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ABSTRACT: All-atom equilibrium molecular dynamics sim-
ulations were employed to investigate the structural and
dynamical properties of interfacial water on the magnesium
oxide surface. The solid support was modeled utilizing two
different formalisms, both based on the CLAYFF force field. In
one case, the atoms in the MgO substrate are allowed to
vibrate, whereas in the other they are maintained rigid. The
properties of water within the thin film are assessed in terms of
density profiles in the direction perpendicular to the substrate
as well as along planes parallel to the substrate, in-plane radial
distribution functions, density of hydrogen bonds, residence

times in contact with the substrate, and orientation distribution of interfacial water molecules. The contact angle for a small
droplet on various substrates (MgO, SiO,, AL,O;) was also calculated and compared with experimental observations. On MgO,
the substrate in which the atoms are maintained fixed is the one that most closely reproduces experimental contact angles. This
contrasts with results on other substrates, for example, silicon dioxide, on which the vibrations of the solid atoms were found to
be useful for better predicting experimental observations. These differences suggest that proper force-field validation is necessary
before investigating the structure of interfacial water on solid substrates. In the case of MgO, our analysis suggests that the
vibrations of the solid atoms yield atomic-scale roughness. This, in turn, causes water molecules to spread on the substrate. A
brief comparison of water properties on MgO, alumina, and silica is provided.

B INTRODUCTION

The properties of water at solid—liquid interfaces play an
important role in ion adsorption/desorption processes on solid
substrates, diffusion of ions in nanopores, biological mem-
branes, and ion channels.'™ It is known that structural and
dynamical properties of interfacial water are strongly affected by
the solid substrate characteristics, in general, yielding different
behavior compared to that observed in the bulk.® One interface
that receives significant attention is that between liquid water
and metal oxides, which is crucial for a variety of industrial and
environmental processes. Many oxide surfaces are used either
as catalysts or as support for heterogeneous metal catalysts.”®
Interfacial water may in some cases improve the catalytic
properties for those materials. In addition, water—mineral oxide
chemistry is thought to determine hydrodynamic properties
and reactivity in the earth subsurface.” "

Magnesium oxide (MgO) is used as support for metal
catalysts and high-temperature superconductors. It also
provides a catalyst in its own right, occurs as the mineral
periclase in a number of geological systems, and is a
fundamental component of many minerals found in the
subsurface. Because the MgO surface is well-characterized by
both computational>™"* and experimental efforts,'® it is a
widely used model system for investigating interfacial processes.
Several experimental'’™>* and theoretical”®>>® studies have
investigated the properties of the water/MgO interface.
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Scamehorn et al.”’” studied water adsorption on a three-layer
(001) MgO film using density functional theory (DFT) at the
Hartree—Fock level. Minot et al.>® employed DFT to study ice
filling the interspace between MgO (100) layers. It was found
that water molecules close to the interface can dissociate under
high pressure.

McCarthy et al.*® studied structure and dynamics of an
isolated water molecule as well as those of water multilayers on
a perfect MgO (001) surface, identifying the most favorable
adsorbate/surface geometry. Ab initio potential energy results
were then used to parametrize atomistic simulations,
implemented to determine the density profiles and the
probability distributions of angular orientation for interfacial
water molecules in a thin supported film.

To complement these early results, we employ here extensive
all-atom equilibrium molecular dynamics (MD) simulations to
investigate the structure of water molecules within thin films
supported on MgO. In the case of SiO,, it was found that
accounting for atomic vibrations in the solid substrate is
essential for capturing correctly the dynamics of interfacial
water,”*~>* thereby supporting the contention that considering
a substrate as completely immobile might lead to distortions in
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Figure 1. Top view of the magnesium oxide substrate used for the simulations reported here (left panel), of the fully hydroxylated alumina (middle
panel), and of the low—OH-density hydroxylated silica (right panel) used in our prior works.>***** Green, yellow, tan, red, and white spheres
represent magnesium, aluminum, silicon, oxygen, and hydrogen atoms, respectively. The crystal structure of MgO is described as face-centered-cubic
with six coordinated oxygen and magnesium atoms. The crystal structure of hydrated a-AlL,O; (0001) consists of aluminum atoms surrounded by six
oxygen atoms, which yield a dense hexagonal packing. Hydrogen atoms are located at three specific positions bonding with oxygen atoms. For silica,
all silicon atoms that are part of an incomplete tetrahedral were removed, and one silicon atom is bonded to nonbridging oxygen atoms, which were

saturated with hydrogen atoms.>

the predicted structure and dynamics of interfacial water.*®
Here we compare the results obtained when MgO is treated as
rigid versus when its atoms are allowed to vibrate, finding better
reproduction of experimental contact angles when the MgO
atoms are maintained rigid. The resultant properties of
interfacial water are compared with those previously reported
for water on alumina and silica dioxide.*>**

