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ABSTRACT: Understanding structural and dynamic properties
of water in contact with solid surfaces is essential for diverse fields,
including environmental sciences, nanofluidics, lubrication, and
electrochemistry. Despite tremendous efforts, how interfacial water
phase behaviors correlate with a surface’s wettability remains
elusive. Here, we investigate the structure and dynamics of
nanoscale water droplets or adlayers on solid surfaces with
wettabilities spanning from strongly hydrophobic to strongly
hydrophilic using extensive molecular dynamics simulations. It is
shown that liquid water drops on solid surfaces with contact angles
greater than 42.6° transform into drops of ordinary hexagonal ice
(Ih) upon cooling. In contrast, water forms a liquid disc on a
completely wetted surface with a zero contact angle, which freezes
into a hexagonal bilayer ice disc at low temperatures.
Unexpectedly, on surfaces with a mild contact angle in the range of 21.9°−29.2°, the originally stable liquid drop at room
temperature further wets the surface upon cooling and eventually transforms into a bilayer ice disc. These results establish a
phase diagram of nanoscale water at the wettability versus temperature plane, which may expand our knowledge of water−
surface interactions as well as enrich the complexity of water behaviors at interfaces.

Water−surface interactions are ubiquitous in nature and
relevant to a broad range of processes such as catalysis,

protein folding, lubrication, and aqueous electrochemistry. In
protein folding, for example, the interaction of a protein with
the surrounding water mediates the collapse of the protein
chain and drives the search for the native protein structure
through a funneled energy landscape.1 To elucidate how water
behaves at interfaces, numerous experiments and simulations
have been performed on surfaces with various structural and
chemical characteristics (e.g., metal,2 metal oxide,3 self-
assembled monolayers,4,5 mica,6 and graphene7−9). In
particular, molecular-level understanding of water−solid
interfaces has been acquired through a few surface-science-
style experiments on flat metal substrates, which operate
usually in ultrahigh vacuum conditions at cryogenic temper-
atures (up to about 200 K).2,10 A variety of structures for
adsorbed water (usually at the nanoscale), including water
clusters,11 one-dimensional ice chains,12 and extended water
overlayers,13 have been visualized on metal surfaces such as
Cu(111), Cu(110), and Pt(111). In particular, a bilayer ice
crystalline was observed in experiments on graphene coated
Pt(111),14 which consisted of two flat hexagonal sheets of
water molecules; a similar ice phase was predicted in molecular
dynamics (MD) simulations for water confined between two
planar smooth walls.15−17 In addition to structures, the
properties of water molecules binding strongly to surfaces
may also vary with respect to those of bulk ones. For instance,

a water monolayer on a Pt(111) surface did not allow for the
further wetting of subsequent layers at extremely low
temperatures, yielding a so-called hydrophobic ice layer.18

Likewise, two-dimensional hydrophobic-like water/ice layers
were observed at room temperature in simulations on ionic
surfaces with a specific pattern of charge distribution19,20 and
in experiments confined between graphene and MoS2.

21

It is known that the structures and properties of interfacial
water are closely related to the properties of surfaces. Among
these properties is the surface wettability, which depends on
the chemical composition and geometric structure of surfaces.
The surface wettability is generally quantified by measuring the
contact angle θ at the solid−liquid interface; when θ is above
90°, the surface is considered to be hydrophobic, and when θ is
below 90°, the surface is considered to be hydrophilic.
Expectedly, the microscopic structures and properties of
water in the vicinity of a hydrophobic surface differ from
those near a hydrophilic surface, such as fluctuation in local
density, water−water correlation, and the probability of cavity
formation.4 The consequence of these differences is the
distinct macroscopic behaviors of water near hydrophobic and
hydrophilic surfaces. In this regard, a representative example is
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the freezing behavior of interfacial water. Ice nucleation on a
hydrophilic surface was found to be about one order of
magnitude faster than that on a hydrophobic flat surface.22

Indeed, water wetting on hydrophobic surfaces at ambient
conditions, unlike hydrophilic surfaces, is not favorable such
that the molecular level observation of ice formation on these
surfaces is a challenging task. By introducing hydrophilic
graphene oxide nanoflakes (nanoGO) as the seed for ice
nucleation on a hydrophobic graphite surface, Zheng et al.
reported dynamic processes involved in room-temperature ice
formation of one-dimensional ice chain and three-dimensional
ice (Ic and Ih), depending on the coverage of nanoGO and
humidity levels.23 Recently, Liu et al. provided new insights
into the influence of wettability on ice growth and found two
distinct ice growth modes on solid surfaces with different
wettabilities: along-surface and off-surface growth modes.24

