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Phase transitions of water molecules are commonly expected to occur only under extreme conditions, such as
nanoconfinement, high pressure, or low temperature. We herein report the disordered-ordered phase transition of
two-dimensional interfacial water molecules under ambient conditions using molecular-dynamics simulations.
This phase transition is greatly dependent on the charge dipole moment, production of both charge values, and
the dipole length of the solid surface. The phase transition can be identified by a sharp change in water-water
interaction energies and the order parameters of the two-dimensional interfacial water monolayer, under a tiny
dipole moment change near the critical dipole moment. The critical dipole moment of the solid material surface
can classify a series of materials that can induce distinct ordered phases of surface water, which may also result

in surface wetting, friction, and other properties.

DOI: 10.1103/PhysRevMaterials.3.065602

I. INTRODUCTION

Versatile phases of water molecules with novel molecular
structures that are different from the conventional bulk phases
have been observed [1-20]. These multiple water phases,
including a large number of ice phases and the metastable
phase behavior of supercooled water, are commonly brought
about by phase-transition behaviors under the extreme con-
finements of nanocapillaries [3-5], very high pressures [5-7],
or low temperatures [9—12,21-23]. This implies that the phase
transitions of water are not expected to occur under ambient
conditions. Phase transitions of water under ambient con-
ditions should be of significant importance and application
because liquid water is essential for a number of physical or
chemical processes [24-26], and even the biological functions
[27-30]. Some crystal solid surfaces, such as ionic crystals or
clays (such as NaCl [2] or talc [31,32]), can feature highly
polarizable atoms with charge or charge dipoles. When the po-
larizable water molecules adhere to the surfaces due to strong
charge-dipole or dipole-dipole interactions, they may arrange
themselves to form a hydrogen-bonded network that yields to
the surface atomic structures [33—-41] However, at ambient
conditions, thermal fluctuations often break the hydrogen-
bonded networks. This can make it difficult to observe the
phase transitions of liquid water under ambient conditions,
even though observations of ordered water on certain solid
surfaces, such as mica, have been reported [39-41].
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In this paper, we present the disordered-ordered phase
transitions of a two-dimensional interfacial water monolayer,
under ambient conditions, that are greatly dependent on a
reaction coordinate, namely, the charge dipole moment of the
solid surface. We have found the critical dipole moment of the
solid material surface that can classify a series of materials
with distinct ordered phases of surface water. The phase
transition can be identified by the sharp changes in the water-
water interaction energies of the two-dimensional interfacial
water monolayer and the order parameters of the water dipole
orientation, under a very tiny change (<1 D) near the critical
dipole moment. We have also plotted the phase diagram
of the wetting behavior on the charge dipoles. The physics
of the transition are attributed to the charge dipole length on
the surface that can accommodate the stable hydrogen-bonded
network of the water monolayer. The ordered phase transitions
of a two-dimensional interfacial water monolayer induces a
wetting phenomenon, termed “ordered water that does not
completely wet water” on a superhydrophilic surface, consis-
tent with our previous works [42-45].

II. SIMULATION METHODS

The molecular-dynamics (MD) simulation has been widely
used to study the phase behaviors of water systems [46—49].
We here performed the MD simulations employing the GRO-
MACS 4.5.4 package [50] in the canonical (NVT) ensemble,
where the number of particles (N), the simulations box vol-
ume (V), and the temperature (T) were kept constant. The
temperature was fixed at 7 = 300K by using a Berendsen
thermostat. In the simulations, the planar hexagonal structure

©2019 American Physical Society
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FIG. 1. (a) Geometry of the solid surface model. The red and blue spheres represent the atoms of the solid with positive and negative
charges, respectively, while the silver spheres represent neutral solid atoms. (b) Plot of absolute values of attractive interaction energy values £
of one water molecule in the first water monolayer and its neighboring water molecules in the same monolayer, versus the solid surface dipole
moment p for the system with a 4-nm-thick water film, together with the differentiated values dE /d i (right red axis).