B SIMULATION METHODOLOGY AND DETAILS

The MgO surface was represented as a solid film of thickness
10.51 A. A theoretical study indicates that this is the thinnest
film in which the charge density of the atoms in the center layer
is similar to those found in the bulk material."**” Previous
studies, both experimentall's’35_37 and theoretical,'* have
suggested that no significant surface reconstruction or
relaxation occurs upon cleavage of a MgO crystal along the
(001) plane. Therefore, the symmetry of the bulk is retained in
the solid substrate. The plane group used to describe the (001)
surface is derived from the space group Fm3m. The solid MgO
substrate is aligned parallel to the XY plane of the simulation
box, and a thin water film is prepared along the Z direction,
following the procedures of our prior investigations.’****%3
The simulations were carried out in orthorhombic simulation
boxes of constant volume. The X and Y dimensions of the
simulation boxes reflect the periodicity of the solid crystalline
substrate with values of 10.5 nm. The Z dimension was set to
16.27 nm.

The CLAYFF force field was implemented to simulate
MgO.* To prevent vibrations of the solid atoms (nonvibrating
MgO), we froze all atoms in the substrate. To allow vibrations
of the atoms in the substrate (vibrating MgO), we kept the Mg
and O atoms within the atomic layer furthest from the interface
frozen, whereas all other atoms were allowed to move as
prescribed by CLAYFF. In Figure 1, the top view of the MgO
surface (left panel), studied here, is compared with the fully
hydroxylated alumina (middle panel) and silica surfaces (right
panel) used in our previous simulations.>*** The crystal
structure of MgO (001) is cubic with octahedral Mg and O
ions. By comparison, the oxygen ions on the (0001)
crystallographic face of corundum a-Al,O; surface yield a
hexagonal close-packed structure with aluminum ijons filling
two-thirds of the octahedral interstices. The silica surface

shown in Figure 1 is obtained from the P-cristobalite SiO,
13039

The rigid SPC/E model was used to simulate water.** The
model is known to reproduce reasonably well the structure and
dynamics of the bulk liquid under ambient conditions.
Although CLAYFF was derived for solid substrates interacting
with the SPC model of water, using either the SPC/E or the
SPC models was found to yield no difference at the water—
silica interface.*® In the present work, the SPC/E water bonds
and angles were kept fixed by employing the SETTLE
algorithm.*' We simulated ~15 000 water molecules to create
a thin water film of 45 A thickness on MgO. As the Z
dimension of the simulation box was 16.27 nm, and as the solid
substrate thickness was 10.51 A, an empty gap remains between
the thin film and the periodic image of the solid substrate, as in
our prior studies.>***

Nonbonded interactions were modeled by means of
dispersive and electrostatic forces. The electrostatic interactions
were modeled by the Coulombic potential. Dispersive
interactions were modeled with a 12—6 Lennard-Jones (L])
potential. The LJ parameters for unlike interactions were
determined by Lorentz—Berthelot mixing rules* from the
values of like components. The cutoff distance for all
interactions was set to 9 A Long range corrections to
electrostatic interactions were treated using the particle mesh
Ewald (PME) method.*

All simulations were performed in the canonical ensemble
(NVT), where the number of particles (N), the simulation
volume (V), and the temperature (T) were held constant. T
was fixed at 300 K and controlled by a Nosé—Hoover
thermostat** with a relaxation time of 100 fs. Periodic
boundary conditions were applied in the three directions. The
equations of motion were solved using the simulation package
GROMACS***” by implementing the leapfrog algorithm®® with
time step of 1.0 fs. Total simulation time is 3 ns. Data analysis
was conducted over the last 2 ns of the simulations, after 1 ns of
equilibration was completed.

Additional simulations were carried out for computing
contact angles, in which case 1000 water molecules were
supported on the solid substrates for 5 ns.

B RESULTS AND DISCUSSION

1. Contact Angle. It remains difficult to characterize the
properties of a solid—water interface, in particular, when
appropriate comparisons to experimental observations are
attempted. Garde and coworkers found that water density
fluctuations near a substrate are related to a number of

dx.doi.org/10.1021/jp300679v | J. Phys. Chem. C 2012, 116, 15962—15973
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Figure 2. Representative simulation snapshots of a droplet of 1000 water molecules equilibrated on a nonvibrating (top panel) and a vibrating MgO
surface (bottom panel). Red, white, and green spheres represent oxygen, hydrogen, and magnesium atoms, respectively.

macroscopic phenomena, including the adsorption free energy
of several compounds on hydrophilic versus hydrophobic
surfaces.’® In general, however, the contact angle is one of the
quantities that yields a straightforward comparison between
experimental and simulation studies, despite a few known
limitations (e.g, the simulated contact angle depends on the
droplet size,® experimental data suggest that the dynamic
contact angle is a more reliable quantification of surface
hydrophobicity in some applications than the static contact
angle,”' the atomic-level morphology of a surface strongly
affects the contact angle in heterogeneous surfaces,>” and the
static contact angle alone is not sufficient to characterize a
surface toward macroscopic quantities such as hydrodynamic
boundary conditions®?).