The former mode was attributed to the presence of a bilayer
ice on hydrophilic surfaces, which shares a similar structural
feature with hexagonal bulk ice (Ih) and thus promotes the
along-surface growth of Ih ice as a result of the lattice match. A
few other investigations have also been carried out to study ice
formation on surfaces with different wettabilities, mostly from
a macroscopic point-of-view.25,26 Despite much progress, a
comprehensive picture of microscopic water structures and
phase transition behaviors on surfaces spanning over a wide
range of wettabilities (i.e., the phase diagram) has not been
established.
Here we investigate structure and dynamics of nanometer-

sized liquid water droplets and adlayers and associated freezing
processes during cooling on model surfaces with various
wettabilities. Different morphologies of nanoscale liquid water,
such as drops of bulklike water in different shapes and ultrathin
discs containing bilayer water, are as expected present at 300 K
depending on surface wettabilities. These water structures
transform into corresponding ice phases upon cooling. We
characterize the freezing transition temperature as well as the
structure and dynamics of each nanoscale water/ice phase and
eventually propose a schematic phase diagram at the
wettability−temperature plane.
In the present work, we considered a series of model

surfaces with a broad range of wettabilities (Figure 1a); the
water contact angle θ is in the range of 0−152.8°, which was
realized by adjusting the water−surface interaction parameter

εO−Wall (Figure 1b). The protocol used to measure θ is
provided in Figure S1 and Models and Methods. In a typical
phase behavior simulation, a droplet of TIP4P/2005 water27

was placed in contact with each model surface, followed by a
system relaxation for 50 ns at ambient temperature (T = 300
K). Subsequently, each system was cooled gradually, with a
temperature interval of 10 K (except for simulations around
the freezing point where the temperature interval was reduced
to 1 K), during which the phase behavior was traced by
examining interfacial water’s diffusivity, density distribution,
etc. The length of these simulations ranged from 50 ns to 2.1
μs, depending on the surface wettability and temperature.
We first considered a hydrophobic surface with a contact

angle θ at 111.6° and monitored water diffusion coefficient D
of a water droplet on this surface when the temperature was
decreased from 300 to 200 K, as shown in Figure 2a (empty
squares). The decrease in D upon cooling indicates a gradually
reduced water mobility. However, no evidence of freezing (or
crystallization) transition was seen after visual inspection of the
simulation trajectories at temperatures as low as 200 K,
although the melting point of bulk ice Ih described with the
TIP4P/2005 water model was reported to be around 250.5
K.28 This is not a surprising observation, as the limited time
scale of MD simulations may not allow for the homogeneous
seed nucleation of ice. To promote freezing of the drop, a so-
called direct coexistence technique28 was used in simulations
below 250 K. Specifically, after system relaxation at each
temperature, some water molecules around the center of the
supercooled water drop were replaced by a sphere of ice Ih,
which acted as the ice nuclei to promote possible
crystallization (see Figure S2a and Models and Methods for
detailed descriptions). The resulting system was further
equilibrated for ∼500 ns in order to study the freezing and
melting of the drop. At temperatures above 221 K, the
decreasing number of water molecules constituting the ice
crystal in the drop indicates the melting of the system, whereas
at temperatures below 220 K, this number increases,
manifesting the freezing of the drop (top right panel in Figure
S2). The resulting freezing/melting temperature, calculated
approximately as the middle point between the above two
temperatures, is 220.5 K. Meanwhile, the calculated diffusion
coefficients for systems that were successfully frozen (namely,
below 220 K), shown as filled squares in Figure 2a, are several-

