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Understanding the properties of interfacial water at solid—liquid interfaces is important in a wide range of applications.
Molecular dynamics is becoming a widespread tool for this purpose. Unfortunately, however, the results of such studies
are known to strongly depend on the selection of force fields. It is, therefore, of interest to assess the extent by which the
implemented force fields can affect the predicted properties of interfacial water. Two silica surfaces, with low and high
surface hydroxyl density, respectively, were simulated implementing four force fields. These force fields yield different
orientation and flexibility of surface hydrogen atoms, and also different interaction potentials with water molecules. The
properties for interfacial water were quantified by calculating contact angles, atomic density profiles, surface density
distributions, hydrogen bond density profiles and residence times for water near the solid substrates. We found that at low
surface density of hydroxyl groups, the force field strongly affects the predicted contact angle, while at high density of
hydroxyl groups, water wets all surfaces considered. From a molecular-level point of view, our results show that the position
and intensity of peaks observed from oxygen and hydrogen atomic density profiles are quite different when different force
fields are implemented, even when the simulated contact angles are similar. Particularly, the surfaces simulated by the
CLAYFF force field appear to attract water more strongly than those simulated by the Brodka and Zerda force field. It was
found that the surface density distributions for water strongly depend on the orientation of surface hydrogen atoms. In all
cases, we found an elevated number of hydrogen bonds formed between interfacial water molecules. The hydrogen bond
density profile does not depend strongly on the force field implemented to simulate the substrate, suggesting that interfacial
water assumes the necessary orientation to maximise the number of water—water hydrogen bonds irrespectively of surface
properties. Conversely, the residence time for water molecules near the interface strongly depends on the force field and on
the flexibility of surface hydroxyl groups. Specifically, water molecules reside for longer times at contact with rigid
substrates with high density of hydroxyl groups. These results should be considered when comparisons between simulated
and experimental data are attempted.

Keywords: molecular dynamics; atomistic; force-field effects

Introduction

The understanding of aqueous solutions near charged
surfaces continues to attract great attention due to fast
advances in applications including nanofabrication [1],
‘lab-on-chip’ processes [2], water desalination [3-6],
environmental science [7] and geochemistry [8].

Experimental investigations on interfacial water were
carried out using, e.g. backscattering spectroscopy [9],
quasi-elastic neutron scattering [10], attenuated total
reflectance infrared spectroscopy [11], X-ray reflectivity
measurements [12] and ultrafast infrared spectroscopy
[13]. The experimental investigations are often enriched
by theoretical studies conducted with the aid of computer
simulations for structural [14—22] and dynamical [23-26]
properties of interfacial water. This extensive body of
literature supports the conclusion that interfacial water
properties differ significantly from those observed in
the bulk.

Previous studies, both from our group [25-27] and
from others [19,28-31], have demonstrated how a solid
flat silica surface perturbs the properties of interfacial
water. Several force fields are available in the literature to
describe silica and silica—water interactions [31]. We have
previously implemented the force field proposed by
Brodka and Zerda [32]. The CLAYFF force field [33]
is recently being widely used, because it promises to be
transferable and easily adaptable to study several mineral
surfaces. The purpose of this work is to investigate how the
model implemented to simulate the silica surface affects
the results. Specifically, we address differences obtained
when either the Brodka and Zerda or the CLAYFF force
fields are implemented. We also address the effect of
flexibility of surface hydroxyl groups on the results
obtained via molecular simulation for the properties of
interfacial water.

For our comparison to be effective, the silica surfaces
simulated with the various force fields should be the same
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(i.e. same crystallographic plane, same density of hydroxyl
groups, etc.). The silica surfaces used in this work were
obtained by cutting the [-cristobalite SiO, crystal
along the (111) crystallographic face. As discussed
earlier [25-27], by cutting the cristobalite crystal at
different depths, we can prepare surfaces with different
densities of hydroxyl groups: the low hydroxyl density
surface (LD) with 4.54 OH/nm?> and the high hydroxyl
density surface (HD) with 13.63 OH/nm?>. The exposed
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surface is created following the procedure originally
proposed by Puibasset and Pellenq [29], and used in our
prior reports [25-27]. No reconstruction of the surface,
nor water dissociation at the surface is considered herein.
Such effects could be studied using ab initio techniques
[34—37]. In this paper, LD and HD surfaces are simulated
utilising four classical force fields:

(1) LD-PER and HD-PER surfaces. As in our previous
works [25-27], all non-bridging oxygen atoms

Figure 1. Side (left panels) and top (right panels) views of silica surfaces with low (top four panels) and high densities (bottom four
panels) of hydroxyl groups (LD and HD surfaces, respectively). Panels (a)—(d) are for LD-PER, LD-RANDOM, HD-PER and HD-
RANDOM surfaces, respectively. See Table 1 for nomenclature details. Blue, red and yellow spheres represent surface hydrogen, oxygen
and silicon atoms, respectively (colour online). For clarity, in the top view (right panels), only silicon, oxygen and hydrogen atoms

belonging to the surface silanol groups are shown.
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are saturated with hydrogen atoms placed
perpendicularly to the surface 1A away from the
centre of the oxygen atoms. The surface hydrogens
are kept rigid during the simulation. Silica—water
interactions are simulated according to the Brodka
and Zerda formalism [32]. Figure 1(a) and (c)
illustrates the surface obtained with this force
field. The figures present side and top views of LD
and HD surfaces, respectively.

(2) LD-RANDOM and HD-RANDOM surfaces. All
the non-bridging oxygen atoms are saturated with
hydrogen atoms, 1A away from the non-bridging
oxygen atoms. Although rigid, these hydrogen
atoms are randomly oriented with respect to the
solid substrate, while the Si—O—H angle always
equals 109.47°. Figure 1(b) and (d) illustrates side
and top views of LD and HD surfaces obtained
implementing this force field, respectively. As in
force field (1), silica—water interactions are
simulated according to the Brodka and Zerda
formalism [32].

(3) LD-CLAYFF and HD-CLAYFF surfaces. The
surface hydrogen atoms are allowed to rotate
during the simulations. These rotations occur on a
plane parallel to the surface in the case of the LD
surface (Figure 2(a)), and on a plane perpendicular
to the Si-O vector in the case of the HD surface
(Figure 2(b)). The O—H equilibrium distance is set
to 1A and the S-O-H equilibrium angle to
109.47°[33]. The vibrations of surface hydrogen
atoms are described according to the CLAYFF
formalism [33].

(4) LD-CLAYFF-RIGID and HD-CLAYFF-RIGID
surfaces. Silica—water interactions are described
according to the CLAYFF force field [33], but all
atoms in the solid substrate are rigid. The solid
substrate was prepared by conducting the simu-
lation as described in (3). After 3 ns of simulation,
the coordinates of the surface hydrogen atoms were
frozen and used for all subsequent production runs

(a)

in the formalism (4). Silica—water interactions in
force fields (3) and (4) are simulated according to
the CLAYFF formalism [33].

In Table 1, we provide the nomenclature used in our
discussion to refer to the different surfaces simulated, with
the corresponding force fields.

