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ABSTRACT: Ice formation from water vapor is a common phenomenon with significant
implications for both natural ice formation and industrial processes. However, there remains
controversy over how deposition frequency and substrate temperature affect the structural
forms of deposition products and their formation processes. In this study, we employed
molecular dynamics simulations to investigate the deposition process of water vapor onto a cold
Au(001) substrate at different temperatures and deposition frequencies. We analyzed the effects
of temperature and deposition frequency on the forms of deposition products including bilayer
hexagonal ice, amorphous water, and their mixtures. Additionally, we identified and explained
the unique formation of square ice as an unstable intermediate within specific temperature and
deposition frequency ranges. We also discuss the crystallization processes of pancake- and
droplet-like amorphous waters. This research contributes to a better understanding of ice
formation, with implications for more accurate forecasting of natural ice formation and

improved control of artificial ice processes.

Ice formation from water vapor is a common phenomenon,
encompassing various realms in nature such as astrophysical
ice,' ™ atmospheric ice,”” and ice in freezing soil.'° Vapor-to-
ice conversion in celestial bodies involves the origins of
comets' ™ and the early evolution of the solar system.*’
Atmospheric ice research encompasses ice forms in clouds,’
mechanisms of nucleation for various aerosols and surface
sites,”® and the competition between homogeneous and
heterogeneous nucleation.” Meanwhile, vapor flow in freezing
soil may lead to significant ice formation, serving as a primary
mechanism for water migration.'’ Furthermore, vapor-to-ice
conversion finds numerous applications in engineering. For
instance, ice lithography utilizes amorphous ice formed by
vapor deposition as a substitute for traditional organic polymer
resists in electron beam lithography."' =" Binns et al."* devised
a method where nanoparticles were codeposited with water
vapor and embedded within continuously growing ice layers,
subsequently melting the ice to obtain the desired suspension
of nanoparticles. Additionally, in various engineering domains
like heat exchangers,15 refrigeration,lé aircraft wings,17 and
turbine blades,"® frost formation is to be minimized wherever
possible.'” In essence, understanding the mechanisms of vapor-
to-ice conversion is paramount across multiple fields.

The experimental investigations of water vapor deposition
onto cold surfaces involve various substrates, includin
Ru(001),"*" Au(001),”> Au(111),”%** Pt(111),**"*
Ir(111),”**" Pt(533),%" graphene,®" graphite,””>* ice,*
Cs1,*® and borosilicate glass6 among others. The main findings
of previous experimental investigations are summarized in
Supporting Table S1, and both the substrate and temperature
affect the forms of deposition products. However, there is little
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discussion on the effect of deposition frequency (the number
of water molecules deposited onto the substrate per unit time
and unit area) on the forms of deposition products. In the
realm of simulations, most studies also have focused on the
role of temperature and substrate, rather than deposition
frequency, on the forms of the deposition products.’”*’~*
Hudait et al."* simulated the deposition process of water vapor
on the Th(0001) and Ic(111) substrate at deposition
frequencies ranging from 1.015 X 107> to 5.075 X 107> ns™'
A7 and temperatures ranging from 200 to 260 K. Within
ranges, only hexagonal ice was obtained. Moreover, Hudait et
al.” predicted that higher deposition frequencies could lead to
the formation of amorphous water.

Given the dearth of research on the influence of deposition
frequency on water vapor deposition processes in both
experiments and simulations, this study focuses on the ice
formation process of water vapor on Au(001) substrates at
different temperatures and deposition frequencies. Here, we
have obtained the forms of deposition products within the
temperature range between 60 and 260 K and the deposition
frequency range between 3.758 X 107 and 1.503 ns™' A7%
The deposition products included three forms of water, which
were amorphous water, bilayer hexagonal ice (BHI, using the
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terminology proposed by Ma et al,”>** also named Nebraska

ice™), and their mixtures. It was observed that within the
temperature range of 60—220 K, a decrease in deposition
frequency correlates with an increase in the proportion of
bilayer hexagonal ice generated at a given temperature.
Meanwhile, it was discovered that an unstable intermediate
product—square ice appears within specific temperature and
deposition frequency ranges. Furthermore, we investigated the
influence of temperature on the crystallization process of
amorphous water.