Figure 1. (a) Relaxed configuration of nanoscale water on model solid surfaces with various wettabilities. The determined macroscopic contact
angle θ, i.e. the contact angle corresponding to an infinitely large droplet (see Models and Methods), is labeled to characterize surface wettability.
(b) Contact angle θ as a function of the water−surface interaction parameter εO−Wall.
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fold lower than those in a supercooled liquidlike phase at the
same temperatures (empty squares). This difference proves the
reduced mobility of water molecules in an ice phase compared
to a liquidlike phase. In addition, the instantaneous snapshot of
the nanodrop indicates a disordered liquid water phase (top
inset in Figure 2a), whereas an ordered solid phase is present
after freezing at low temperatures (bottom inset in Figure 2a).
It is noteworthy that the diffusion coefficients for the ice phase
are still relatively high (compared to that for bulk ice), likely
because of the presence of mobile liquid water layers near the
surface of ice drops. Such a liquidlike layer is ubiquitous on ice
surfaces at temperatures below the melting point, the so-called
surface premelting of ice.29

The freezing transition occurring in the nanodrop can be
further validated by comparing the transverse density
distribution of water oxygen atoms (normal to the surface)
in different phases. In the liquid phase at 300 K (left panel in

Figure 2b), density fluctuation (i.e., layering) is seen only
nearest to the water−solid interface with z less than 1.2 nm,
and when z is above 1.2 nm, the flat density curve confirms
that the liquid water is unstructured. Likewise, the supercooled
drop before crystallization also exhibits a slight density
fluctuation distant from the interfacial region (black curve in
the right panel of Figure 2b). In contrast, the oxygen density
profile for the ice phase after crystallization exhibits
pronounced peaks (red curve), confirming the presence of
well-defined oxygen layers inside the ice drop.
When the surface is switched to a more hydrophilic one with

smaller θ (75.0° or 42.6°) or a more hydrophobic one with
larger θ (152.8°), the overall shape of the liquid water drops
vary as expected (see Figure 1). Nevertheless, the freezing
transition process upon cooling is analogous to the picture
depicted above, albeit at slightly different crystallization
temperatures determined using the direct coexistence
technique (Figure S2b). Likewise, spontaneous crystallization
has been reported for a droplet of mW (i.e., a coarse-grained
water model) water on graphite surfaces with a contact angle
of 86°.30 Note that no seed nuclei was used therein,
presumably because of the use of different water models.
We next focus on a surface with the “ultimate” hydro-

philicity, namely a completely wetted surface with θ = 0. At
first glance, a gradual decrease in lateral diffusion coefficient
Dxy emerges versus decreasing T (filled squares in Figure 3a),
in qualitative accord with that on the above surfaces without
complete wetting. However, visual inspection of the simulation
trajectory suggests that a nanoscale disc (nanodisc) containing
two layers of water molecules is present at 300 K on this
superhydrophilic surface (top panel in Figure 3b). Upon
cooling, Dxy drops suddenly in the temperature range between
258 and 257 K (Figure 3a), yielding the freezing/melting point
at 257.5 K. Below 257 K, the system transforms into a bilayer
ice phase (bottom panel in Figure 3b). Note that this ice phase
consists of two hexagonal planar layers in registry with each
other (namely, atoms from each layer are placed directly on
top of each other). It closely resembles the bilayer ice usually
predicted between two parallel walls (namely, under nano-
confinement), based on the two following observations. On
one hand, its lattice constant is approximately 0.482 nm,
comparable to that of confined bilayer ice phases in previous
ab initio MD simulations at 0.476 nm.14 Besides, the two
oxygen planes are separated by 0.280 nm (as discussed below),
again consistent with previous results14 (0.285 nm). On the
other hand, the freezing transition into the bilayer ice in both
the present work and previous simulation studies15,16 is a
spontaneous process, that is, without the need of a ice nuclei
used in the above nanodrop freezing simulations. It is
noteworthy that experimental evidence of such a hexagonal
two-layer structure has been available for water confined
between graphene and MoS2 at room temperature21 as well as
on graphene/Pt(111) surfaces at ∼100−135 K.14 The lattice
constant of the experimentally observed bilayer ice is 0.481
nm,14 which is in excellent agreement with that in the present
work (0.482 nm).
Despite sharing an overall high structural similarity with the

previously reported bilayer ice, close inspection of the system
snapshot suggests that the bilayer ice nanodisc is not
homogeneous in the x−y plane, because it contains many
short-lived defects in the edge (bottom panel in Figure 3b). In
other words, unlike the hexagonal arrangement of water in the
central region, water molecules near the edge frequently switch