2. Simulation details

The simulations were carried out using the canonical
ensemble (NVT), where the number of particles (N), the
simulation box volume (V) and the system temperature (7)
are constant [38]. The system temperature was set at 300 K
and controlled by a Nosé—Hoover thermostat with a
relaxation time of 0.1 ps. The integration of the equations
of motion was performed with the molecular dynamics
package GROMACS [39-42] using the Leapfrog
algorithm with a time step of 1 fs. All the results presented
in this study were obtained after 0.5ns of equilibration
time. No drift in the total system energy was observed
during at least the second half of the equilibration phase.
The production time was 3 ns, during which the atomic
positions were recorded every 200 time steps (0.2 ps) and
used for further analysis.

In Figure 3, we show the side view of our simulation
box. The X and Y simulation box dimensions are 104.7 and
100.8 A, respectively. To maintain overall charge neu-
trality, some of the oxygen atoms on the last layer of each
slab were removed. The slab thickness is 18.52 A for LD
and 20.58 A for HD surfaces, respectively (greater than
the cut-off distance, 9/3;). These thick solid slabs were
required to prevent unphysical interactions between the
incomplete layer of oxygen atoms and interfacial water
molecules. The solid substrates were aligned parallel to the
X-Y plane. Two identical slabs of the same substrate were
set facing each other across the pore volume, thus yielding
a slit-shaped pore. Water was inserted in the space between
the two solid substrates. The distance between the two
solid surfaces is H = 101.3 A. The number of simulated

(b)

Figure 2.  Orbit of surface hydrogen atom rotation on LD-CLAYFF (a) and HD-CLAYFF (b) surfaces when the CLAYFF force field is

implemented.
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Table 1. Nomenclature used to differentiate the solid substrates
simulated herein.

Hydroxyl density Force

Label (OH/nm?) field
LD-PER Low: 4.54 Brodka

and Zerda [32]
LD-RANDOM Low: 4.54 Brodka

and Zerda [32]

LD-CLAYFF Low: 4.54 CLAYFF [33]
LD-CLAYYF-RIGID Low: 4.54 CLAYFF [33]
HD-PER High: 13.63 Brodka

and Zerda [32]
HD-RANDOM High: 13.63 Brodka

and Zerda [32]
HD-CLAYFF High: 13.63 CLAYFF [33]
HD-CLAYFE-RIGID High: 13.63 CLAYFF [33]

Note: The labels provided in the first column from the left are used throughout the
text. The second and third columns provide the densities of hydroxyl groups on each
surface, and the references for the force fields implemented to describe silica—water
interactions, respectively.

water molecules was 12,250 for all simulations discussed
below, except those conducted to assess the contact angles
(details below). Bond length and angle in water molecules
were kept fixed using the SHAKE algorithm [43]. Water
was simulated according to the simple point charge
extended (SPC/E) model [44], unless otherwise noted.
Periodic boundary conditions were implemented along
the X, Y and Z directions. The cut-off distance for all

Last oxygen layer

Slab thickness

I

Figure 3. Side view of the simulation box. Blue, red, yellow and
white spheres represent surface hydrogen, oxygen, silicon and
water hydrogen atoms, respectively (colour online).
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interactions is 9A, and corrections for long-range
electrostatic potentials were treated using the particle-
mesh Ewald method [38,45].

CLAYFF is a general force field [33] derived to enable
molecular simulations of hydrated crystalline compounds
and their interactions with fluids. Partial charges were
assigned to the various atoms based on quantum
mechanical calculations. Dispersive interactions were
described by 12-6 Lennard-Jones (LJ) potentials, fitted to
reproduce structural parameters known for a number of
minerals. Bond stretch and bond-angle bend potentials
were included only for surface hydroxyl groups. The
CLAYFF force field was validated by comparing the
structure of oxides, hydroxides and oxyhydroxides, as
predicted via energy minimisation, to those available
experimentally. Because the CLAYFF force field was
derived based on the SPC model of water [46], it is
expected that it should be used in combination with that
water model to study solid—water interfaces. Our group
has extensively used the SPC/E [44] model to study
confined water. Thus, it is our interest to quantify how the
results change when the water model is changed from SPC
to SPC/E.

In the Brédka and Zerda force field [32], dispersive
and electrostatic interactions are also described using 12-6
LJ parameters and partial charges as given in Table 2.
Brodka and Zerda calculated the LJ potential parameters
for bridging oxygen atoms from the Kirkwood—Muller
formula [47], and for non-bridging oxygen atoms, they
chose a collision parameter similar to that used for oxygen
in water. They used the semi-empirical method PM3, as
built in the HYPERCHEM program, to determine the
partial charges (for details see Ref. [32]). The force field
was initially used to study silica-acetone systems and it
was successfully employed for the study of water in

Table 2. Force field parameters used in the simulations.

Force field Site o (nm) e (kJ/mol) q (e)
Brodka Si 0.0000  0.00000 1.2830
and Zerda [32]
BO* 0.2700  1.91107 —0.6290
nbO* 03000 1.91107 —0.5330
H 0.0000  0.00000 0.2060
CLAYFF [33] Si 0.3302  7.7007E-06 2.1000
BO 0.3166  0.65020 —1.0500
nbO 0.3166  0.65020 —0.9500
H 0.0000  0.00000 0.4250
SPC/E water [38] O 0.3166  0.65020 —0.8476
H 0.0000  0.00000 0.4238
SPC water [39] (6] 0.3166  0.65020 —0.82
H 0.0000  0.0000 0.41

Note: In the first column, we provide the name of the force fields. For each atom
(second column), we report o and & (12-6 LJ parameters) and point charges in third,
fourth and fifth column, respectively. “ bO and nbO stand for bridging and non-
bridging oxygen atoms, respectively.
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cylindrical silica pores by Gallo and co-workers [48,49].
The atoms of the silica substrate interact with water
molecules by dispersive and electrostatic interactions [32].

To simulate water—solid interactions, LJ interaction
parameters to describe the potentials between different
atoms are needed, when either the CLAYFF or the Brodka
and Zerda force fields are implemented. These interactions
were treated as 12-6 LJ potentials with parameters
determined by Lorentz—Berthelot mixing rules from
those of the pure atoms [38]. In Table 2, we summarise
the parameters used to implement all the force fields used
in this work.

To assess macroscopic effects (namely, contact
angles) due to the force fields at the water—silica
interface, we simulated a small water droplet on all the
substrates of Table 1. The simulated droplet was
composed of 1000 SPCE/E water molecules. Although it
is known that the contact angle obtained from atomistic
simulations of small droplets depends significantly on
the droplet size [50-52], our simulations for droplets
composed by 1000 molecules are considered adequate for
qualitatively assessing how the details of the implemented
force fields affect macroscopic observations (e.g. we seek
to estimate the hydrophobic as opposed to hydrophilic
character of the simulated surfaces).

3. Results

When SPC water was simulated at contact with LD and
HD surfaces, the results were practically indistinguishable
from those discussed below for SPC/E water. We conclude
that implementing either the SPC or SPC/E model to
describe the structure properties of interfacial water has
little effect on the results. In the remainder of this work, we

only show results obtained when the SPC/E model of
water was implemented. The explicit comparison between
the results obtained implementing either SPC or SPC/E
models for water is summarised in Appendix A.

