 15% at approximately 10 ns before the
formation. A close inspection of the trajectories indicates
that the water molecules on top of the last bilayer of ice
quickly gain order, as a result of the templating effect of
the top ice layer. After the top bilayer of ice is formed,
each water molecule will project a hydrogen bond nor-
mal to the ice surface. Guided by the hydrogen bond,
liquid water quickly aligns itself, losing translational mo-
tion thus becoming ice-like. We refer to this layer on top
of the formed ice as the prefreezing layer. Because each
water forms three hydrogen bonds with other molecules
within each bilayer, guided by the ice sublayer, the wa-
ter molecules in the prefreezing layer quickly form three
hydrogen bonds among each other, and thus the gain
in enthalpy from hydrogen bond formation compensates
for the loss of entropy of translational motion, leading to
rapid growth of ice below Ty,.

Whereas the water in the prefreezing layer quickly be-
comes ice, as indicated by the large ¢,¢ value of 0.35 or
higher as discussed previously, the fast local structural
relaxation leads to a mixture of ice Ic and ice Ih molecules
in the prefreezing layer. The different lattice positions of
ice Th and ice Ic lead to a kinetic barrier for the advance-
ment of the growth interface. Thus, the final formation of
a crystalline ice bilayer is an activated process involving
the local competition of Th and Ic molecules and is a slow

Rui Wang, Li-Mei Xu, and Feng Wang, Front. Phys. 13(5), 188116 (2018)
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step of the growth kinetics. In our work, the ice growth
rate is approximately 4.4 ns (vide infra); from Fig. 7, the
number of ice molecules in the prefreezing layer increases
to 95% at 6.8 ns before the formation of the ice bilayer.
This supports the relaxation of ice-like water particles
into a uniform crystalline surface being rate-limiting at
the growth temperature. We note that this prefreezing-
layer-based growth mechanism is more complex than a
standard two-dimensional nucleation and growth mecha-
nism frequently expected for epitaxial growth. If water in
the prefreezing layer can be considered as a metastable
disordered ice in two dimensions, the growth mechanism
would thus be consistent with the prediction of the Os-
wald ripening rules, which state that the least stable
polymorph would crystallize before the most stable one.
In this case, the two-dimensional disordered ice is the
less stable polymorph.

We anticipate similar prefreezing layers composed of
ice-like water with significantly reduced translational
motion to occur at other flat and hydrophobic interfaces.
A flat surface reduces the entropy of translational motion
normal to the interface. This reduction in entropy will re-
duce the free energy barrier for the formation of ice. The
formation of a prefreezing layer due to the templating ef-
fect of ice surfaces explains the relatively fast growth ki-
netics of ice when compared to nucleation. Although wa-
ter can be easily supercooled, it is known experimentally
to be a poor glass former [49, 50]. Below the homoge-
nous nucleation temperature, ice crystal grows fast, pos-
ing challenges for the liquid to enter into a glassy state
by cooling. This is consistent with the templating effects
of ice surfaces, leading to fast growth of additional layers
through the prefreezing layer. Without microscopic crys-
tals to partially pre-ordered liquid, the formation of the
initial nuclei is kinetically challenging, consistent with
the observed stability of ice over extended periods of time
under mildly supercooled conditions.

3.2 Growth rate and growth retardation

The formation time (also growth time) of each bilayer of
ice is measured as the time between when the ice sub-
layer is fully formed and when the prefreezing layer is
fully converted to ice. Figure 8 shows the average growth
rate as a function of temperature. The rate of growth is
not monotonic, showing a maximum at 250 K, which is
approximately 20 K of supercooling. The existence of a
maximum in the growth rate is not surprising consider-
ing the increase in the driving force for ice formation as
the free energy difference increases and the slower kinet-
ics at lower temperatures. It is worth emphasizing that
the maximum growth rate revealed by the simulations is
for ice growth on an existing basal surface. It does not
provide information regarding nucleation rates. However,
for the growth of existing ice, our simulation indicates

0.35

0.30

0.25

Growth rate (bilayer/ns)

0.20

240 250 260
Temperature (K)

Fig. 8 The growth rates changes nonlinearly with temper-
ature, with the maximum at 250 K.

an optimal supercooling of 20 K for the fastest crystal
growth. This would also be the optimal growth temper-
ature under conditions where fast heterogeneous nucle-
ation is present. This temperature is consistent with the
experimental observation that ice growth rate increases
at up to 18 K of supercooling.