In the simulations of water vapor deposition onto Au(001)
substrates, 1000 water molecules were deposited sequentially
within the temperature range between 60 and 260 K and
deposition frequency range between 3.758 X 10~ and 1.503
ns~ ! A72 Due to the substrate effect, it is difficult to distinguish
whether the deposited products adsorbed on the substrate
surface are supercooled water or glassy water, we here
collectively refer to the two phases of water as amorphous
water. Amorphous water, as a metastable phase, will transform
into crystalline ice, but its crystallization time is larger than the
simulation time. The deposition products of 1000 water
molecules within the given temperature and deposition
frequency range may consist of BHI, amorphous water, or a
mixture of both. We used the polyhedral template matching
(PTM) algorithm46 to analyze the ratio of BHI formed at
different temperatures and deposition frequencies, with the
root-mean-square deviation (RMSD) cutoff set to 0.2 (see
Figure 1). Since the monolayer structure of BHI closely
resembles that of graphene after scaling normalization, a water
molecule was identify as part of the BHI structure if its RMSD
value compared to graphene was below 0.2.

Figure 1a shows the BHI proportion of deposition products
with 1000 water molecules at various temperatures and
deposition frequencies. The deposition products could be
categorized visually based on the BHI proportion, from high to
low, into BHI (BHI proportion > 40%), a mixture of BHI and
amorphous water (10% < BHI proportion < 40%), and
amorphous water (BHI proportion < 10%). Amorphous water
could further be divided into two types: droplet- and pancake-
like amorphous water. Droplet-like amorphous water only
appeared at temperatures equal to or higher than 240 K. This
is because water molecules initially form pancake-like
amorphous water upon deposition, as the probability
distribution of deposition positions is uniform in the xy-
plane of the simulation domain. At temperatures below 240 K,
even if droplet-like amorphous water is more thermodynami-
cally stable than the pancake-like form, the slow diffusion of
water molecules prevents the transition to droplet-like
amorphous water before the simulation ends. At temperatures
equal to or higher than 240 K, the faster diffusion of water
molecules allows pancake-like amorphous water to transition
into the droplet-like form, with the transition process at 240 K
shown in Supporting Video S2. At temperatures ranging from
240 to 260 K, only amorphous water was formed. At
temperatures equal to and below 220 K, predominantly BHI
was formed when the deposition frequency was lower than 1 X
107> ns™' A7% With a deposition frequency slightly higher than
1 X 107> ns™" A, a coexistence of BHI with amorphous water
could occur. However, when the deposition frequency
exceeded 0.4 ns™' A™% only amorphous water was generated.
In general, higher deposition frequencies tended to favor the
formation of amorphous water, while lower frequencies favored
the formation of BHI at a given temperature. This corresponds
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Figure 1. Deposition products at different temperatures and
deposition frequencies. (a) BHI proportion of the deposition
products after depositing 1000 water molecules at varying temper-
atures and deposition frequencies. It should be noted that, due to the
principles of the PTM algorithm, water molecules at the edges of BHI
clusters do not have enough neighboring water molecules and thus are
not included in the recognition of BHI. Therefore, the obtained BHI
proportion can be underestimated compared to the actual value. (b)
Temperature and deposition frequency ranges for the appearance (red
triangles) and absence (blue circles) of square ice during the
simulation process.

to the experimental observation that excessively high
deposition frequencies disrupt the formation process of crystal
structures in newly deposited water molecules.”” Meanwhile,
lower temperatures corresponded to a wider range of
deposition frequencies where amorphous water formation
occurred at temperatures below 180 K. Moreover, a lower
deposition frequency led to a higher BHI proportion at
temperatures ranging from 60 to 240 K, which is consistent
with the conclusion drawn by Watanabe and Kouchi.*® Tt is
worth pointing out that square ice, similar to the ice structure
reported by Algara-Siller et al,*’ could appear within the
temperature and deposition frequency ranges indicated by the
red triangles shown in Figure 1b. Square ice, as an unstable
intermediate product, could only exist on the order of

https://doi.org/10.1021/acs.jpclett.4c02705
J. Phys. Chem. Lett. 2025, 16, 245—252


https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.4c02705/suppl_file/jz4c02705_si_002.mp4
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c02705?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c02705?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c02705?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c02705?fig=fig1&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.4c02705?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

[+ {,lj N N 3
ha . > e : f;’x?
B " t ‘2?,,
B { '
. &
&
{4
B. Sl LS A PPresy
b‘ SgAnIEL ' i ﬂ?‘v‘.f"” '.
et e . B S :
: e Pileiy %
BHI & amorphous . o
5 : hEg
wate:r ¢ o i o
e 2 32 i > Lot
o - -
'I e @ : < 4
oo a ) 2
¢ L. 5
boowms 8 eee sodos o sotr] [k, o o THRT o 0 aesen oo
™ 5 o S
t C R = Ay o
2 T"_ s Ptk s -’?
B . ¥ - £
- Pancake-like - Puiliiisinan g
amorphous: -~ | & £ &
water A :
i : et I R FE N
o ol
Ed N g . . -
F & B LT .
s suess Gehespens mees’ g |en sesmes by G
& HEXs
v
Droplet-like: bl
water
z i3
e 6