3.1 Contact angles

To assess the macroscopic features of the simulated
surfaces, we considered a drop of 1000 water molecules
supported on the eight substrates. The results shown in
Figures 4 and 5 are for LD and HD surfaces, respectively.
The first difference between all the simulated systems is that
as the density of the surface hydroxyl groups increases,
going from the LD surfaces shown in Figure 4 to the HD
surfaces shown in Figure 5, the substrates become more
hydrophilic, as indicated by the shape of the water droplets.
The water droplets wet the HD substrates (Figure 5), while
bead up on the LD ones (Figure 4). Because of these effects,
the most interesting differences due to the force field type
are observed on the LD surfaces (Figure 4), where the
contact angle changes significantly depending on the force
field implemented. When the CLAYFF force field
is implemented, the surfaces are more hydrophilic than
when the Brodka and Zerda force field is applied (compare
Figure 4(a) and (b) with Figure 4(c) and (d)). Surprisingly,
the LD-PER surface, on which the surface hydroxyl groups
are rigid and perpendicular to the substrate, is significantly
less hydrophilic than the surface with randomly oriented,
albeit rigid hydrogen atoms (LD-RANDOM) (compare
Figure 4(a) with (b)). The Brodka and Zerda force field
appears to attract water less strongly than the CLAYFF
force field does, even when the substrate is maintained rigid
(compare Figure 4(b) with (d)). Allowing for the mobility
of the surface hydroxyl groups has little effect on the

Figure 4. Representative simulation snapshots for one droplet of 1000 SPC/E water molecules equilibrated at 300 K on LD-PER (a),
LD-RANDOM (b), LD-CLAYFF (c) and LD-CLAYFE-RIGID (d) surfaces. See Table 1 for details.
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Figure 5. Representative simulation snapshots for one droplet of 1000 SPC/E water molecules equilibrated at 300 K on HD-PER (a),
HD-RANDOM (b), HD-CLAYFF (c) and HD-CLAYFF-RIGID (d) surfaces. See Table 1 for details.

contact angle when the CLAYFF force field is implemented
(compare Figure 4(c) with (d)).

3.2 Atomic density profiles

In Figure 6, we show the oxygen (a) and hydrogen (b)
atomic density profiles for SPC/E water molecules as
a function of the distance z from the LD surfaces. The
reference z=0 is the plane of non-bridging oxygen
atoms of the bottom slab (see Figure 1). As observed for
liquid water at contact with a number of solid substrates
[9,14,15,23,24,53-55], our results show evidence of water
structuring on the LD silica surface. It is, however,
surprising that the various force fields affect the structure of
interfacial water as strongly as it appears in Figure 6, when
we remember that all surfaces are chemically similar,
despite the differences in contact angle described in
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Figure 4. The position of atomic density peaks observed
from the profiles in Figure 6 is given and labelled in Table 3.
These labels are used throughout the paper. The results in
Figure 6 indicate that the surface perturbs interfacial water
up to 10-12 A from the surface. At larger distances, the
density of water is 0.0331/A% which corresponds to bulk
density. Our results indicate that the force field strongly
affects the interfacial water structure and the orientation of
water molecules near the surfaces. The results obtained on
the LD surface with rigid, perpendicular surface hydrogen
atoms (LD-PER, see Figure 1(a)) are extensively described
in our prior publication [25]. In brief, the oxygen atomic
density profile (blue curve in Figure 6(a)) shows one
shoulder LAO-1 (see Table 3) at 2.15 /08, one pronounced
peak LAO-2 at 3.15 A and another, less pronounced peak
LAO-3 at 6.00 A (colour online). The LAO-1 shoulder,
with intensity nearly equal to bulk density, suggests the
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Figure 6. Oxygen (a) and hydrogen (b) atomic density profiles for SPC/E water molecules as a function of the distance z from the LD
surfaces. The reference z = 0 is the plane of non-bridging oxygen atoms of the bottom slab (see Figure 3). This reference will be used
throughout this work.
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Table 3. Position of oxygen and hydrogen peaks as seen in the
density profiles of Figure 6, with corresponding labels, obtained
for SPC/E water simulated on LD surfaces at 300 K.

Oxygen  Hydrogen

Surface peak (A)  peak (A) Layer label
LD-PER 2.15 1.20 LAO-1/LAH-1
3.15 3.15 LAO-2/LAH-2
6.00 6.30 LAO-3/LAH-3
LD-RANDOM 1.75 1.85 LBO-1/LBH-1
3.15 LBO-2
5.75 LBO-3
LD-CLAYFF 0.95 0.75 LCO-1/LCH-1
2.45 1.50 LCO-2/LCH-2
3.55 3.25 LCO-3/LCH-3
4.65 3.80 LCO-4/LCH-4
6.55 LCO-5
LD-CLAYFF-RIDIG 0.95 0.75 LDO-1/LDH-1
245 1.50 LDO-2/LDH-2
3.55 3.25 LDO-3/LDH-3
4.65 3.80 LDO-4/LDH-4
6.55 LDO-5

presence of structured water close to the surface. The
intense first peak, LAO-2 in Table 3, indicates that a large
number of water molecules accumulate near the LD-PER
surface. As the distance z increases, the effect of the surface
on interfacial water weakens. We point out that the
displaced position of the first peak (LAO-2) observed on
the LD-PER surface may be indicative of the relatively
hydrophobic character of that surface, as evidenced by the
snapshot of Figure 4(a). Note however, that it remains
difficult to correlate the molecular-level structure of
interfacial water with macroscopic hydrophilic/hydropho-
bic characterisations, as recently discussed by Godawat
et al. [56] and Voronov et al. [57].

When the surface hydrogen atoms are rigid, but
randomly oriented (LD-RANDOM surface, red curve in
Figure 6(a)), we observe a first weak oxygen peak LBO-1
at z=1.75A and two less pronounced peaks at 3.15 and
5.75 A. The first oxygen peak (LBO-1 in Table 3) is closer
to the LD-RANDOM surface than the first oxygen peak
LAO-2 is on the LD-PER surface. However, the intensity
of the LBO-1 peak is much weaker than that of the LAO-2
peak. At distances larger than that at which the LBO-1

peak occurs, the water oxygen density decays to that
of bulk water, as z increases. This feature is reminiscent of
a structureless accumulation of water, possibly in contact
with a rather hydrophobic substrate, in qualitative
agreement with contact angle observations discussed in
Figure 4. To explain the different position of the first
oxygen peak observed on the two rigid LD substrates (blue
vs. red curves in Figure 6(a)), we note that the average
position of surface hydrogen atoms of LD-RANDOM
surface with respect to the plane of non-bridging oxygen
atoms (z = 0) is lower than that of LD-PER surface (see
Figure 7). Although the O—H distance on the surface
hydroxyl groups (0.1 nm) is less than the radius of the
non-bridging oxygen atoms (see Table 2), this geometrical
detail explains in part why the first layer of water
molecules forms closer to the LD-RANDOM surface
compared to the LD-PER surface.

When the surface hydrogen atoms are allowed to move
by implementing the CLAYFF force field (green curve
in Figure 6(a)), we observe two pronounced peaks at
z=0.95 and 2.45A, respectively, and three less pro-
nounced peaks at z = 3.55, 4.65 and 6.55 A. The first peak,
LCO-1, is closer to the surface and far more pronounced
compared to those observed on the other surfaces,
indicating the accumulation of significant amounts of
water close to the LD-CLAYFF surface. It is likely that this
accumulation is due to largely favourable interactions
between the substrate and the water molecules (i.e. evidence
of hydrophilic character, in qualitative agreement with
results discussed in Figure 4(c)), possibly established via
the formation of extensive surface—water hydrogen bonds.