of the solid surfaces was composed of 1664 solid atoms [see
Fig. 1(a)] parallel to the x-y plane, similar as our previous
work [43]. All the directions of the simulation systems were
set for periodicity. We chose the rigid extended simple point-
charge (SPC/E) water model [51] as the explicit solvent. The
nearest-neighbor bond length (denoted /) was set to increase
from 0.120 to 0.176 nm in intervals of 0.03 or 0.04 nm.
Specifically, for I = 0.136 to 0.143 nm, the interval was 0.01
nm. The surface dimensions ranged from 5.40 x 5.76 nm? to
7.93 x 8.45nm? and the box sizes in the z axis of all the
systems are set as 25.0 nm. For these types of surfaces, the
positive and negative charges of the same quantity g fell in
[0.5e, 1.0 e] with the interval of 0.1 e assigned to the atoms
that were located diagonally in neighboring hexagons [42-45]
[see Fig. 1(a)]. Overall, the model solid surface was neutral.
For these solid surfaces, we have performed two series of
systems (see Fig. S10 in Supplemental Material (SM) [52])
To analyze the water density distribution and water-water
interaction and the order parameter, we performed simulations
for systems with a 4-nm-thick water film with the number of
water molecules increasing from 3525 to 6521 for various
sizes of the systems. To compute the water contact angle,
the systems contained water molecules with the number of
water molecules ranging from 530 to 1043 for various sizes
of the systems. For all the systems, the simulation time was
100 ns, and the data in the last 20 ns were collected for
analysis. The time step was 1 fs. The Lennard-Jones (LJ)
parameters of the solid atoms were g5, = 0.439kJ/mol and
04 = 3.343 A [43]. The Lorentz-Berthelot combining rules
for water molecules and the substrate were used, with the form
Eij = (8,‘[ X Sjj)l/z and Ojj = (Ul',' + ij)/z, where Eii and Oiji
were the parameters of atom i for the LJ diameter and well
depth, respectively. The LJ parameters between O atoms in
water molecules and substrate atoms were os. o = 3.255A
and 5.0 = 0.535kJ/mol. The particle-mesh Ewald method
with a correction term of slab geometry [53] and a real-space
cutoff of 10 A were used to treat long-range electrostatic
interactions, and 10-A cutoff was applied to all van der Waals
interactions. In addition, the criterion for the hydrogen bond
between water molecules was that, simultaneously, the O-O

distance was less than 3.5 A and the angle H-O ...O was less
than 30°.

III. RESULTS AND DISCUSSION

The first water layer [9,42-45,54] is usually the key to
understanding various surface properties. For the first series
of systems studied, with a water thickness of 4 nm, we focus
on the absolute values of the attraction interaction energy
E (sum of the LJ interaction and electrostatic interaction)
of one water molecule in the first water monolayer with its
neighboring molecules in the same monolayer in terms of the
surface charge dipoles p (more details can be found in PS 5
and PS 6 in SM). The results are shown in Fig. 1(b). Here,
the water molecules adopted are in the first water layer, with a
thickness of 0.4 nm (see also the density profiles of water near
the solid surfaces in Fig. S1 in SM) [42,43], and the dipole
moment is calculated using u = gL (where L =2/ is the
dipole length, [ is the bond length, and ¢ is the charge setting
as 1.0 e). The interaction E versus dipole moment p exhibits
a two-step character (separated by three regions with different
colors) that can be fitted piecewise using the tanh function.
The differentiated values of the fitted energy with respect to
the dipole moment (i.e., dE /d (1) exhibit three flat regions. As
w increases from 11.5 to 13.5 D, the potential energy is first
constant and then suddenly increases by 12 kJ/mol by a small
dipole moment change (1.0 D). This large energy change is
almost twice that of the 5.6-kJ/mol energy drop observed
during the first-order phase transition confined between two
parallel walls [1], and is larger than the 7.0 kJ/mol at the
freezing transition of bulk water obtained using a 4-point
transferable intermolecular potential TIP4P water model [55].
The relatively sharp changes in energy suggest a strong phase
transition for the first two-dimensional water layer. As u
increases from 13.5 to 17.0 D, the potential energy suddenly
decreases by about 12 kJ/mol. Such relatively sharp changes
in energy again suggest a strong phase transition for the first
two-dimensional water layer. These results show a clear two-
step phase transition as the charge dipole moment increases,
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which was not well understood in our previous studies
[42—45]. We emphasize that the phase transition is found to be
dependent on the charge dipole moment of the solid surface,
and is observed under ambient conditions, with no need for
extreme nanoconfinement, high pressure, or low temperature.
More importantly, similar phase-transition dependence on the
lattice constant of the nonpolar face-centered-crystal (fcc)
solid surface is observed under ambient conditions (see PS
2 of SM), indicating the generality of this observation. The
atomic distance of the fcc(100) surface inducing the ordered
water structures falls in the region 0.26 to 0.30 nm, which is
exactly as the dipole length region (0.26 to 0.30 nm) of our
hexagonal lattice structures.