Figure 2. Freezing of a water drop on a hydrophobic surface with a
contact angle of 111.6°. (a) Diffusion coefficient of water D as a
function of gradually decreasing temperature T. At T below 250 K, the
water drop was first equilibrated (empty squares), and then a
spherical ice seed (Ih) was introduced to the equilibrated water
droplet to promote freezing. Successful freezing of the drop occurred
at T less than ∼220 K, as indicated by reduced diffusion coefficients
(filled squares). Insets show snapshots of a liquid water drop at 300 K
and an ice drop at 210 K. (b) Transverse density profiles of water
oxygen atoms normal to the surface at 300 K (left) and 210 K (right).
At 210 K, water densities of the drop in a liquidlike form (before
crystallization; black line) and a solid form (after crystallization; red
line) are both shown. Water molecules within a 0.5 nm radius cylinder
with its axis centered at the center of mass of the drop and normal to
the surface were considered in density calculation. Note that the exact
density profile of the drop in the solid form may vary depending on its
orientation.
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their configurations between pentagons, heptagons, and other
instant irregular hydrogen-boned networks, thus retaining a
certain degree of mobility. In addition, we plotted in Figure 3a
also Dxy but calculated solely based on water molecules in the
central region (i.e., within a dotted circle in the top panel of
Figure 3b) and found that the reduction in Dxy for central
water (empty squares) at the freezing temperature is more than
2 orders of magnitude higher than that based on all water
(filled squares). This result is in support of the nature of a
strong first-order phase transition occurring in the central
region of the disc.
Figure 3c shows the transverse oxygen density profiles under

various T, which all display two evident peaks and manifest the
two-layer nature of the water/ice. Two striking features can be
seen in these profiles. On one hand, the intensities (or heights)
of two peaks (namely P1 and P2) of the bilayer in the liquid
state (T ≥ 260 K) suddenly increase after freezing into the
solid state (T ≤ 250 K), confirming the first-order phase
transition (inset of Figure 3c). This observation is again in line
with previously reported confined bilayer water/ice.15,16 On
the other hand, under a given T, the two water planes of the
present bilayer ice are not identical, because the two density
peaks P1 and P2 differ from each other in terms of intensity
and width. Note that previous confined bilayer ice consisted of
two almost identical water planes.15,16 This is because only a
single solid surface is placed beneath the bottom water plane,
unlike previous confined systems between two surfaces, thus
breaking the symmetry of the present system along the
direction perpendicular to the surface.

In the case of a strongly hydrophilic but not completely
wetted surface (with a mild contact angle θ of 21.9°), the
determined diffusion coefficients drop again upon cooling, at T
between 252 and 251 K (Figure 4a). The resulting freezing/
melting point is 251.5 K, which is 6.0 K lower than that on the
completely wetted surface (257.5 K). To our surprise, the
water drop seen at high temperatures (top inset in Figure 4a)
does not freeze into an ice drop but instead further wets the
surface and rapidly (within 50 ns) transforms into an ice disc
(bottom inset in Figure 4a). The temporal evolution of this
unexpected transition process is sketched in Figure S3. The
structural difference between the two phases can also be
reflected in density profiles (Figure 4b). The flat subsection in
density curves distant from the solid surface exists at T ≥ 260
K, corresponding to the presence of a liquid water drop; the
flat subsection disappears at T ≤ 250 K, manifesting the
transition into a disc in a bilayer ice phase. Again, the abrupt
increase in the density peak intensity (inset in Figure 4b) and
reduction the diffusion coefficient (Figure 4a) on cooling
suggest the first-order nature of the phase transition. A slight
increase in θ to 29.2° retains the trend of phase transition but
at a temperature of 237.5 K, which is 14 K lower than that on
the surface with θ of 21.9°. Such a further-wetting process was
also seen in previous MD simulations of a water droplet on
hydrophilic surfaces, whereby a decrease in temperature
resulted in further spreading of a water drop into a coexisting
configuration of water drop and bilayer ice.24

Our discussion presented above has related the phase
behavior of interfacial nanoscale water to the wettability of a
surface. Indeed, it is known that, apart from the wettability,