We carried out simulations with 1000 water molecules placed
on the substrates to quantify the contact angle for water on the
model MgO surfaces considered. The snapshots obtained after
S ns of simulation are shown in Figure 2 for a nonvibrating
(top) and a vibrating MgO surface (bottom panel). In both
cases, the water—MgO interactions are described by the
CLAYFF force field.

When the atoms in the MgO surface are maintained rigid, the
nanodroplet yields a well-defined shape. The simulated contact
angle, obtained following the method proposed by Giovam-
battista et al,>* is ~47° at 300 K and ~56° at 293 K, which is in
reasonable agreement with the experimental value of 58.1°.>°
Surprisingly, when the MgO surface atoms vibrate, water
molecules spread, yielding a monolayer and suggesting that the
surface is much more “hydrophilic” than reported by
experiments. Because of the better agreement with experiments,
the results in Figure 2 suggest that the CLAYFF force field
could be used to simulate the water—MgO interface provided
the solid atoms are not allowed to vibrate.

It remains to be understood why the vibration of the MgO
atoms has such an important effect on the simulated water
contact angle. It should be noted that the simulation started
with a thin film of 1000 water molecules on the nonvibrating
MgO surface yields a water droplet (i.e, the water molecules
dewet the surface). It should also be pointed out that when
simulations are conducted in the NVE ensemble (the energy is
maintained constant while the temperature fluctuates) the
contact angle observed on the rigid MgO substrate is
comparable to the one obtained conducting the simulations
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in the NVT ensemble, provided that results are obtained when
the system is at the same temperature.

In the force field implemented here, the atoms in the solid
substrate are not bound to each other, and their vibrations are
due to thermal fluctuations coupled to interactions with other
atoms in the solid and in the interfacial liquid water. Although
these modes of vibration are expected to be realistic, it is
possible that describing the solid atoms as charged Lennard-
Jones spheres does not fully capture the properties of the solid.
However, it should be pointed out that the CLAYFF force field
has been successful in reproducing experimental observations
for a number of mineral substrate—water interfaces. An
alternative explanation for the different contact angle might
be related to effective temperature effects. (Preventing the solid
atoms vibrations might effectively lower the temperature of the
interfacial system.) However, in the NVT ensemble, all water
molecules are maintained at the desired temperature.

To better understand the molecular reasons responsible for
the different simulated contact angles when the MgO support is
allowed to vibrate or not, we conducted additional simulations
in the NVT ensemble. For these simulations, we used as the
initial configuration for the solid substrate the final config-
uration obtained from simulating water on the vibrating MgO
substrate (Figure 2, bottom). The simulations were then
conducted maintaining the MgO atoms frozen. This substrate is
characterized by atomic-scale roughness as the atoms move by
less than ~0.2 nm from their crystal positions. The 1000 water
molecules simulated on this substrate were found to spread on
it whether they were initially in a thin film or in a 3-D
rectangular arrangement. Therefore, we conclude that allowing
for the MgO atoms to vibrate induces atomic-scale roughness.
It is this roughness that causes the water molecules to spread
on the substrate yielding a contact angle larger than that
observed experimentally.

Although the contact angle differed on nonvibrating versus
vibrating surfaces, other interfacial water properties, such as
density profiles away from the solid, radial distribution
functions (RDFs), planar density distributions, hydrogen
bond (HB) network, and residence times are similar within
thin water films supported on the two surfaces, as discussed
below. The orientation of water molecules within the first
hydration layer, however, is found to depend on whether the
solid substrate vibrates.

dx.doi.org/10.1021/jp300679v | J. Phys. Chem. C 2012, 116, 15962—15973
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Figure 3. Oxygen (left panel) and hydrogen (right panel) atomic density profiles of water as a function of the vertical distance z from a vibrating
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Figure 4. Oxygen atomic density profile as a function of distance z from the rigid MgO surface obtained in our simulation (left panel) and that
reported by McCarthy et al? (right panel). In the right panel, the number of water molecules simulated is either 64 (solid line) or 128 (dotted line).
In the y axis, n (z) is the number of water molecules per MgO unit cell. The right panel is reproduced from ref 29.

2. Atomic Density Profiles. In Figure 3, atomic density
profiles of water oxygen (left panel) and hydrogen atoms (right
panel) are reported as a function of the distance from a
nonvibrating (red lines) and a vibrating MgO surface (blue
lines). For the rigid MgO surface, the reference (z = 0)
corresponds to the top plane of magnesium and oxygen atoms
in the solid substrate. For the vibrating surface, because surface
atoms oscillate around their equilibrium positions, the averaged
location of top layer atoms is considered as the reference.