Figure 9 shows a distribution of the growth time of
each bilayer at each temperature. It can be seen that
the growth time distribution has a long tail, especially
for temperatures above and below the 250 K maximum
rate temperature. In order to better understand the slow
events, all bilayer growth events with a growth time
longer than 16 ns were carefully studied. There are a to-
tal of 79 such events across the five growth temperatures
(Table 1). It is interesting that different mechanisms are
responsible for the slow bilayer growth events at higher
and lower temperatures.

At higher temperatures, such as 260 K, it can be seen
for several growth events that sac oscillates, as shown in
Fig. 10. This indicates that the state order in the pre-
freezing layer first increases and then decreases. During
the growth of a typical bilayer, the order in the prefreez-
ing layer increases gradually until most surface water is
disordered ice, and the kinetic slow step is the rearrange-
ment of disordered ice into crystalline ice. At a temper-
ature close to Ty, the relative free energy difference be-

Table 1 Classification of slow bilayer growth events at
each temperature. A slow bilayer growth event is defined
when the next bilayer takes longer than 16 ns to grow.

Temperature Total Remelting Defect
240 K 28 0 8
245 K 12 4 8
250 K 4 2 2
255 K 5 4 1
260 K 30 30 0

Rui Wang, Li-Mei Xu, and Feng Wang, Front. Phys. 13(5), 138116 (2018)
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Fig. 9 The distribution of the bilayer growth time. At T' =
245-255 K, most cases have growth time within 10 ns, while
at 240 K and 260 K, some more cases have growth time longer
than 16 ns.
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Fig. 10 The state autocorrelation function of one case at
T = 260 K. During 25-23 ns before the bilayer growth finish,
water molecules crystalized then melted again.

tween ice and water is small, the balance of entropic loss
and the enthalpy gain is subtler, and thus the prefreez-
ing layer can have its state order reduced, which leads
to delays in the buildup of disordered ice slowing down
the first stage of ice growth. We refer to this mechanism
as remelting-induced growth retardation, which involves
oscillations of the number of disordered ice molecules in
the prefreezing layer.

The origin for the slow bilayer growth at lower tem-
peratures is even more intriguing. During growth, water
molecules may be trapped in defect positions in the pre-
freezing layer, thereby preventing the prefreezing layer
from reaching “prefect” order for ice bilayers. Such trap-
ping leads to defect-induced retardation of ice growth.
As the growth interface advances, defects could then be
buried in the ice layers. Figure 11 shows a configuration
in which water molecules are trapped in the top ice layer.
Such water molecules do not reside in the correct lattice
positions for ice and are classified as “liquid” according to
the gng-based criterion used in this work. Whereas each
defect should eventually heal, the lifetime of the defects

Fig. 11 Water molecules are trapped in the ice layers. A
snapshot from the simulation at 7' = 240 K. Blue spheres are
ice Ic molecules in the ice layers. Magenta spheres are water
molecules trapped in the ice layers, that are, defects.

0.012

0.008

Py

0.004+

T T T
240 250 260
Temperature (K)

Fig. 12 The degree of defect changes with temperature.
There are more long-lifetime defects at lower temperature.

grows as the temperature decreases. From Fig. 11, we
can see that the trapped defects prevent all the water
molecules in the prefreezing layer from settling into the
proper lattice position. The formation of the next ice
layer on top of the defect will be slowed down, which
also contributes to defect-induced growth retardation.
We note that our study reveals two types of defect-
induced retardation, which are closely related. In one
case, defects in the prefreezing layer are slow to heal,
leading to retardation of the advance of the growth in-
terface. Thus, the lower temperature slows down the ac-
tivated conversion of disordered ice into ordered ice. For
the other mechanism, defects in the top ice layer prevent
the growth of the next prefreezing layer. Most defects in
the prefreezing layer eventually heal, whereas some de-