To complement the results for oxygen atomic density
profiles, the atomic density profiles for water hydrogen
atoms are presented in Figure 6(b). In the case of LD-PER
surface (blue curve online), a shoulder LAH-1 is found at
1.2 A. The corresponding hydrogen atoms are closer to the
surface than the shoulder of oxygen atoms LAO-I,
indicating that one of the two hydrogen atoms of some
water molecules belonging to the LAO-1 shoulder has
hydrogen-down orientation. The intense first hydrogen
peak LAH-2, located at 3.15 A, is found at the same
position as the oxygen peak LAO-2, but it is nearly double

Figure 7. Position of surface hydrogen atoms with respect to the plane of non-bridging oxygen in LD-RANDOM and LD-PER surfaces

(left and right panels, respectively).
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Figure 8. Oxygen (a) and hydrogen (b) atomic density profiles for SPC/E water molecules as a function of distance z from the HD
surfaces. The reference z = 0 is the plane of non-bridging oxygen atoms of the bottom slab.

in intensity. Because the distance between LAH-2 and
LAO-1 layer positions is 1A, our results suggest that
approximately one half of the hydrogen atoms in layer
LAH-2 belong to those water molecules whose oxygen
atoms lay in the LAO-1 layer. The second half of the
hydrogen atoms in layer LAH-2 probably belongs to those
water molecules whose oxygen atoms accumulate in layer
LAO-2. The orientation of the OH bond for the latter
molecules is parallel to the surface. With respect to LD-
RANDOM surface (red curve online), the first hydrogen
peak LBH-1 is almost at the same position and has twice
the intensity compared to the corresponding oxygen peak
LBO-1, indicating hydrogen-parallel orientation for
both hydrogen atoms belonging to each water molecule
whose oxygen atom is in layer LBO-1. In the case of LD-
CLAYFF surface (green curve online), the position and
intensity of the first hydrogen peak LCH-1 are almost
identical to those of the oxygen peak LCO-1, suggesting
that one of the hydrogen atoms belonging to the water
molecules whose oxygen atom is in the LCO-1 layer is
parallel to the surface while the other extends away from
it. The most pronounced hydrogen peak LCH-2, located at
1.50 A, consists of hydrogen atoms belonging to the water
molecules whose oxygen atoms are in the LCO-1 peak,
plus hydrogen atoms of water molecules whose oxygen
atoms belong to the LCO-2 layer. The latter water
molecules, therefore, thrust one of their hydrogen atoms
towards the surface, despite being rather far from it.

The differences just discussed between the results
shown in Figure 6(a) and (b) suggest that implementing
various force fields for the solid substrate affects not only
the accumulation of water near the substrates, but also the
orientation of interfacial water molecules. These micro-
scopic observations complement the macroscopic contact
angle predictions shown, albeit qualitatively, in Figure 4.

Analogous results were obtained near HD surfaces,
summarised in Figure 8 as oxygen (a) and hydrogen (b)
atomic density profiles for SPC/E water molecules.
As expected, even the HD surfaces affect the structure
of interfacial water, yielding peaks and valleys in the
observed density profiles. The positions of the atomic
density peaks observed in Figure 8 are given and labelled in
Table 4. In all cases, the results show the formation of
structured water at the solid—liquid interface, although
pronounced differences in both peak intensity and location
are observed when the different force fields are
implemented. We found that the first oxygen peak on
the HD-CLAYFF surface is closer to the surface than
those found on HD-RANDOM and HD-PER surfaces.

Table 4. Position of oxygen and hydrogen peaks observed for
water on HD surfaces (see Figure 8) with corresponding labels.

Oxygen  Hydrogen Layer

Surface peak (A)  peak (/f\) label

HD-PER 2.15 1.15 HAO-1/HAH-1
2.95 2.75 HAO-2/HAH-2
5.75 3.65 HAO-3/HAH-3

6.05 HAH-4

HD-RANDOM 1.85 1.75 HBO-1/HBH-1
2.75 2.75 HBO-2/HBH-2
4.25 HBO-3/HBH-3

HD-CLAYFF 1.25 0.85 HCO-1/HCH-1
2.55 1.65 HCO-2/HCH-2
3.85 2.15 HCO-3/HCH-3
6.35 3.05 HCO-4/HCH-4

HD-CLAYFF-RIGID 1.25 0.85 HDO-1/HDH-1
2.55 1.65 HDO-2/HDH-2
3.85 2.15 HCO-3/HDH-3
6.35 3.05 HDO-4/HDH-4
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This observation is rather surprising because macroscopi-
cally, as shown in Figure 5, our simulations predict little
change on the properties of one water droplet on all the HD
substrates. Interestingly, water molecules appear to be
‘detached’ from the HD-RANDOM surface, while they are
strongly coordinated with the atoms of the HD-CLAYFF
substrate. In Figure 9, we compare two snapshots (one for
HD-RANDOM, left, and one for HD-CLAYFF, right) to
highlight the different structure of interfacial water on the
two surfaces. This difference is due to the strength of
water—substrate interaction potentials. It appears that the
Brédka and Zerda force field yields a surface that is less
attractive to water than the CLAYFF force field, as already
observed for the contact angle on the LD surfaces (see
Figure 4). Visual inspection of the snapshots in Figure 9
suggests that the instantaneous distribution of the surface
hydrogen atoms on the HD-RANDOM and CLAYFF
substrates is not very different, even though the hydrogen
atoms on the former surface are not allowed to move, while
they rotate according to the CLAYFF force field on the
latter surface. Therefore, it is likely that the different
water—silica interactions, rather than the different surface
flexibility, are responsible for the differences in Figure 9.
The first oxygen shoulders on LD-PER and LD-RANDOM
surfaces become fully developed peaks on HD-PER and
HD-RANDOM surfaces, respectively, because of the
larger density of surface hydroxyl groups. This suggests
that a large amount of water accumulates near the surface
because of the increased hydroxyl density. The second and
third peaks on HD-PER and HD-RANDOM surface are
closer to the surface than on LD-PER and LD-RANDOM,
respectively, proving that increasing hydroxyl density
increases the surface hydrophilicity. The latter obser-
vations are consistent with the differences in contact angle
discussed in Figures 4 and 5, where we showed that
increasing the surface density of the hydroxyl groups in the

surfaces considered renders the surface much more
hydrophilic.

Comparing the results obtained on HD vs. LD surfaces,
we observe that the second oxygen peak on the HD-
CLAYFF surface becomes much more intense than the
corresponding peak on LD-CLAYFF. This indicates that
many water molecules (four times more than in an equal
volume of bulk water) concentrate at 2.55 A from the HD-
CLAYFF surface (HCO-2 layer highlighted in Figure 10).
Visual inspection of simulation snapshots suggests that
water molecules belonging to the HCO-2 layer can assume
a number of favourable orientations: (a) they can project
one hydrogen atom towards the solid substrate, (b) they
can form hydrogen bonds with water molecules closer to
the substrate and (c) they can form hydrogen bonds with
water molecule further from the substrate. All three
orientations favour the accumulation of water on the HCO-
2 layer, and lead to the intense density peak. Because the
intensity of the HCO-2 peak does not depend on the
mobility of the surface hydroxyl groups (results obtained
on the HD-CLAYFF-RIGID surface are indistinguishable
from those obtained on the HD-CLAYFF one), the
accumulation of water observed on the silica surface is
mostly due to surface—water interactions and much less to
the flexibility of the surface hydroxyl groups.