The oxygen atomic density profiles (left panel) indicate the
formation of a well-defined hydration layer at z = 2.55 A on the
nonvibrating as well as on the vibrating surface. The
comparable intensity of these peaks and the similar profiles
suggest that surface atom vibrations do not affect the water

structure.
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The results obtained for the hydrogen atomic density profiles
presented in the right panel support the observation
summarized in the previous paragraph. By comparing the
density profiles of oxygen and hydrogen atoms, the orientation
of water molecules can be also studied, as discussed in detail
elsewhere.’”****3 Our results suggest that ~60% of the water
molecules found in the first hydration layer near MgO project
one of their hydrogen atoms toward the solid substrate,
whereas the remaining waters tend to maintain both OH bonds
pointing away from the surface.

In Figure 4, the density profile for oxygen atoms of water
obtained from our simulations on the nonvibrating MgO
surface is compared to that reported by McCarthy et al,”” who
also considered a nonvibrating MgO surface. McCarthy et al.””
used the correlation-corrected periodic Hartree—Fock (PHF)
theory to compute ab initio electronic structure energy data.

dx.doi.org/10.1021/jp300679v | J. Phys. Chem. C 2012, 116, 15962—15973
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Table 1. Force-Field Parameters Implemented by McCarthy et al. and Those Implemented Herein

force fields implemented by McCarthy et al.*’ this work
A (kcal/mol) B (A™) C (kcal/mol) A® q D, (kcal/mol) R, (A) q (e)
Ouater 331568 435 154 —0.82 0.1554 3.5532 -0.82
Hyer 700 337 18 041 0 0 041
Mgous 22645 424 1224 1.966 9.0298 X 1077 5.9090 1.05
Ot 95810 436 252 ~1.966 0.1554 3.5532 —1.08
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Figure 5. In-plane oxygen—oxygen radial distribution functions goo(r) (a), hydrogen—hydrogen radial distribution functions gyu(r) (b), and
oxygen—hydrogen radial distribution functions goy(r) (c) within the first and second layers at the nonvibrating MgO surface. For comparison, data
obtained for “bulk” water are also shown. For “bulk” water simulation results obtained in the center of the thin films simulated herein were used.

They then used the results to fit the parameters A, B, and C of a
pairwise additive potential energy expression

= Z L+ A, exp(=Byr;) —
i<j 11 (1)

The particle charges on the MgO ions were obtained by
implementing a Mulliken population analysis of the PHF
charge density results. The partial charges g obtained were
+1.966 lel and —1.966 lel on magnesium and oxygen atoms,
respectively. In eq 1, r is the distance and subscripts i and j
denote different atoms.

In CLAYFF, the Lennard-Jones (12—6) potential is chosen
to describe van der Waals interactions, which are augmented by
electrostatic forces as described by the following expression

12 6
5> SN [N
i<j B T @)

In CLAYFF, the particle charges g are +1.05 lel and —1.05 el
on magnesium and oxygen, respectively. R, and D, are
interaction parameters. The force-field parameters imple-
mented by McCarthy et al. and those used in the present
work are summarized in Table 1.

McCarthy et al.* simulated either 64 or 128 water molecules
and reported the density profiles in terms of the number of
water molecules per MgO unit cell (n). They found a well-
pronounced first hydration layer at z ~ 2.25 A from the
substrate, which is in good agreement with our results. The
intensity they reported for this first hydration layer, ~2.8 water
molecules per MgO unit cell, corresponds to an atomic density
of ~0.1524 (1/A%), which is slightly larger than that obtained
from our simulations. This slight difference could be due to the
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larger number of water molecules considered in our simulations
and to differences in the force fields implemented, but, in
general, our results show good agreement with those reported
by McCarthy et al.

More significant differences include a pronounced gap
evidenced by the density profile proposed by McCarthy et al.
in between the first and the second hydration layers, which is
not present in our results, and a much more pronounced ratio
between the density of the first hydration layer and the density
far from the surface (at ~1 nm) observed by McCarthy et al.
than in our results. These details suggest that the force fields
implemented by McCarthy et al. yield a slightly more
structured hydration layer, which could affect the prediction
of macroscopic phenomena such as hydrodynamic slip and
macromolecular adsorption. Experimental scattering results are
necessary for discriminating which of the results shown in
Figure 4 is the most realistic.

3. In Plane Radial Distribution Functions. In-plane
RDFs for oxygen—oxygen, hydrogen—hydrogen, and oxygen—
hydrogen pairs are calculated to quantify the different structural
properties within the first hydration layer compared with those
observed for water molecules in the second hydration layer or
in the bulk. For these calculations, water molecules within a
thin water slab parallel to the surface are considered. The
thickness (6z) of the slab is 1 A in all cases, and the center of a
slab corresponds to one of the peaks in the density profiles
shown in Figure 3. The bulk is identified as the center of the
thin interfacial water film (z > 14 A).