Figure 3. Freezing of water adlayers on a completely wetted solid surface (θ = 0). (a) Lateral diffusion coefficient of water Dxy as a function of
gradually decreasing temperature T. Filled and empty squares correspond to Dxy for all molecules (termed “all water”) and those within a 3 nm
radius cylinder with its axis centered at the center of mass of the drop and normal to the surface (referred to as “central water”, in the region circled
in panel b), respectively. (b) Top (upper) and side (lower) views of a water disc at 300 K (top) and an ice disc at 250 K (bottom). The zoomed-in
area shown in the top right corner is marked by a rectangular box. Water molecules inside the bottom and top water planes are shown as green and
red particles, respectively. (c) Transverse density profiles of water oxygen atoms normal to the surface at different T. The inset shows the intensity
of density peaks, P1 and P2, as a function of T.
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other surface properties such as chemical composition and
microscopic structures may also impact the interfacial water
behavior. Therefore, we do not expect that the insight gained
based on the present model surface can be used to unify the
description of phase behavior on all kinds of solid substrates in
general. For instance, a recent atomistic simulation study
reported that an atomically flat graphite surface promoted
heterogeneous nucleation of ice, while a molecularly rough
surface with the same hydrophobicity did not.30 On the other
hand, the first contact layer of water/ice near different metal
surfaces resolved at cryogenic temperatures (below about 200
K) in ultrahigh vacuum conditions, which usually tend to be
hydrophilic, may contain various structures of water molecules
including pentagons, hexagons, heptagons as well as their
mixture, depending on the surface geometry.2 In particular,
instead of forming a complete hydrogen-bonded network,
water molecules in the first contact layer could even be
partially dissociated.31 Very recently, Zhu carefully examined
the formation of bilayer ice on various model fcc-crystal surface
with indices of (100), (110), and (111) near room
temperature and found that the liquid-to-bilayer ice transition
depends on both water−surface interaction (or surface
wettability) and surface structures.32 In the present work, a
model surface with the same geometry was employed in all
cases to ensure the exploration of the wettability effect on

water phase behaviors while neglecting other factors. Never-
theless, we saw evidence for the influence of surface geometry
on interfacial water/ice phases. For instance, the ice disc is
rotationally aligned with the surface lattice (bottom panel
of Figure 3b), in line with experimental observations of two-
layer ice on graphene.14 To test whether the hexagonal bilayer
ice was templated by the hexagonal arrangement of the model
surface, we performed a series of MD simulations with a
smooth (unstructured) and completely wetted surface and
obtained again a similar hexagonal bilayer phase (Figure S4),
albeit with a few pentagonal and heptagonal defects.
In summary, we have investigated the phase transition

behavior of nanoscale water droplets/adlayers on surfaces with
different wettabilities by using extensive MD simulations. The
resulting schematic phase diagram in the wettability−temper-
ature plane is sketched in Figure 5. Water drops on surfaces

with contact angles of 42.6° or above freeze into ice drops
containing ordinary hexagonal ice Ih at low temperatures. By
contrast, a water disc on a completely wetted surface
undergoes a water-to-ice freezing transition into a hexagonal
ice bilayer. On surfaces with a mild contact angle (e.g., 21.9°
and 29.2°), the stable liquid drop further wets the surface upon
cooling and freezes into an ice disc. The present findings
provide a comprehensive picture for phase behaviors of
nanoscale interfacial water and have implications in applica-
tions ranging from catalysis to lubrication.

■ MODELS AND METHODS
Model Construction. We studied the phase behavior of a water
nanodroplet (containing 5665 molecules, originally in a cubic
box) placed on a model graphene-like plate (namely, atoms
were arranged in a hexagonal lattice). Periodic boundary
conditions were applied in the x−y direction, such that the
plate was infinite. The plate size in the simulation cell was
24.10 × 24.28 nm2 or 12.30 × 12.35 nm3, chosen to allow for
the formation of isolated water/ice nanodrops or nanodiscs in
all cases. In the direct coexistence simulations of water
nanodroplets for determination of the freezing/melting point, a
Ih ice crystal tailored to spherical or cylindrical shape was used
(as the seed), replacing some central water molecules in
corresponding supercooled phases (e.g., Figure S2a). We

Figure 4. Freezing of a water drop into an ice disc on a hydrophilic
surface with a contact angle θ of 21.9°. (a) Lateral diffusion coefficient
of Dxy for all water (filled squares) and central water (empty squares)
as a function of gradually decreasing temperature T. Insets show
snapshots of a water nanodrop at 300 K and an ice nanodisc at 250 K.
(b) Transverse density profiles of water oxygen atoms normal to the
surface under different T. The inset shows density peak intensities as a
function of T.