To complement the oxygen density profiles, in
Figure 8(b), the atomic density profiles for hydrogen
atoms are shown for different HD surfaces. On the HD-
PER surface (blue curve), the first hydrogen peak, HAH-1,
is located at 1.15A. This distance is 1 A closer to the
surface than that of the oxygen peak HAO-1, suggesting
that one of the two hydrogen atoms of water belonging to
HAO-1 layer has hydrogen-down orientation. With respect
to HD-RANDOM surfaces, both hydrogen peaks HBH-1
and HBH-2 are located at the same position of the
corresponding oxygen peak HBO-1 and HBO-2. However,

Figure 9. Simulation snapshots of hydrated (a) HD-RANDOM and (b) HD-CLAYFF surfaces. The black rectangle on the left panel
highlights a volume depleted of water molecules. The same volume is completely filled with water molecules in panel (b).
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Figure 10. Representative simulation snapshot of hydrated HD-
CLAYFF surface. Yellow and green rectangles highlight the first
HCO-1 and second HCO-2 water layers, respectively (colour
online).

the intensity of the hydrogen peaks is twice that of the
oxygen peaks, suggesting that all the water molecules that
belong to these layers have hydrogen-parallel orientation
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(i.e. the OH vector is parallel to the surface). In the case of
HD-CLAYFF surface (green curve online), the first
hydrogen peak is closer to the surface than the
corresponding oxygen peak, and the two peaks have
nearly the same intensity. The discussion could be
continued to analyse each peak observed in the density
profiles. For brevity, we only provide a representative
simulation snapshot (Figure 10), to illustrate the structure
of interfacial water on the HD-CLAYFF surface.

In Figures 4 and 6, we do not report the results
obtained on the LD-CLAYFF-RIGID and HD-CLAYFF-
RIGID substrates because they are indistinguishable
compared to those obtained on the LD-CLAYFF and
HD-CLAYFF surfaces, respectively. We conclude that the
atomic density profiles do not depend on the movement
of surface hydrogen atoms, but strongly depend on the
silica—water interaction potentials when the CLAYFF

() 100

] ® - a O " _w
4 = * .
L « - v * L . L]
.0 L] -
9. e LR S - e o
LB a .
.o.o R S . .« n
80 i & & & = . e _@
a0 . L]
4 0 e _ o 4 < . _r
L | L .
-8 . " " . Q-
- L d . -
.. e & _» . -
q 0 'Y .
60 a L] 3 . . L] ¢ e
- -
—~ Q'i L] I’. - T -
.
E :u:a LRI . Coa Y I 0.00
- b I 0.02
.... - -.i I‘ - -0_04
...Q o T . Ll 006
. _ o o & N e RN [ 0.08
'l.‘ e s’ uy i
.O.l' L o.c U. - L]
20 RIS L -
4 - L ] - - - - L]
& o . .
’.‘l . c.. . L] -
.o.. L] L] L] l. . L]
tels . .:. ., i 4
O o
(d)
100 = ST — y STy =r L
.. k .
80 25 hec sy . v
Y 0
60 . e ' as)y
L
T . 5 % - 0.00
> . &5 » . : )
P Npr Gl T sl o s e s I 0.02
40 " L Lot Gl . ' .| Emo0.04
ol : 5 £ ’ B 0.06
- R 0.08
> . v . «| I 0.10
i . -4
b0 L) #
20 ', - - - b ‘. .-"
- “ -
(% . v
L S
- v
s e
0 y e s >
0 20 40 60 80 100
X (R)

Figure 11. Surface density distributions for oxygen and hydrogen atoms of interfacial water near LD-PER surfaces (see Table 1). Panels
(a)—(d) represent results for LAO-1, LAO-2, LAH-1 and LAH-2 peaks, respectively. See Table 3 for peak position. Surface density

distributions are expressed in number of atoms per A°.
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force field is implemented. This observation corroborates
the qualitative comparison of contact angles provided in
Figures 4 and 5.

3.3 Surface density distributions

To relate the morphological properties of our solid
substrates to differences observed in the density of
interfacial water, we calculate the surface density
distribution of oxygen and hydrogen atoms on planes
parallel to the substrate and centred on the density profiles
peaks. The thickness of these planes is 1A. More
computational details about these calculations can be
found in our prior publication [25].

In Figure 11(a) and (b), we provide the surface density
distribution of oxygen atoms corresponding to LAO-1 and
LAO-2 layers, respectively. The high density areas in the
contour plot of Figure 11(a) indicate a highly structured
first oxygen layer. Water molecules concentrate above the
vertices of the hexagons formed by six silicon atoms on the
surface (see Figure 12 for details). This suggests that
the structure of the first layer of water molecules strongly
depends on the crystal structure of the underlying
substrate, as previously observed [25]. The results in
Figure 11(b) also indicate a well structured second
water layer. The oxygen atoms belonging to this layer are
located 1 A above the centre of the hexagons highlighted
in Figure 12. In Figure 11(c) and (d), we show the surface
density distribution of hydrogen atoms belonging to LAH-
1 and LAH-2 layers, respectively. As we discussed in
Section 3.2, the water molecules whose oxygen atom
belongs to the LAO-1 layer assume a hydrogen-down
orientation with respect to the surface. As a consequence,
the hydrogen atom distribution in layer LAH-1 is very

Figure 12. Hexagon formed by silicon atoms of LD-surface.
The numbers present six vertices on the hexagon. Only surface
atoms are shown for clarity.

similar to the oxygen atom distribution in layer LAO-1
(compare Figure 11(a) with (c)). About one half of the
hydrogen atoms belonging to layer LAH-2 belong to the
water molecules whose oxygen atoms are located in layer
LAO-1. The rest of the LAH-2 hydrogen atoms belong to
the water molecules whose oxygen atoms are found in
layer LAO-2. Because of this multiple source, the
hydrogen atoms in layer LAH-2 show a rather uniform
in-plane distribution (see Figure 11(d)).

In Figure 13, we provide the surface density
distribution correspondent to the first oxygen layer
LBO-1 (a), and the first hydrogen layer LBH-1 (b) on
LD-RANDOM surfaces. The density distribution on the
LBO-1 layer resembles that found on the LD-PER surface
(see Figure 11(a)), although a number of imperfections
emerge in the hexagonal distribution of oxygen atoms on
the LD-RANDOM surface, reflecting the random orien-
tation of the surface hydrogen atoms. More pronounced
are the differences between the hydrogen atom density
distribution in layer LBH-1 (Figure 13(b)) and that found
in layer LAH-1 (Figure 11(c)). It appears that, because the
surface hydrogen atoms are randomly oriented on the
LD-RANDOM surface, the water molecules on the first
adsorbed layer assume a variety of different orientations,
yielding a distribution of water hydrogen atoms that
lacks long-ranged order, as shown in Figure 13(b). This
observation is reflected in rather short-ranged structuring
of interfacial water near the surface, as shown in Figure 6.