In Figure S, results of oxygen—oxygen (left), hydrogen—
hydrogen (middle), and oxygen—hydrogen (right) RDFs are
shown for water in the first layer, second layer, and in the bulk
(data obtained on the nonvibrating MgO). The results for
goo(r) and gop(r) obtained for different hydration layers do
not show significant differences, although the data obtained in

dx.doi.org/10.1021/jp300679v | J. Phys. Chem. C 2012, 116, 15962—15973
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Figure 6. In plane oxygen—oxygen goo(r) (a), hydrogen—hydrogen gi(r) (b), and oxygen—hydrogen radial distribution functions goy(r) (c) for
water molecules within the first hydration layer on the vibrating and nonvibrating MgO surfaces.

the first hydration layer suggest a slightly more pronounced 0.12
structuring of water within the first layer (see left panel). More
pronounced differences are observed for gyy. In particular,
several pronounced peaks are observed in the gyy(r) data
obtained within the first hydration layer, suggesting significant
water orientational ordering. The results obtained for the 0.08
second hydration layer are very similar to those obtained for
bulk water, indicating that MgO surface perturbs the water
structure only at short distances, in qualitative agreement with
the density profiles in Figure 3. Data for goy do not seem to
depend much on the layer position, although the water 0.08
molecules in the first hydration layer show a slightly more
ordered structure than those further away from the substrate.
To determine how surface atom vibrations affect the
configuration of the first hydration layer, we computed the
in-plane goo(r), guu(r), and gou(r) (RDFs) obtained within J
the first hydration layer for vibrating and nonvibrating MgO

wevibrating MgO
0.1

non-vibrating MgO

0.0e

P (1/A%)

0.02

0 2 4 6 8 10 12 14
surfaces. The results are compared in Figure 6. The position 2(A)
and intensity of peaks in all RDFs are the same for both :
surfaces, suggesting that the vibrations of surface atoms Figure 7. Density profiles of water—water hydrogen bonds as a
produce minimal differences in the structure of water within function of distance from the vibrating (blue solid line) and the
the first hydration layer compared with a rigid surface. nonvibrating (red solid line) MgO surfaces.

4. Hydrogen Bond Network. In Figure 7, we report the
density profiles of water—water HBs as a function of the
distance z from nonvibrating (red line) and vibrating (blue
line) MgO surfaces. We employed the geometric criterion

results reported for example for water on silica.®® At larger
distances from the surface, bulk-like properties are quickly
restored, again suggesting that MgO has a short-ranged effect

proposed by Marti*® to identify a pair of hydrogen-bonded on interfacial water.

water molecules. The position of one HB is then defined as the 5. In-Plane Density Distributions. To document the
midpoint between acceptor oxygen and donor hydrogen atoms. molecular structure of hydration water, we calculated the in-
No significant differences are found among the results obtained plane density distributions of oxygen and hydrogen atoms. In
when vibrating and nonvibrating MgO surfaces are compared. Figure 8, left panel, we present the in-plane density distribution
In both cases, our results indicate a high density of water—water of water oxygen atoms belonging to first oxygen peak. (See
HBs at z = 2.65 A, corresponding to the position of the first Figure 3 for peak position.) The high-density areas (green-
hydration layer (Figure 3). This suggests that water molecules orange spots) of the contour plot indicate the positions where
in the first hydration layer have a strong tendency of forming the water oxygen atoms preferentially reside. These positions
HBs among themselves. A second peak is also observed for are on top of the magnesium atoms on the solid substrate. (See
water—water HBs at ~0.6 nm from the substrate. This position left panel in Figure 1.) The in-plane density distribution of the
corresponds to one pronounced density peak in the hydrogen hydrogen atoms of water closest to the surface is shown in
density profile and also to a peak in the oxygen density profile Figure 8, center panel. The positions of the high-density spots
(admittedly, the O peak is wide, see Figure 3). The correspond to the position of oxygen atoms in the solid
correspondence of high density of water—water HBs and the substrate, possibly a result of an attempt to form HBs. This
density peaks in the direction perpendicular to the substrate water—solid interaction determines a preferential orientation of
suggests that many HBs are formed between water molecules water molecules within the first hydration layer, reflected in the
belonging to the same hydration layer. This contrasts with density profiles of Figure 3. The in-plane density distribution of

15967 dx.doi.org/10.1021/jp300679v | J. Phys. Chem. C 2012, 116, 15962—15973
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hydrogen atoms in the second layer away from the substrate is
shown in Figure 8, right panel. The contour plot shows a
pattern of green-orange circular-like areas distributed around
blue spots regularly distributed on the surface. The positions of
the blue areas (low hydrogen density) correspond to the
position of the high-density locations observed for hydrogen
atoms in the first layer (center panel). The distribution of water
molecules in the first hydration layer (left panel), coupled to
the water orientation dictated by the interaction with the
surface (center panel), is responsible for the patterned
distribution of hydrogen atoms shown in the right panel. The
results just discussed were obtained on the nonvibrating MgO
substrate. They are analogous to those obtained on the
vibrating substrate (results not shown for brevity).