Figure 2. Snapshots of the deposition processes for products with different BHI proportions, with the top and bottom panels showing top and front
views of the system, respectively. (a) BHI (at 200 K, 3.758 X 107 ns™! A% 73.7% BHI). (b) BHI & amorphous water (at 140 K, 1.503 X 107"
ns™' A7% 24.6% BHI). (c) pancake-like amorphous water (at 60 K, 1.503 X 107" ns™! A72, 8.4% BHI). (d) droplet-like amorphous water (at 260 K,
3.758 x 107 ns™! A™% 1.2% BHI). Each row sequentially shows the system after depositing 75, 125, 250, 500, 750, and 1000 water molecules, from
left to right. The first layer of water molecules on the substrate is shown in blue, the second layer in green, and the remaining water molecules in

red. The Au atoms are shown in light blue.

nanoseconds or even shorter within these temperature and
deposition frequency ranges, shorter than the total simulation
time. Since the mW model is a coarse-grained model that
cannot represent proton ordering, the influence of the
hydrogen bond patterns was not considered here.

Deposition dynamics of water vapor on Au(001) substrates
are discussed below. Four typical deposition processes of BHI,
amorphous water, and a mixture of both are shown in Figure 2.
Collectively, multiple clusters generally formed first during the
deposition process. These clusters continuously grew and
merged, eventually forming one large cluster. Apart from the
formation of droplet-like amorphous water clusters, bilayer
water clusters were more stable than monolayer and multilayer
water clusters. The formation process of BHI clusters during
the deposition process involved following steps: the deposited
water molecules first formed small monolayer water clusters,
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which then transformed into bilayer water clusters. The
detailed process can be seen in Supporting Video S1. After the
formation of the small bilayer water clusters, the subsequent
growth law is shown in Figure 2a. Small clusters continuously
grew and merged, transforming into BHI clusters, and zigzag
and armchair edge structures appeared. This coincides with the
experimental observations and simulation results of Ma et al.*®
In the early stages of the deposition process corresponding to
Figure 2b,c, small monolayer clusters of tetramers, pentamers,
and a few hexamers were initially formed. These clusters then
continued to grow into BHI or square ice which will be
discussed in the next section. Newly inserted water molecules
would deposit in different regions: some deposited in areas
away from other clusters, forming new clusters; some
deposited at the edges of existing clusters and were adsorbed
by them, causing the clusters to grow in the xy-direction; some

https://doi.org/10.1021/acs.jpclett.4c02705
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Figure 3. Transformation process of square ice. (a) Snapshots of the growth process of square ice clusters (at 140 K, 1.879 X 1072 ns™" A™?) after
depositing 375, 450, 525, 600, 800, and 1000 water molecules, from left to right. (b) Snapshots of the process where part of the BHI transforms
into square ice and eventually transforms back into BHI (at 180 K, 1.879 X 107 ns™! A™2) after depositing 180, 220, 340, 380, 480, and 510 water
molecules, from left to right. To highlight key features, most water molecules outside the square ice have been hidden. The remaining settings are

the same as described in Figure 2.

water molecules deposited on the first layer of water molecules,
becoming the second layer; and some water molecules
deposited on the second layer, attracted by nearby third-
layer water molecules, or they did not have enough time to
diffuse to the cluster edges before the deposition ended to let
the trilayer water clusters to transform into bilayer water
clusters, resulting in the presence of third-layer water
molecules in the final deposition product. When the deposition
frequency exceeded approximately 1 X 107> ns™' A7 the
newly inserted water molecules would disrupt the relaxation
process of the existing water molecules toward their
corresponding lattice sites, leading to the formation of
amorphous water. Pancake-like amorphous water transformed
into BHI over time, and the crystallization time decreased with
increasing temperature. Since the deposition frequencies for
Figure 2b,c are the same, the crystallization time scale at 140 K
(2b) was closer to the deposition time scale, resulting in a
partial transformation of amorphous water into BHIL In
contrast, at 60 K (2c), the crystallization time for amorphous
water was much longer than the deposition time scale,
resulting in almost all amorphous water at the end of
deposition. In the front view, a small number of water
molecules appeared to be suspended in midair because the
higher deposition frequencies in these cases led to shorter total
deposition times, and these water molecules did not have
enough time to be adsorbed by the substrate or the clusters on
the substrate before the deposition ended. In the deposition
process corresponding to Figure 2d, multiple small water
clusters first formed. These clusters continuously grew and
merged, eventually combining into a single droplet-like
amorphous water cluster. The detailed process can be seen
in Supporting Video S2.