The most interesting results were found in the case of
surface density distributions on the LD-CLAYFF surface,
where the surface hydrogen atoms are allowed to rotate. In
Figure 14(a), we show the surface density distribution of
the surface hydrogen atoms (notice that, for clarity, the
scale of panel (a) is enlarged compared to that of the other
panels in Figure 14). The high density areas, correspond-
ing to the location of vertices 1, 3 and 5 of the hexagon
formed by surface silicon atoms (Figure 12), indicate the
preferential position of these surface hydrogen atoms. In
Figure 14(b), we show the surface density distribution
of the oxygen atoms found in layer LCO-1. Clearly, our
results provide evidence for highly structured interfacial
water, dictated by hydrogen bonds formed between
interfacial water and surface hydroxyl groups. The water
molecules preferentially accumulate on areas correspon-
dent to the vertices 1, 3 and 5 of the hexagon formed by
surface silicon atoms, highlighted in Figure 12. This
suggests that water molecules accumulate where the
surface hydrogen atoms are, implying the formation of
strong hydrogen bonds between surface hydrogen atoms
and water oxygen atoms. Figure 14(c) and (d) show the
density distribution of oxygen atoms belonging to LCO-2
and LCO-3 layers, respectively. In the LCO-2 layer, the
oxygen atoms distribute in circles whose centre is the
centre of the silicon hexagons highlighted in Figure 12.
This suggests that the movement of surface hydrogen
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Figure 13. Surface density distribution of oxygen atoms in layer LBO-1 (a) and hydrogen atoms in layer LBH-1 (b) on the LD-
RANDOM surface. See Table 3 for details on peak position. Surface densities are expressed in number of atoms per A”.

atoms, allowed by the CLAYFF force field, affects the
distribution of water molecules belonging to the second
oxygen layer. Far from the surface, the effect becomes
weaker, although the oxygen atoms still accumulate on the
vertices of the surface hexagons. Comparison between the
surface distributions of Figure 14 with those shown in
Figure 11 suggests that when the CLAYFF force field is
implemented, the perturbation on the water structure
extends further from the surface, as also demonstrated by
the density profiles of Figure 6. The correlation between
the density distribution of surface hydrogen atoms (Figure
14(a)) and the distribution of interfacial water molecules
corroborates our earlier hypothesis according to which
favourable surface—water interactions, manifested by
hydrogen bonds, are responsible for the pronounced
accumulation of water on the LD-CLAYFF surface, as
discussed in Figure 6.

In Figure 15, we show the surface density distribution
of the first and second hydrogen layers LCH-1 (a) and
LCH-2 (b) on the LD-CLAYFF surface. Because each
hydrogen atom in layer LCH-1 belongs to one water
molecule whose oxygen lies in layer LCO-1, it is not
surprising that the distribution of hydrogen atoms within
the LCH-1 layer on the (X-Y) plane is very similar to the
distribution of oxygen atoms in layer LCO-1. The in-plane
density distribution in layer LCH-2 shows circles and dots.
Those two features can be explained by analysing the
structure of interfacial water on the LD-CLAYFF surface.
Hydrogen atoms in layer LCH-2 belong, in part, to the
water molecules whose oxygen atoms are found in layer
LCO-1 (these hydrogen atoms are likely to distribute on
three vertices of the hexagon of Figure 12), and also to the
water molecules whose oxygen atoms are located in layer
LCO-2 (these hydrogen atoms are likely to distribute on

the LCH-2 layer yielding circles clearly observable in the
contour plot of Figure 15(b)).

In Figure 16, we provide the surface density
distributions of oxygen atoms belonging to LDO-1 (a)
and LDO-2 (b) layers on the LD-CLAYFF-RIGID surface.
These results are totally different compared to those
obtained on the LD-CLAYFF surface (Figure 14(b) and
(c)), although the atomic density profiles for water oxygen
and hydrogen atoms away from these surfaces are
essentially identical (see Figure 6). The different results
observed for the in-plane density distributions are due
to the flexibility of surface hydroxyl groups, which is
accounted for on the LD-CLAYFF substrate, but not on the
LD-CLAYFF-RIGID surface. Our results suggest that
the structure of water observed on the LD-CLAYFF
surface (details in Figure 14) is very dynamic, and that the
mobility of the surface hydroxyl groups is responsible for
local fluctuations of interfacial water. When we freeze
the surface hydroxyl groups, yielding the LD-CLAYFF-
RIGID substrate, we essentially reduce the density
fluctuations of interfacial water and we stabilise the
structure of interfacial water evidenced by the contour
plots shown in Figure 16.

The detailed analysis of in-plane atomic distributions
obtained for interfacial water on the silica surfaces with
high density of hydroxyl groups is discussed in detail in
Appendix B. As expected, quantitative comparison yields
strong differences when compared to the result just
discussed because of the different density of surface
hydroxyl groups. Further careful analysis of the simulation
results shows that the details of the implemented force
fields are important in determining the structural proper-
ties of interfacial water, although the differences observed
when different force fields are implemented are more
pronounced for LD than for HD surfaces.
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Figure 14. Surface density distribution of surface hydrogen atoms (a), oxygen atoms belonging to LCO-1 (b), LCO-2 (c) and LCO-3 (d)
peaks on the LD-CLAYFF surface. See Table 3 for details on peak position. Note that, for clarity, an enlargement of the (X,Y) plane,
rather than the entire surface, is provided in panel (a). Surface densities are expressed in number of atoms per Al

3.4 Hydrogen-bond density profiles

The results from atomic density profiles and surface
distributions discussed so far suggest that strongly
structured water molecules accumulate close to each
simulated surface. This may lead to the formation of
hydrogen bonds among interfacial water molecules. In this
section, we observe the resultant water—water hydrogen
bond network as a function of the distance z from the
surfaces. One hydrogen bond was identified using the
geometric criterion proposed by Marti [58]. The position
of each hydrogen bond was considered as the middle
between the hydrogen of the donor and the oxygen of
acceptor molecules. Similar definitions were introduced in
Ref. [3]. The results shown in Figure 17 are the hydrogen
bond density as a function of the distance z from LD
(panel (a)) and HD surfaces (panel (b)). In the case of the
LD-PER surface (blue curve online), the hydrogen-bond

density peaks at z = 3.1 A, corresponding to the LAO-2
and LAH-2 peaks found in the atomic density profiles (see
Table 4). This suggests that a large number of hydrogen
bonds form among water molecules whose oxygen atoms
belong to the LAO-2 layer. On the LD-RANDOM surface
(red curve online), we found a broad peak located at 2.7 /f\,
which lies in between LBO-1 and LBO-2 oxygen peaks.
This indicates that a complicated hydrogen bond network
forms among water molecules belonging to LBO-1 and
LBO-2 layers, suggesting that water—water hydrogen
bonds are responsible for extending the perturbation of
interfacial water molecules further from the solid
substrate. The hydrogen bond density profile on LD-
CLAYFF surface (green curve online) is characterised by a
shoulder at 2A and two peaks 2.45 and 2.95 A. The
shoulder indicates that a few hydrogen bonds form among
water molecules whose oxygen atoms are confined within
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Figure 15. Surface density distribution of hydrogen atoms on LD-CLAYFF surface. Panels (a) and (b) are for LCH 1 and LCH-2 layers,
respectively. See Table 3 for details on peak position. Surface densities are expressed in number of atoms per Al

peaks LCO-1 and LCO-2. The hydrogen bond peak at
2.45 A is at the same position than the second oxygen peak
LCO-2, suggesting the formation of hydrogen bonds
among water molecules whose oxygen atoms belong to
that layer. Similar detailed comparison could be repeated
for interfacial water on the silica surfaces with high
density of hydroxyl groups (right panel of Figure 17). For
brevity, we omit such discussion.