6. Residence Times and Hydrogen Bond Network. In
Figure 9, we report the residence autocorrelation functions
Cg(t) for water molecules within the first hydration layer on the
vibrating (blue line) and nonvibrating (red line) MgO surfaces.
The residence autocorrelation function obtained for water
molecules within a thin layer in the bulk region far from the
surface (green line) is also shown for comparison. Following
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Figure 9. Residence autocorrelation functions Cr(t) for water
molecules within the first hydration layer on the vibrating (blue
line) and on the nonvibrating MgO surface (red line). For comparison,
the residence autocorrelation function for water molecules in a thin
bulk layer is also shown (green line).

our prior procedures, the hydration layer was assigned a 1 A
thickness. The residence autocorrelation function can be used
to quantify how long one water molecule remains in a specific
layer. (For a discussion, see ref 39.) The faster the
autocorrelation function decays, the shorter water molecules
stay in a specific hydration layer.

Comparing the residence autocorrelation functions Cy(t) for
water molecules within the first hydration layer with that of
bulk water suggests that the closer water molecules are to the
substrate, the longer they remain within a given layer. This
result is consistent with data observed for many other
substrates, especially when water molecules are attracted to
the solid surface. The nearly identical features of Cy(t) obtained
for water molecules within the first hydration layer on both
vibrating and nonvibrating surfaces suggest that the surface
atom vibrations do not significantly affect the dynamical
properties of interfacial water. This is surprising because in
prior studies® it was found that surface atom vibrations
significantly affect the dynamic properties of hydration water. In
the case of silica, the effect was a function of the duration of
surface water HBs. It is possible that on MgO the HBs between
surface oxygen and water hydrogen atoms are not strongly
affected by the vibrations of the solid atoms. It is also surprising
that the residence autocorrelation functions Cg(t) in Figure 9
decay faster for the nonvibrating compared to the vibrating
MgO surface, although these differences are minimal and
possibly due to statistical uncertainty. It is however possible
that because the atomic-scale roughness induced by the
vibration of the solid atoms promotes wetting, the individual
water molecules are more strongly attracted to the vibrating
surface, yielding slower decays in the residence autocorrelation
function.

7. Orientation Distribution of Interfacial Water. In
Figure 10, we present the probability distributions of the cosine
of the polar angle formed between the dipole moment of water
molecules and the surface normal vector for water on vibrating
(left panel) and nonvibrating MgO substrates (right panel). We
compare data obtained for water molecules within the first
hydration layer (black lines) and those obtained for bulk water
molecules (red dotted lines). The results show that interfacial
water molecules on the vibrating surface have a much broader
orientation distribution compared with those on the non-
vibrating surface. This difference is probably related to the
differences in atomic scale roughness of the two substrates.
Interfacial water molecules adapt to the surface roughness
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Figure 10. Probability distribution of cos(@dipole) within the first hydration layer on the vibrating (left) and nonvibrating (right panel) MgO surface.
Ogipol. is the polar angle between the dipole moment of water molecules and the surface normal vector. Results for interfacial water (continuous black
lines) are compared with those obtained for bulk water (dotted red lines).

typical of the vibrating MgO surface by adopting various
orientations.

The results of Figure 10 complement the qualitative
discussion regarding the orientation of interfacial water
molecules presented in discussing Figure 3. The orientation
distribution shown in Figure 10 is consistent with having ~60%
of the interfacial water molecules oriented so that one of their
OH vectors is projected toward the solid substrate while the
other points away from it.

It is also worth pointing out that water molecules in the bulk
do not show preferential orientation. The preferential
orientation at the interface, which is also reflected in the HB
network discussed in Figure 7, suggests that strong dipolar
interactions exist between water and the MgO substrate
whether the latter is vibrating or not. The model for water
implemented herein cannot capture changes in the dipole
moment of individual water molecules as they move from the
bulk to an interface. Polarizable models are necessary for such
investigations.57

8. Comparison with Other Substrates. We can gain
further insight into solid—water interfacial behavior by
comparing contact angles, density profiles, in-plane distribu-
tions as well as residence times for interfacial water obtained on
the nonvibrating MgO, hydroxylated a-Al,O;, and hydroxylated
SiO, surfaces. Results obtained on alumina and silica are
discussed at length in our prior papers.*>*** In the discussion
below, the hydroxyl groups in the alumina and silica substrates
are allowed to rotate (all other atoms are maintained rigid),
whereas all atoms on MgO are rigid. These representations,
based on our analysis, provide realistic descriptions of the three
solid—liquid interfaces.