Figure 5. Schematic phase diagram of nanoscale water on surfaces at
the wettability versus temperature (θ−T) plane. Each system contains
5665 water molecules. The vertical light green line indicates the phase
of a water nanodisc on a completely wetted surface (i.e., θ = 0). Note
that molecular configurations of different water and ice phases are not
to scale.
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preferred to use a spherical seed in all systems, with the largest
possible diameter allowing to be placed in each water droplet.
With this rule, the ice seeds used for water droplets on surfaces
with contact angles of 152.8°, 111.6°, and 75.0° contained
3489, 2020, and 1031 water molecules, respectively (Figure
S2b). These three systems with decreasing contact angles
yielded a decreasing trend in the freezing/melting temperature
(223.5, 220.5, and 210.5 K). However, on the surface with a
further reduced contact angle of 42.6°, a very small spherical
seed would be allowed if following this rule, and therefore, we
used a cylindrical seed instead which contained 3150 water
molecules. It is interesting to find that this system yields a
freezing/melting temperature (207.5 K) following the above
decreasing trend.
It has been noted that factors such as system and seed sizes,

stochastic nature, and initial configuration could slightly
influence the determined melting point.33 Likewise, we found
that the use of a smaller spherical seed for the droplet on a
surface with a contact angle of 111.6° yielded a lower freezing/
melting temperature (at 216.5 K, Figure S5b) than that of a
larger seed (at 220.5 K, Figure S5a), while the change in seed
shape from spherical to cubic but retaining the number of
waters did not affect the freezing behavior (at 220.5 K, Figure
S5c). We also performed a series of simulations for a much
larger water droplet containing 15 945 water molecules on a
surface with a contact angle of 111.6° (Figure S5d) and found
an increased coexistence temperature at 229.5 K (compared to
220.5 K for the system of ∼5665 water molecules). This result
indicates a size effect in affecting the freezing/melting
temperature of the nanoscale water in the present work.
Undoubtedly, the high-precision determination of the
boundary between adjacent phases on substrates with various
wettabilities is an important issue that deserves further study,
using other effective methods, such as the one described by
Lupi et al. based on the coarse grained model of water mW.30

Furthermore, in a series of independent simulations, an
unstructured and smooth wall was used to test the dependence
of the present results on the atomic structure of the surface.
Simulations. Water molecules were described by the TIP4P/

2005 water model.27 Our test simulations via coexistence of a
solid−liquid interface (with a simulation box containing liquid
water and solid ice in contact) yielded the melting point of
bulk Ih at 250.5 K (Figure S6), identical to the recommended
value of this model.28 Indeed, this melting point is ∼22.5 K
lower than the experimental value of 273 K. Therefore, the
phase transition temperature resolved in the present study
should have been shifted to some extent. Despite this
deficiency, the TIP4P/2005 water model was recognized as
one of the best-performing nanopolarizable water models in
describing the phase diagram of water, densities for different
solid phases, as well as other thermodynamic and transport
properties.34 The interaction between atoms in the plate and
water was modeled by the 12−6 Lennard-Jones (L-J) potential
with the parameter σO−Wall = 0.335 nm. The other L-J
parameter εO−Wall was adjusted over a range between 0.100 and
0.800 kJ/mol to model surfaces with various wettabilities. A
similar strategy has been extensively used in previous
studies.24,35 In realistic experiments, the surface wettability
could be varied by choosing different surface types (such as
metals, metal oxides, and mica) or tuning surface micro-
structures. In addition, the wettability of a surface can be
modulated over a wide range by coating self-assembled
monolayers with customized terminal functional groups

(such as −OH and −CONH2).
4,5,36 On these surfaces the

reorientation of interfacial water molecules due to water−
functional group interactions as well as the surface flatness may
impact the microscopic structures of interfacial water and
associated phase behaviors depicted here. In the present work,
we chose to tune wettability through a single parameter
(εO−Wall), without altering surface geometry or functionaliza-
tion, so as to focus on the effect of wettability on interfacial
water behavior. For the unstructured wall, we opted for the
10−4 L-J potential for the water−wall interaction, with the
same parameters as for the explicit wall but integrated over an
infinitely large two-dimensional surface.
All MD simulations were performed with Gromacs 2016.437