Square ice, as an unstable intermediate product, could
transform into a stable state in two typical pathways shown in
Figure 3. First, square ice clusters could continually grow until
they become large enough to transform into BHI, or they
could attract and merge with other clusters before transitioning
into BHI (see Figure 3a). Additionally, BHI structures could
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also transform into square ice (see Figure 3b). However,
square ice is only a metastable product with higher potential
energy than BHI, and it would eventually transform into BHI
once it grows to a certain size. More discussions on potential
energy of square ice and BHI can be found in the Supporting
Information.

To investigate the influence of the substrate on the
formation of square ice, we simulated the deposition process
on substrates with different crystal planes, lattice constants, and
hydrophilic properties at temperatures of 140 and 180 K and a
deposition frequency of 1.879 X 107> ns™ A2, corresponding
to the cases in Figure 3. Our findings show that square ice did
not form on the Au(111) substrate. By varying the substrate’s
lattice constant from 4.078 A to values between 3.9 and 4.2 A
in 0.1 A increments, we observed that square ice did not form
at 3.9 A, but appeared at 4.0—4.2 A, becoming most stable and
forming large clusters at 4.2 A. However, at 4.0 A, square ice
was short-lived. We believe this behavior is due to lattice
matching between the substrate and square ice, where the
substrate’s lattice constant influences that of square ice. In the
simulations, the observed spacing between water molecules

within the same layer of square ice is approximately gumb,

where ag, is the substrate’s lattice constant. The square ice
structure is more stable when a,, = 4.2 A compared to other
values. By varying the energy parameter (&) of the gold-water
Lennard-Jones potential from 1.553 kJ/mol to values between
1.1 and 1.7 kJ/mol in 0.1 kJ/mol increments, we observed that
square ice did not form at 1.1 or 1.2 kJ/mol, but appeared at
1.3—1.7 kJ/mol, with the longest lifetime observed at 1.7 kJ/
mol. This is because hydrophobic substrates are more likely to
promote the formation of droplet-like amorphous water rather
than bilayer crystalline ice. In contrast, on hydrophilic
substrates, water molecules are strongly adsorbed onto the
substrate surface, restricting their diffusion to other positions
and thus stabilizing the structure. The influence of substrates
on the form of deposition products aligns with the findings of
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confidence interval.

Lupi et al,* which also highlights the impact of substrates on
deposition products.

Since the mW model lacks proton information, we employed
the TIP4P/Ice model®® for simulation to validate the stability
of the square ice. At temperatures of 140 and 180 K and a
deposition frequency of 1.879 X 107> ns™' A% only
amorphous water clusters formed. Considering the slower
crystallization dynamics of the TIP4P model compared to the
mW model,”" we hypothesize that reducing the deposition
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frequency could provide water molecules with more time to
crystallize. Further simulations with lower deposition frequen-
cies supported this hypothesis. At temperatures of 140 and 180
K, and a deposition frequency of 1.879 X 107> ns™" A2 a
certain amount of square ice was observed (see Figure S7). At
a temperature of 180 K and a deposition frequency of 7.517 X
107* ns™' A% droplet-like amorphous water clusters with
small amounts of BHI at the edges were observed—about
9.8% at the end of the simulation (see Figure S8a). As the

https://doi.org/10.1021/acs.jpclett.4c02705
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temperature decreased from 180 to 140 K, the diffusion was
reduced, resulting in a smaller amount of BHI—about 4.0% at
the end of the simulation (see Figure S8b).

To investigate the effect of temperature on the crystallization
process of amorphous water, we used pancake-like amorphous
water obtained at a deposition frequency of 0.1503 ns™' A™?
and a temperature of 240 K (retaining only the water
molecules adsorbed on Au(001) substrate to exclude the
influence of water clusters suspended in the midair) and
droplet-like amorphous water obtained at a deposition
frequency of 3.758 X 107> ns™' A7 and a temperature of
240 K as initial configurations. The two configurations were
cooled or heated to target temperatures ranging from 40 to 300
K within 0.02 ns and then simulated for 4 ns to investigate
phase transition processes.