To further characterize the phase transitions of the water
structures, we calculate the probability distribution of the
water dipole orientation angle ¢, which is the angle between
the projection of a water molecule dipole orientation onto the
xy plane and a crystallographic direction (see three typical ex-
amples in Fig. S4 in SM) [42,43]. Accordingly, we calculated
the fluctuations of the probability (denoted as S) of the water
monolayer dipole orientation angle ¢to measure the degree of
ordered water:

1Y R
S = Ng(p,-—m), (1

where N = 72 is the total number of intervals, p; represents
the probability of the water dipole orientation angle ¢ falling
in the ith interval, and (p) are the average values of the
probability. Then, we can define the order parameter 7 as

1 =5/Smax @

where Shx is determined by the probability distribution of the
water monolayer outside the droplet for 13.4 D (I = 0.14 nm),
which can be regarded as the most ordered water structure.
The results of the order parameters versus the charge dipole
moment are shown in Fig. 2. We can clearly see that the order
parameters are very small (0.1) when the dipole moment is as
small as 11.5 D. As the dipole moment increases, the order
parameter 7 first increases and then decreases, and the maxi-
mum value (0.52) is locating at 13.3 D. The sharp change in
the order parameter suggests that this is a disordered-ordered
phase transition of a two-dimensional water monolayer that is
dependent on the solid surface dipole moment (see three typi-
cal snapshots of water molecular structures in Fig. 2). We have
also found that the ordered water is induced within a critical
dipole moment range from 12.5 to 14.4 D, corresponding to
the change in the charge dipole length from 0.26 to 0.30 nm at
a fixed charge value 1.0 e. As discussed in PS 4 in SM, the
temperature can also induce the similar disordered-ordered
phase transition of a two-dimensional water monolayer.

The microscopic mechanism of the phase transition from
disordered to ordered water monolayer is attributed to the
hydrogen-bonds network of the first water monolayer. We
have computed the average number of hydrogen bonds formed
by a water molecule in the monolayer with its neighboring
water molecules in the same layer. As shown in Fig. 3,
the hydrogen bond number first increases, and then remains
constant, while it then decreases again, as the surface charge
dipole moment increases. The more hydrogen bonds formed
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FIG. 2. Order parameter 1 derived from the probability distribu-
tion of the water dipole orientation angle in the first water monolayer
versus the charge dipole moment p for the system with a 4-nm-
thick water film. The three typical snapshots show the disordered
or ordered water structures of the first monolayer. The red lines
represent the hydrogen bonds between the water molecules. Inset
snapshots of the water monolayer on the charged solid surfaces are
shown with the positions of the positive (light red) and negative
charges (light blue).

within the water monolayer, the larger the absolute values
of the water-water interactions. This relationship is consis-
tent with the order parameters of the first water monolayer
(see Fig. 2) and is dependent on the surface charge dipole
moments. Due to the more hydrogen bonds formation when
ordered water formed, the exchange behavior of the ordered
first water to the other layers becomes much more rare than
the disordered first water. As shown in Fig. S8 in SM, the
exchange rate is 0.058 ps~! for an ordered water monolayer
formed on the solid surface with 4 = 13.6 D (I = 0.142 nm),
which is much smaller comparing with 14.505ps~! for dis-
ordered water monolayer with uw = 11.5D (I = 0.120nnm)
and 3.722ps~! for disordered water monolayer with p =
16.3D (I = 0.170nm). Correspondingly, the dwell time of
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FIG. 3. Number of hydrogen bonds that one water molecule in
the water monolayer can form between the water monolayer for
various charge dipole moments.
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FIG. 4. (a)—(c) Mean-square displacement of the water molecules in various layers that are in parallel of the surface for u = 11.5, 13.6,
and 16.3 D, respectively. (d) In-plane self-diffusion coefficient (D,,) of water molecules in various layers.

the ordered first water layer is over one order of magnitude
larger than the other two disordered first water layers (see
Fig. S9 in SM).