8.A. Contact Angles. We performed simulations for droplets
of 1000 water molecules on the various substrates, as shown in
Figure 11. The results demonstrate that water molecules wet
alumina and silica, forming one hydration layer. The remaining
water molecules form a droplet on top of the first hydration
layer (Figure 11b,c). Conversely, a droplet is found on the
MgO surface, as discussed in Section 1 (Figure 11a), without
the formation of one hydration layer. Although this suggests
that alumina and silica are more hydrophilic than MgO, the
interesting result is that water molecules spread on alumina and
silica, yielding one hydration layer, but then one water droplet

15969

b,;‘:_"\rr R A
bt ! 2 ges i ; .
PRATTRETEREECECRTRY P T & K
cet el bbb ebefet b bedbt et bl
& & 0 0 3 4 & 6 0 0 0 O O OO0 6 O 0 G OO O SO S GO0 B 0O e o0
eceseec et e et e eseei et
@ 0 0 0 0 ® 0 0 0 0 0 @ L L e )
LA 6 bt e e BB e E S EEEEESEEEEEEEEEEEEEEE]

- ' Tl Tt f"x‘gs:x;x:&‘ ..:};
JIA JOSSERNSS
Figure 11. Representative simulation snapshots of droplets formed by
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aluminum, and silicon atoms, respectively.
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forms on top of this layer (Figure 11b,c, side views, and Figure
12, top view). This observation is similar to the simulation
results reported by Wang et al,*® who found, by MD
simulations under ambient conditions, that after water
molecules form one monolayer on an overall neutral, yet
ionic substrate, additional “water does not wet a water
monolayer”. Under appropriate conditions, they found few
HBs between the water molecules in the first hydration layer
near the substrate and those within the water droplet, which
explained the unexpected results, including the larger-than-
expected contact angle for the water droplet supported onto the
water monolayers. From an experimental point of view,
Lutzenkirchen et al.>® recently reported infrared data for thin
water films on the sapphire c-plane [a-AL,O; (0001)], which
also suggest that the first hydration layer renders the surface
hydrophobic to additional water molecules. Richardson et al.,,*
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Figure 12. Top views of panels (b; AL,O;) and (c; SiO,) (left and right panel, respectively) reported in Figure 11. The color code is analogous to

that used in Figure 11. Only water molecules are shown for clarity.
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Figure 13. Atomic oxygen (left) and hydrogen (right) density profiles as a function of the vertical distance z from the nonvibrating MgO (blue),

hydroxylated alumina (red), and hydroxylated silica (green) surfaces.

using FT-IR spectroscopy, reported qualitatively similar
observations.

8.B. Atomic Density Profiles. In Figure 13, we report oxygen
(left) and hydrogen (right panel) atomic density profiles on the
MgO and hydroxylated a-Al,O; and silica surfaces. Results on
alumina and silica are from our prior publications.>*** The
reference z = 0 for the alumina and silica surfaces is the plane
formed by the oxygen atoms of the surface hydroxyl groups.
The results for the oxygen atomic density profiles show that the
intensity of the first oxygen water layer on MgO is comparable
to that found on alumina and more intense than that found on
silica. This is due to the different number of adsorption sites
accessible to water on each surface. On MgO, water oxygen
atoms adsorb on top of the Mg atoms (Figure 8), whereas on
alumina and silica. interfacial water molecules form HBs with
hydroxyl groups on the surfaces. The density of adsorption sites
on MgO is comparable to that found on alumina (14 Mg
atoms/nm* on MgO and 15 hydroxyl group/nm?® on
alumina®*) but larger than that found on silica (4.54 hydroxyl
groups/nm?>*°). The higher density of adsorption sites is
responsible for the larger density of water oxygen atoms found
within the first hydration layer.

As explained above (Section 2) and in other detailed
reports,”>*3*3 by comparing the intensity and position of the
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density profiles for oxygen and hydrogen atoms, it is possible to
estimate semiquantitatively the orientation of interfacial water
molecules, although detailed analysis such as that in Figure 10 is
preferable for such characterizations.

8.C. In-Plane Density Distributions. In Figure 14, the in-
plane density distributions of oxygen atoms in the first (A) and
second (B) hydration layers on MgO (left panels), alumina
(middle panels), and silica (right panels) surfaces are presented.
Results of surface density distribution of oxygen atoms in the
first hydration layer on alumina and in both layers on silica are
from our prior studies.*>** The results suggest that water
molecules occupy specific adsorption sites on each of the three
surfaces. The distribution of water oxygen atoms within the first
hydration layer reflects the atomic structure of the top layer of
the solid substrate. On MgO, the location of water oxygen
atoms corresponds to the surface Mg atoms, whereas on silica
and alumina, water oxygen atoms are found near the surface
hydrogen atoms, implying the formation of HBs between water
molecules and the solid substrates.®" Silica affects the structure
of water molecules up to two hydration layers, whereas alumina
and MgO affect only the first hydration layer. (Compare left
and middle B panels to the right B panel in Figure 14.) These
results are in agreement with the density profiles presented in
Figure 13. However, note that the second hydration layer on

dx.doi.org/10.1021/jp300679v | J. Phys. Chem. C 2012, 116, 15962—15973
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Figure 14. In-plane density distributions (parallel to the surface) for water oxygen in the first (A) and second (B) hydration layers formed on
nonvibrating MgO (left panels), alumina (middle panels), and silica (right panels). See Figure 12 for the position of each hydration layer. Densities

are expressed in 1 /A3,

silica is found at a z position that corresponds to approximately
that of the first hydration layer on both MgO and alumina.