For pancake-like amorphous water, no crystallization was
observed within 4 ns at temperatures greater than or equal to
260 K, which is reflected by almost zero BHI proportion
shown in Figure 4a and minor change in potential energy
shown in Figure 4b. At temperatures less than or equal to 250
K, the crystallization process was observed, where the pancake-
like amorphous water began to transform into BHI. The lower
the temperature, the slower the crystallization of the pancake-
like amorphous water due to the slower diffusion of water
molecules at lower temperatures. The error bar for the BHI
proportion at 250 K is relatively large because the
crystallization time of pancake-like amorphous water at 250
Kis close to the simulation time of 4 ns, causing some cases to
crystallize while others do not. The melting temperature of
BHI under the current simulation conditions was determined
to be approximately 264.6 K, with detailed methods described
in the Supporting Information. The pancake-like amorphous
water did not transform into BHI at 260 K because the
crystallization time at this temperature exceeds the total
simulation time of 4 ns. Figure 4c,d shows how the BHI
proportion and change in potential evolved with time for the
phase transition process of pancake-like amorphous water at
240 K described in Figure 4e. The BHI proportion exhibited a
rapid increase between O and 1.6 ns, accompanied by the
corresponding change in potential energy per water molecule,
which elucidates the transition of amorphous water to the
more stable BHI form.

For droplet-like amorphous water, no significant crystal-
lization was observed within the 4 ns simulation time at
temperatures greater than 200 K and less than or equal to 150
K as shown in Figure Sa,b. At temperatures between 160 and
200 K, the droplet-like amorphous water partially transformed
into ice I and BHI within 4 ns. The error bars for the crystal
proportion at 190 and 200 K are relatively large because the
crystallization times of droplet-like amorphous water at these
temperatures are close to the simulation time of 4 ns, causing
some cases to crystallize while others do not. At temperatures
less than or equal to 190 K, the lower the temperature, the
slower the kinetics of crystallization, resulting in a smaller
change in the potential energy. At temperatures greater than or
equal to 190 K, the free energy barrier for the nucleation of
water rises with increasing temperature, reducing the
thermodynamic driving force for crystallization.”” Figure Sc,d
shows how the crystal proportion and change in potential
evolved with time for the phase transition process of droplet-
like amorphous water at 180 K described in Figure Se.

Figures 4 and 5 show that the temperature with the highest
proportion of crystalline ice is 240 K for pancake-like
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amorphous water and 190 K for droplet-like amorphous
water. This difference can be analyzed from both kinetic and
thermodynamic perspectives, using concepts from classical
nucleation theory. Kinetically, pancake-like amorphous water
has a larger contact area with the substrate, and the substrate
mainly interacts with the first two layers of water molecules,
resulting in stronger interactions with pancake-like amorphous
water compared to droplet-like amorphous water. This leads to
a smaller self-diffusion coefficient for pancake-like amorphous
water. Thermodynamically, however, pancake-like amorphous
water has a structure closer to Ice I and BHI, with a lower free
energy barrier for nucleation. As a result, the crystallization of
pancake-like amorphous water can be observed within 4 ns at
temperatures between 200 and 240 K. In contrast, droplet-like
amorphous water has a higher free energy barrier, making
crystallization more challenging.

In summary, we investigated the deposition process of water
molecules onto a cold Au(001) substrate at varying temper-
atures and deposition frequencies using molecular dynamics
simulations. Unlike previous studies that mainly focused on the
influence of temperature or substrate material on deposition
products, this study confirmed the effect of deposition
frequency on the form of deposition products. The observed
forms of deposition products included BHI, amorphous water,
and their mixtures within the range of temperatures from 60 to
260 K and deposition frequencies from 3.758 X 1072 to 1.503
ns™' A7 Square ice, an unstable intermediate product, was
observed briefly during the deposition process within specific
temperature and deposition frequency ranges. Moreover, the
crystallization processes of pancake- and droplet-like amor-
phous waters were investigated, and the maximum degree of
crystallization in 4 ns was found at 240 K for pancake-like
amorphous water and 190 K for droplet-like amorphous water.
These findings provide valuable insights into the under-
standing of the deposition mechanisms of water vapor on cold
substrates and the crystallization dynamics of amorphous
water.

B METHODS

We conducted deposition simulations of water vapor on an
Au(001) substrate using LAMMPS,*® employing the mona-
tomic water (mW) model for water—water interactions”* and
the 12-6 Lennard-Jones potential to describe interactions
between water molecules and Au atoms. To validate the
simulation model’s accuracy, we computed the radial
distribution function and contact angle of liquid water,
confirming that the model effectively reproduces both the
water structure and the interaction strength between water
molecules and gold atoms. Additional details on the simulation
settings and model validation are provided in the Supporting
Information.
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