The dynamics properties of the interfacial water, e.g.,
mean-square displacement (MSD), of water molecules in xy
plane for various water layers are calculated. Here, we choose
the water layer according to the distance of water molecules to
the solid surfaces: 0A < Zlayer] < 4 A as the first layer, 4A <
Zlayer2 < 7.5 A as the second layer, 75A < Zlayer3 < 11A as
the third layer, and 11 A< Zayers < 15 A as the fourth layer.
Three typical systems with various dipole moments dipole
moment u = 11.5, 13.6, and 16.3 D that correspond to the
dipole length / = 0.120, 0.142, and 0.170 nm, respectively,
are chosen and the results are shown in Figs. 4(a)—4(c).
One can observe that there is a clear linear relationship
between the water mean-square displacement and the time 7.
As the water molecule approaches the solid surfaces, the MSD
of water molecules becomes smaller. Accordingly, we can
obtain the self-diffusion coefficient D,, of water molecule
by measuring MSD of water molecules for various water
layers for systems with different solid surfaces. As shown
in Fig. 4(d), the self-diffusion coefficient gradually increases
as the water molecule is far away from the solid surface.
We have found the interesting phenomenon for the diffu-
sion constant Dy, of the first and second water layers on
the various solid surfaces. As for the first water layer, the
D, values for various surfaces with different charge dipoles
are 0.595 x 1073 cm?/s, 0.207 x 1073 cm?/s, and 0.436 x
1073 cmz/s for u =11.5, 13.6, and 16.3 D, respectively.

Clearly, the diffusion constant of the ordered water phase
is less than one half of the other two disordered water
phases. These two self-diffusion values are much smaller
than the bulk water self-diffusion value of 2.95 x 107> cm?/s.
However, to our surprise, the self-diffusion constant for the
second water layer (4/0% < Zayer2 £ 7.5 10\) near ordered wa-
ter is 2.157 x 107> cm?/s, which is obviously larger than
2.009 x 1073 cm?/s and 1.809 x 107> cm?/s of the other two
solid surfaces, quite consistent with our previous work [56].
This can be attributed to the distinct phases of the first water
layer that can induce the redistribution of the number of
hydrogen bonds formed per water molecule in the first layer.
We find that the hydrogen bonds number per water molecule
formed between the neighbor water molecules is 2.24 for the
surface charge dipole 13.6 D with [ = 0.142nm, which is
more than 1.99 for the previous surface with 16.3 D with
! =0.170nm and 1.87 for the surface with 11.5 D with [ =
0.120nm (see Fig. 3). This thus induces the fewer number of
hydrogen bonds formed between the ordered water and water
molecule and the decrease of the attraction energy between
each water molecule in the water monolayer and the water
molecules above. This makes water molecules diffuse more
easily near the ordered water monolayer, consistent with our
previous work [56].

Why does such a disordered-ordered transition occur? The
physics of the transition depends on whether the charge dipole
moment can accommodate the hydrogen-bonded network of
the water monolayer. First, to understand this critical dipole
length, we have chosen typical configurations for the water
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FIG. 5. Interaction energy Egimer between the water dimers ver-
sus oxygen-oxygen distance, R. The light blue area corresponds to
the critical dipole moment between 12.5 and 14.4 D, with the dipole
length between 0.26 and 0.30 nm.

dimer (see upper inset in Fig. 5) in the first water monolayer,
and adjusted the oxygen-oxygen distance R between the water
dimer. Here, we assume that this dimer configuration does
not change, and that one of its water molecules is bound by
the surface positive charge, while the other is bound by the
negative charge, during the variation of R. We then calcu-
late the interactions, Egimer, between the water dimers with
respect to R, which could reflect the intensity of the hydrogen
bonds between the water molecules. As shown in Fig 5, the
Egimer values are dependent on R. In the critical distance,
between R = 0.26 nm and R = 0.30 nm (light blue area), the
intensity of the hydrogen bonds formed between the dimer
water molecules approaches a valley value (-26.5 kJ/mol),
which just falls within the region of the critical dipole length
corresponding to the ordered water (see Fig. 5). This critical
distance facilitates the water molecules in the first layer to
form hydrogen bonds with the same monolayer (see also
Fig. 3), which stabilizes the ordered hydrogen-bond network
between the water molecules in the monolayer. Moreover,
the charge dipole length of the solid surfaces is extremely
important for accommodating the hydrogen-bonded network
of the water monolayer. We have found that the ordered water
monolayer can be found only in the critical region of the
charge dipole length (see Fig. 2).

In addition, the hexagonal solid surfaces are the structural
basis of the hexagonal water hydrogen-bonded network. As
we know, the H-O-H bond angle of the water molecule
is 109.5°, which is close to the 120° theoretical value for
three bonded atoms. This water molecular structure favors
the matching between water molecules and solid surfaces.
Each water molecule can form three hydrogen bonds with
three neighboring water molecules (see the middle snapshot
in Fig. 2). Simultaneously, the water molecules have the
oxygen atoms pointing to the surface of positive charges
and the hydrogen atoms pointing to the negative charge on
the surfaces (see also snapshot in Fig. S3 of SM). This can
occupy one potential hydrogen-bonding donor or acceptor
position [42,43]. This requires relatively large charge val-
ues (g > 0.5¢) of the solid surface atoms that arise from
the stable electrostatic adsorption of the water molecules.