Despite all the differences discussed above, as well as
the different atomic density profiles shown in Figure 6, it is
surprising to note that the hydrogen bond density profile is
very similar on all surfaces considered in Figure 17. These
similarities suggest that the interfacial water molecules
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rearrange so as to maximise the number of water—water
hydrogen bond, and this tendency compensates for
different water structuring due to the solid substrates.
The quantification of the density of hydrogen bonds of
water near a substrate is important for developing
thermodynamic models for describing, e.g. protein folding
and aggregation [59].

3.5 Residence time

We also calculated the residence correlation function Cg(t)
of water molecules in a particular layer — i.e. how long
water molecules stay at the interface. A 1-A thickness slab
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Figure 16. Surface density distributions of oxygen atoms belonging to LDO-1 (a) and LDO-2 (b) layers on LD-CLAYFF-RIGID
surface. See Table 3 for details on peak position. Surface densities are expressed in number of atoms per A3,
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curves represent the results obtained by implementing different force fields for the silica substrate (see Table 1 for details).

was considered and centred on the peaks of oxygen atomic
density profiles (see Tables 3 and 4 for details). The
residence correlation function was then quantified as [60]

(04(H0,,(0))

Cr0) = 10,(0)0,0)’

ey

where the angular brackets indicate ensemble averages. In
Equation (1), the term O,,(¢) discriminates whether water
molecule w belongs to the layer of interest at time 7. If
water molecule w belongs to the layer of interest at time
t =0, then O,,(t = 0) = 1. O,, remains equal to 1 as long
as the water molecule remains in the layer, but becomes 0
when the molecule leaves the layer. After one water
molecule leaves the layer of interest, O,, remains equal to 0
even if the molecule returns to the observed layer.
Therefore, the autocorrelation function Cg is a measure of
the time spent, on average, by the interfacial water
molecules within each interfacial layer. The faster Cg

decays from 1 to 0, the shorter the molecules reside at the
interface.

In Figure 18, we show the correlation function Cg(?)
for water on LD surfaces. In both LD-PER (a) and LD-
RANDOM (b) surfaces, the correlation function decays
quickly. After 4 ps, no water molecule was found in the
layers considered. However, for LD-CLAYFF surface (c),
the residence time is longer for both layers LCO-1 (blue
curve online) and LCO-2 (red curve online). These results
are found also for water on HD surfaces (Figure 19).

Qualitatively, these results agree with our previous
observations regarding contact angles and density
distribution. According to our previous analysis, the
CLAYFF force field yields silica substrates that attract
water molecules more strongly than the Brodka and Zerda
force field does. The results in Figure 18 and those in
Figure 19 suggest that water molecules remain in contact
with the more strongly attracting substrates longer than
they do on less attractive ones. This observation is in
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Figure 18. Residence correlation functions for oxygen atoms in various layers on LD-PER (a), LD-RANDOM (b), LD-CLAYFF (c) and

LD-CLAYFF-RIGID (d) surfaces. See Table 3 for details on peak position.
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Figure 19. Residence correlation functions for oxygen atoms in various layers on HD-PER (a), HD-RANDOM (b), HD-CLAYFF (c)
and HD-CLAYFF-RIGID (d) surfaces. See Table 4 for details on peak position.

qualitative agreement with the density fluctuations results
used by Garde and co-workers [56] to discriminate
between hydrophobic and hydrophilic surfaces. All prior
observations within this work have shown little effect due
to the flexibility of the surface hydroxyl groups on the
reported results. On the contrary, results in Figure 18 and
in Figure 19 show that when the surface hydroxyl groups
are maintained rigid, interfacial water molecules remain in
contact with the solid surface for long times (compare
panels (d), obtained on the CLAYFF-RIGID surfaces, to
panels (c), obtained on CLAYFF substrates, for both LD
and HD surfaces). This observation is consistent with
our description of the in-plane density distributions
(Figure 16), which indicates that the rigidity of the surface
hydroxyl groups may lead to less pronounced density
fluctuations for contact water. In Section 3.4, we
mentioned that the first layer of oxygen atoms LCO-1
forms the hydrogen bonds with surface hydrogen atoms.
These hydrogen bonds depend on the flexibility of surface
hydrogen atoms. When surface hydrogen atoms move, the
hydrogen bonds break and the water molecules can easily
move away from the interface. The effect of the flexibility
of surface hydrogen atoms on residence time is more
evident in the case of water on HD surface (Figure 19(c)
vs. Figure 19(d)).

The analysis for the dynamical properties of interfacial
water on the various substrates considered herein
demonstrates that appropriately accounting for not only
water—substrate interactions (we have compared the
Brodka and Zerda to the CLAYFF force field), but also
for the mobility of the surface hydroxyl groups (we have
compared rigid vs. flexible substrates) is important for
correctly describing both structural and dynamical proper-
ties of interfacial water.

4. Conclusions

The molecular structure of interfacial water on different
silica surfaces was investigated using molecular dynamics
simulations. Two silica surfaces, with LD and HD, were
described under four formalisms different in the

orientation and flexibility of surface hydroxyl groups and
water—silica interactions. The interaction between atoms
of silica surface and water molecules was described by
either the CLAYFF or the Brédka and Zerda force fields.
We calculated contact angles, atomic density profiles,
surface density distribution, hydrogen bond density
profiles and residence time for water at contact with all
the simulated substrates. No significant differences were
observed when either the SPC or the SPC/E models of
water were implemented.

Our results show that as the density of surface
hydroxyl groups increases, the substrates become more
hydrophilic. At constant density of surface hydroxyl
groups, the CLAYFF force field yields more hydrophilic
substrates than the Brodka and Zerda one does. This
results in different contact angles, particularly noticeable
on surfaces with low density of hydroxyl groups, and also
on different distributions of water molecules away from
the surfaces. The in-plane distribution of water molecules
and the related orientation of interfacial water strongly
depend on the model implemented to simulate the surface,
although no apparent correlation is found between
macroscopic hydrophobic/hydrophilic character and
microscopic details, in qualitative agreement with recent
results reported by Garde and co-workers [56]. The
network of water—water hydrogen bonds near the solid
substrates does not seem to depend strongly on the force
field implemented to simulate the solid, although the
density of surface hydroxyl groups seems to strongly
influence the density of water—water hydrogen bonds near
the surface, presumably because of a competition between
surface—water and water—water hydrogen bonds. In
general, allowing for the flexibility of the surface hydroxyl
groups does not seem to perturb significantly the structure
of interfacial water. However, our results clearly show that
when the surface hydroxyl groups are allowed to vibrate,
water molecules remain next to the solid substrate for
shorter times than when the surface hydroxyl groups are
rigid, presumably because as the surface hydroxyl groups
rotate, water—surface hydrogen bonds can more easily
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break, thus allowing water molecules to move away from
the surface.