and visualized with VMD.38 A time step of 2 fs was used. The
particle-mesh Ewald (PME) method was used to treat long-
range electrostatics.39 After energy minimization, all systems
were first relaxed as the NVT ensemble (constant number of
particles N, volume V, and temperature T) in simulations at
300 K for 50 ns. Subsequently, each system was gradually
cooled with a temperature interval of 10 K, except at
temperatures around the freezing/melting point where the
interval was reduced to 1 or 2 K. The length of these
simulations ranged from 50 ns to 2.1 μs, depending on the
surface wettability and temperature. The Berendsen algo-
rithm40 to control the temperature was employed in most
equilibration simulations to enable a quick relaxation, and
additional test simulations with the Nose−́Hoover thermostat
yielded qualitatively similar phase behaviors.
Calculation of Dif fusion Coef f icient. We traced each water

molecule in the system that moved from position r(t) to r(t +
Δt) within a given time interval Δt and computed its mean
square displacement (MSD). The diffusion coefficient D was
determined using Einstein’s relation

Δ = ⟨| + Δ − | ⟩ = Δt t t t nD tr rMSD( ) ( ) ( ) 22
(1)

where ⟨···⟩ means the average over all waters and n is the
number of dimensions in which the diffusion is considered.
Computation of diffusion coefficient D in three dimensions
adopts n = 3 while computation of lateral diffusion coefficient
Dxy (in the x−y plane and parallel to the surface) adopts n = 2.
MSD(Δt) was averaged over all pairs of trajectory frames that
were separated by Δt.
Contact Angle Measurement. We performed a series of

independent MD simulations to determine water contact
angles on solid surfaces at different εO−Wall values. A slab
geometry of the system was adopted (Figure S1), with a width
of 3.197 nm (x direction) and a length (y direction) of 24.282
nm. Periodic boundary conditions were applied in all spatial
directions, such that the water droplet was infinite in the x
direction. The location of the surface is denoted as z = 0. A
cubic box of water was placed initially above each surface,
which subsequently beads up on hydrophobic surfaces and
gradually spreads on hydrophilic ones (see Figure 1).
The water density distribution in the y−z plane was

obtained by dividing the system into square bins with side
lengths of 0.05 nm and averaging the density in each bin over
considered frames of MD trajectories. A contour line with a
density half of that of bulk water was plotted in the water
isochore profiles, defining the boundary between liquid and
vapor, and a circular fit was used to fit these data points (red
line in Figure S1b). Note that density data below 8 Å from the
surface were excluded from the calculations to avoid the
influence of water−surface interaction on density fluctuation,
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as done in previous studies.41 The contact angle θ was
obtained as the angle between the surface and the tangent of
the fitted curve at the surface (z = 0 in Figure S1b).
The contact angle θ of a macroscopic droplet can be

described by Young’s equation

θ
γ γ

γ
=

−
cos sv sl

lv (2)

where γsl, γsv, and γlv are the solid−liquid, solid−vapor, and
liquid−vapor surface tensions, respectively. However, for small
droplets, especially down to the nanoscale, the dependence of
contact angle on the droplet size due to the influence of the
line tension was noticed in earlier reports.8,41 In this case, the
relationship between the macroscopic contact angle θ∞
(contact angle corresponding to an infinitely large water
droplet) and computed microscopic contact angle θ can be
described by the “modified” Young’s equation

θ θ τ
γ

= −∞ r
cos cos

lv B (3)

where τ denotes the line tension and rB is the radius of the
contact line of droplet (related to the drop size). In order to
elucidate the dependence of contact angle on drop size,
nanodroplets containing different numbers of water molecules
were considered, and the corresponding θ was calculated for
each case with the methodology described above. Subse-
quently, the variations of calculated cos θ as a function of 1/rB
were plotted in Figure S1c. A linear fit into each series of data
was adopted, and θ∞ was obtained by extending the fit to the
limit of infinitely large droplets (1/rB approaches 0). In the
present work, surfaces described using εO−Wall at 0.100, 0.300,
0.476, 0.600, 0.635, and 0.650 kJ/mol yielded macroscopic
contact angles θ∞ at 152.8°, 111.6°, 75.0°, 42.6°, 29.2°, and
21.9°, respectively. Note that water can completely wet the
surface with a larger εO−Wall (e.g., 0.800 kJ/mol), yielding a
contact angle of 0.
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