8.D. In Plane Radial Distribution Functions. In-plane
oxygen—oxygen RDFs were calculated among the water
molecules within the first hydration layer to gain better insight
regarding the structural interfacial properties on the three
substrates. For comparison, data for bulk water are also
provided. The thickness (6z) of the first hydration layer was
considered to be 1 A in all cases. The results, shown in Figure
15, suggest that the water molecules within the first hydration
layer on alumina have a structure similar to a dense liquid.
Water structuring seems to increase on MgO. Some evidence of
long-range ordering appears on silica, although on this substrate
the first peak in the RDF is shifted to ~0.5 nm because of the
large distance between preferential adsorption sites on this
substrate. (See the top right panel in Figure 14.) These results
are a direct consequence of the structuring imposed by the solid
substrates and are consistent with the in-plane density
distributions shown in Figure 14A.

8.E. Residence Times and Hydrogen Bond Networks. In
Figure 16, we report the results for the residence
autocorrelation functions Cy(t) obtained for water molecules
within first and second hydration layers as well as in the bulk on
MgO (left), alumina (middle),>* and silica (right).*® These
results confirm that on these three substrates water molecules
always remain within the first hydration layer longer than they
do within the second layer and in the bulk region. The water
molecules in the first hydration layer on alumina remain within
the hydration layer much longer than those found within the
first hydration layer either on MgO or on silica. The residence
autocorrelation function for water molecules in the first layer

35 = first layer - MgO
= first layer - alumina
3 e first layer - silica

= = = bulk

Boolr)

0 2 4 6 8 10 12 14 16 18 20
r(A)

Figure 15. In plane oxygen—oxygen radial distribution functions,
goo(r), obtained within the first hydration layer on nonvibrating MgO
(blue), alumina (red), and silica (green). For comparison, data for bulk
water are also shown as black broken line.

on MgO decays more slowly than the corresponding one on
silica. Water molecules reside within the second hydration layer
on silica for longer times, on average, than they do on either
MgO or alumina.

The dynamical properties of interfacial water depend
strongly on the interactions between water molecules and the
solid substrate as well as on those between different water
molecules. Such interactions are often reflected on the HB
network. In Figure 17, water—water HB density profiles are

dx.doi.org/10.1021/jp300679v | J. Phys. Chem. C 2012, 116, 15962—15973
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Figure 16. Residence autocorrelation functions Cg(t) for water molecules within various interfacial layers on nonvibrating MgO (a), hydroxylated
alumina (b), and hydroxylated silica (c). Data for bulk water are provided for comparison.
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Figure 17. Density profiles of hydrogen bonds formed between water
molecules as a function of the distance z from the nonvibrating MgO
(blue), hydroxylated alumina (red), and hydroxylated silica (green).

shown for the three substrates. The HB density in the first
hydration layer is the largest on alumina and the least on silica.
The high water—water HB density, combined with the high
atomic density (see Figure 13), is probably responsible for
slowing down the dynamical properties of interfacial water
molecules.

B SUMMARY AND CONCLUSIONS

MD simulations were employed to study structure and
dynamics of water molecules at contact with a flat MgO
substrate. Water molecules were modeled using the SPC/E
model, whereas the solid substrate was simulated using the
CLAYFF force field. Two representations for the solid were
employed. In the first, all surface atoms were maintained rigid,
whereas in the second, they were allowed to vibrate. By
computing the contact angle for droplets of 1000 water
molecules, we observed that better agreement with exper-
imental data is achieved when the solid atoms are maintained
rigid. The results obtained for water within thin films supported
on rigid versus vibrating MgO did not exhibit significant
differences, except for the water orientation within the first
hydration layer. The results discussed include atomic density
profiles in the direction perpendicular to the surface, atomic

15972

density distribution along planes parallel to the substrate, HB
networks, 2-D RDFs in the direction parallel to the substrate,
and residence autocorrelation functions used to assess the
average residence time for water at contact with the solid
substrate. The results are also compared with those obtained
previously for water supported on model silica and alumina
substrates in an attempt to relate the properties of a solid
substrate to those of the film of interfacial water supported by
the substrate.

The results show a pronounced patterning of interfacial
water, especially in the first hydration layer, on all three
substrates considered. The distribution of solid atoms on the
substrate determines the availability of preferential adsorption
sites where water molecules reside. Depending on the surface
arrangement of these preferential adsorption sites, the planar
distribution of water molecules at the interface and the network
of water—water HBs are established. These, in turn, determine
how far the surfaces perturb the properties of interfacial water
and affect the residence time of water molecules at contact with
the solid substrates. Although complete experimental corrob-
oration is still not possible, the simulation results presented
here are valuable for understanding macroscopic phenomena
including ions adsorption at interfaces and hydrodynamic
properties in the earth subsurface.
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