Because the simulation results are semi-quantitatively
similar (e.g. the perturbation on water structure and
dynamics due to the surface always extends for distances
less than 1.0—1.5nm), only access to detailed experimen-
tal data could permit a rigorous discrimination between the
reliability of simulation predictions. To reproduce
experimental observations, it is crucial to simulate the
correct density of surface hydroxyl groups. Experimental
contact angles could be used to fine-tune water—surface
interaction parameters. To allow realistic dynamics of
interfacial water, it appears important to include in the
implemented models the possibility for the solid atoms to
vibrate, thus exchanging momentum with interfacial water
and promoting density fluctuations at the interface.
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Appendix A: SPC vs. SPC/E water

In Figure A1, we show the water oxygen (a) and hydrogen (b)
atomic density profiles for both SPC/E and SPC models of water
simulated on LD surfaces. In Figure A2, we present simulation
results obtained on HD surfaces. All simulations are conducted at
300 K. Although small differences can be observed, especially,
when the peak intensities obtained for SPC or SPC/E models of
water are compared on the same surface, our results show that the
peak positions do not depend on the model implemented to
describe water. We conclude that implementing either SPC/E or
SPC model to describe the structural properties of interfacial
water yields comparable results.
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Appendix B: Surface density distributions on HD silica
surfaces

In Figure A3, we report the surface distributions of water oxygen
atoms belonging to HAO-1 (a) and HAO-2 (b) layers on the HD-
PER surface. Peak positions are reported in Table 4. The results
in Figure A3(a) indicate that oxygen atoms belonging to the
HAO-1 layer concentrate in well structured regularly distributed
narrow areas. These areas are found at vertices 1, 3 and 5 of the
hexagons formed by surface silicon atoms (see Figure A4). On
the second layer (HAO-2), as shown in Figure A3(b), oxygen
atoms of interfacial water accumulate at vertices 2, 4 and 6 of the
silicon hexagons (Figure A4), suggesting that the surface alters
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Figure A1. Oxygen (a) and hydrogen (b) atomic density profiles for SPC/E and SPC water as a function of the distance z from the LD
surfaces at 300 K. The reference z = 0 is the plane of non-bridging oxygen atoms of the bottom slab (see Figure 3).
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Figure A2. Oxygen (a) and hydrogen (b) atomic density profiles for SPC/E and SPC water as a function of the distance z from the HD
surfaces at 300 K. The reference z = 0 is the plane of non-bridging oxygen atoms of the bottom slab (see Figure 3).
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Figure A3. Surface density distributions for oxygen atoms of interfacial water near HD-PER surfaces. Panels (a) and (b) represent
results for HAO-1 and HAO-2 layers, respectively. See Table 4 for peak positions. Surface densities are expressed as number of atoms

per A3,

the structure of interfacial water, compared to that observed in
the bulk, for distances larger than the LD surface does (see
Section 3.3) because of water—water preferable interactions. This
effect is enabled by the high density of rigid hydroxyl groups on
the HD-PER surface.

The surface distribution of hydrogen atoms belonging to the
HAH-1 layer (Figure A5(a)) is analogous to the distribution of
oxygen atoms in the HAO-1 layer. As observed in the case of LD
surfaces, this analogous density distribution, coupled to the fact
that the distance between HAH-1 and HAO-1 layers is 1A,
implies that those water molecules whose oxygen atoms belong
to layer HAO-1 assume hydrogen-down orientation. Hydrogen
atoms belonging to the HAH-2 layer (Figure A5(b)) show a
multi-modal distribution, although with a significant amount of
order. The hydrogen atoms in this layer belong to water

Figure A4. Hexagon formed by silicon atoms on the HD-
surface. The numbers identify six vertices of the hexagon. Only
surface atoms are shown for clarity.

molecules whose oxygen atoms are in either layer HAO-1 or in
layer HAO-2.

In Figure A6(a) and (b), we provide the surface distributions
of oxygen atoms belonging to layer HBO-1 and HBO-2 on the
HD-RANDOM surface, respectively. The density distribution on
the HBO-1 layer resembles that found on the HD-PER surface
(see Figure A3(a)), although a number of imperfections emerge
in the hexagonal distribution of oxygen atoms, reflecting the
random orientation of the surface hydroxyl groups. The surface
distribution of oxygen atoms in layer HBO-2 (Figure A6(b))
indicates that the water molecules are rather disordered along the
X and Y directions. In Figure A6(c) and (d), we show the surface
distributions of hydrogen atoms belonging to HBH-1 and HBH-2
layers, respectively. Because of the random orientation of the
surface hydroxyl groups, the density distribution of hydrogen
atom in layer HBH-1 (Figure A6(c)) resembles that in layer
HAH-1 (Figure A5(a)), but the locations with high atomic density
have variable intensity. The effect becomes more pronounced on
the second layer (compare Figure A6(d) to Figure A5(b)).

In Figure A7(a), we show the surface distribution of surface
hydrogen atoms of the HD-CLAYFF surface. Because the
hydrogen atoms on the HD-CLAYFF surface rotate on a plane
perpendicular to the Si-O vector (Figure 2(b)), the movement of
three hydrogen atoms belonging to one silanol group yields the
arcs highlighted by the green circle in Figure A7(a). However,
the surface hydrogen atoms do not regularly distribute along
these arcs because of preferential interactions with interfacial
water. The surface distributions of oxygen atoms belonging to
HCO-1 and HCO-2 layers (Figure A7(b) and (c)) are the same as
those in layers HBO-1 and HBO-2, respectively. It is instructive
to note that in correspondence to layer HCH-1 (Figure A7(d)), the
hydrogen atoms assume a distribution very similar to that of
oxygen atoms in layer HCO-1.

In Figure A8, we show the surface distributions of oxygen
atoms belonging to HDO-1 (a) and HDO-2 (b) layers on the HD-
CLAYFF-RIGID surface. The surface distributions of oxygen
atoms of HDO-1 and HDO-2 layers are the same as those found
on layers HCO-1 and HCO-2, respectively. It appears that on the
HD surfaces modelled with the CLAYFF force field, allowing for
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Figure A5. Surface density distributions for hydrogen atoms of interfacial water on HD-PER surfaces. Panels (a) and (b) represent
resuloti for HAH-1 and HAH-2 layers, respectively. See Table 4 for peak position. Surface densities are expressed as number of atoms
per A”.

the rotation of surface hydrogen atoms has little effect on the in- details of the force field implemented to describe the solid
plane atomic density distributions, which is contrary to what was substrate, in qualitative agreement with contact angle obser-
observed on the LD surfaces (see Section 3.4). This different vations discussed in Section 3.1. However, we point out that the
result is due to the differences of the orbit of surface hydrogen density profiles on the direction perpendicular to the surface
atoms rotation on LD and HD surfaces (see Figure 2). (Section 3.3), as well as the dynamic properties of interfacial

It appears that the structure of water on the silica surfaces water (Section 3.5), strongly depend on the details used to
with high density of hydroxyl groups is less sensitive to the describe the solid substrates.
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atoms per A”.
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Figure A7. Surface density distributions of surface hydrogen atoms (a), water oxygen atoms belonging to HCO-1 (b) and HCO-2 (c),
and water hydrogen atoms belonging to layer HCH-1 (d) on the HD-CLAYFF surface. See Table 4 for details on peaks position. Note that,
for clarity, an enlargement of the (X,Y) plane, rather than the entire surface, is provided in panel (a). Surface densities are expressed as
number of atoms per A”.
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Figure A8. Surface density distributions of oxygen atoms belonging to HDO-1 (a) and HDO-2 (b) layers on HD- CLAYFF RIGID
surface. See Table 4 for details on peak position. Surface densities distributions are expressed in number of atoms per A,