Rui Wang, Li-Mei Xu, and Feng Wang, Front. Phys. 18(5), 138116 (2018)
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Fig. 13 The transformation of ice Ic and ice Ih. (a) 12 monolayers stack in an ABAB pattern in ice ITh. (b) Monolayers
1 to 4 are translated by a in y direction. (c) Monolayers 7 to 8 are translated by 2a in y direction. (d) 12 monolayers stack
in an ABCABC pattern in ice Ic. The grey ones are oxygens and hydrogen bonds in other periods. Dotted bonds are new
bonds created after transition. a is the distance of two bonded oxygens in x—y projection.

fects do get buried into ice. Figure 12 reports the degree
of defects buried in the ice layers. At lower temperatures,
a higher defect rate can be observed, which is consistent
with slower kinetics for defect healing when supercooling
is stronger.

3.3 Transformation between ice Ic and ice Th

It is worth mentioning that both ice Th and ice Ic grow
with similar probability, regardless of sublayer struc-
tures. The freshly grown ice is thus stacking-disordered.
Ice Ic does not convert spontaneously to ice Th in the
vast majority of cases in the time and space scale of our
simulation. In cases where the transition occurs, the Ic
phase melts and the Ih phase forms afterwards. As is
clear from Fig. 13, a solid-state transition from one form
of ice to another requires two ice bilayers to rearrange.
The transformation of ice Ih to ice Ic would require a
two-step translation of monolayers in the z—y plane: in
every 12 monolayers, first translate one to four monolay-
ers by a/y/3 in the y direction; and then translate five
to eight monolayers by 2a/ v/3 in the y direction. a is the
length of the ice Ih lattice in the y direction. Such mo-
tion, which requires extensive reorganization of hydrogen
bonds, is likely to be associated with a large activation
barrier in a crystalline state. Partial remelting of ice thus
is likely to be one of the major pathways for the relax-
ation of ice Ic into ice Ih, even for microscopic systems.
Experimentally, ice Ic has been observed to have a long
lifetime at or below 240 K [51, 52]. The lowest tempera-
ture at which remelting is observed in our simulation is
approximately 245 K. We assume 245 K is indeed close to
the minimum temperature at which transient remelting
through structural fluctuation is significant. This would
explain the difficulty in obtaining ice Ic experimentally

above 240 K.

4 Conclusion

Starting from 20 initial conformations with different pro-
ton arrangements, the growth of ice was studied at five
different temperatures from 240 to 260 K using the WAIL
model, which has a melting temperature of approxi-
mately 270 K. As the temperature decreases, the growth
rate of ice initially increases and then decreases, with a
maximum rate observed at approximately 20 K below the
freezing temperature. This estimate is consistent with ex-
isting experimental evidence, which shows a monotonic
increase of the growth rate at up to 18 K supercooling.

It was found that ice growth is predominately bilayer-
by-bilayer. Water on top of the growth surface losses
translational motion normal to the interface, and at the
same time the templating effects of the ice surface facil-
itate the formation of a prefreezing layer. The water in
the prefreezing layer freezes in a two-step process. In the
first step, water quickly forms disordered ice above the
growth interface. This is followed by a slow conversion
from disordered ice into ordered ice, which is the rate-
limiting step for ice growth. At a relatively low degree of
supercooling, re-melting of the prefreezing layer occurs
frequently and leads to slow growth events. At lower tem-
peratures, defects formed in the prefreezing layer impede
ice growth and also lead to slower growth events. Our
study shows the newly grown ice is stacking-disordered
with the ice Ic growth rate slightly higher than that of
ice Th below 260 K. It is hypothesized that the re-melting
of the ice-liquid interface due to structural fluctuations
plays an important role in the transformation of ice Ic
into ice Th.

Rui Wang, Li-Mei Xu, and Feng Wang, Front. Phys. 13(5), 138116 (2018)
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Our study improves the understanding of the crystal-
lization of ice on surfaces. The molecular dynamics obser-
vation of stacking and rearrangements during growth is
a powerful tool to establish the molecular mechanisms of
crystal growth. The same analysis by visualizing molec-
ular dynamics in the interface can be applied to inves-
tigate other crystals and provide useful insights into the
growth process.
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