56 T T T r — 0.6
o @)
544 10.5 %
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- 19> 2
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= 50 10.2 E
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48- oo 1B0npod O \:
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Dipole moment x (D)

FIG. 6. Absolute values of attractive interaction energy values
E of one water molecule in the first water monolayer with its
neighboring water molecules in the same monolayer (left black axis)
and the order parameter 7 (right red axis), versus the solid surface
dipole moment p for the systems with 4-nm-thick water film when
g=05e.

Consequently, this ordered water structure favors four satu-
rated hydrogen bonds for each water molecule for the for-
mation of a hydrogen-bonded network between the water
molecules at the solid surfaces.

The observed complex phase-transition behaviors require
necessarily relatively large charge values. As shown in Fig. 6,
for g = 0.5¢ the absolute values of water-water attractive
interaction values E decrease linearly with the increase in
dipole moment and the order parameters n are always very
small at around 0.05 without any sharp changes. It should
be noted that the water-water attractive interaction values E
for g =0.5¢ are at least 5 kJ/mol weaker than the peak
values of that for ¢ = 1.0e, and the order parameter 7 is
about one order of magnitude smaller than the peak values
of that for ¢ = 1.0 e. Clearly, these results show that there is
no disordered-ordered phase transition in the water molecules
of the monolayer for the charge g = 0.5 e. As for the wetting
behavior, the solid surfaces are completely wetted with the
water film spreading all over the surfaces for all dipole lengths
at a fixed ¢ = 0.5 e, as shown in Fig. 7. This can be attributed
to the weak charges that are not strong enough to enforce the

contact angle

90.00
. 78.75
_ 67.50
£0.32 56.25
) 45.00
€030 33.75
£ 22.50
< 0.28 . 11.25
E 0
Z0.26

0.24

S
n

06 07 08 09 1.0
q(e)

FIG. 7. Contours of the contact angles of the water droplets
on the solid surfaces with the different charge values g and bond
length /.
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formation of ordered water structures, even though the dipole
length is appropriate.

To present the phase diagram of the wetting phenomenon
on the charge dipole moment p, we have plotted in Fig. 7 the
contact angles that are dependent on the charge and dipole
length. As the charge g changes from 0.6 to 1.0 e, the wetting
behaviors become quite complex. Briefly, there is a dipole
length region with the molecular-scale hydrophilicity phe-
nomenon that an “ordered water monolayer that does not com-
pletely wet water” [42-44,54]. For the charge g = 0.6 ¢, the
dipole length lies in the range 0.266—0.30 nm in the case of the
emergence of the water droplet. This region becomes broader
with the range 0.260-0.312 nm for ¢ = 0.8 e. Similar to the
ordered-disordered phase transitions observed in Fig. 1(b),
clear wetting transitions occur as the dipole moment increases.
For the region 12.5D < p < 14.6 D as g = 1.0 e, the partially
wetted is observed at room temperature, corresponding to
the larger water-water attractive interaction E. Note that the
contact angle can be as high as 80° for © = 13.0D. As
the charge dipole moment further increases, i.e., © > 14.6 D,
the water-water interaction E decreases and the surface is
completely wetted again, consistent with our previous work
[42-45].

IV. CONCLUSIONS

In contrast to the extreme conditions that induce the phase
transition of water molecules, a disordered-ordered phase
transition is observed to occur under ambient conditions.
This phase transition is dependent on a reaction coordinate,
the charge dipole moment of the solid surface. The critical

dipole moment of the solid material surface can classify
series of materials with distinct ordered phases of surface
water. The complex phase behaviors of water molecules will
greatly affect other surface properties such as surface wetting
[42-44,54], surface friction [44], surface thermal conduc-
tion [57], molecular adsorption [58,59], and even biological
functions [2]. For example, the formation of ordered water
can induce a particular surface-wetting phenomenon, termed
ordered water monolayer that does not completely wet water,
under ambient conditions [31,60-63]. These results in turn
show that such disordered-ordered phase transitions in two-
dimensional interfacial water molecules even under ambient
conditions can be experimentally observed on such solid
surfaces by adjusting the lattice constants of the real materials
surfaces to match the hydrogen bonds of water molecules.
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