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ABSTRACT: We present a molecular dynamics (MD) simulation
study of the structure and energetics of thin films of water adsorbed
on solid substrates at 240 K. By considering crystalline silica as a
model hydrophilic surface, we systematically investigate the effect of
film thickness on the hydrogen bonding, density, molecular orienta-
tion, and energy of adsorbed water films over a broad surface
coverage range (0). At the lowest coverage investigated (0 = 1
monolayer, ML), >90% of water molecules form three hydrogen
bonds (H-bonds) with surface silanol groups and none with other
water molecules; when 0 = 1 ML, the most probable molecular
orientation is characterized by both the molecular dipole and the
OH vectors being parallel to the surface. As O increases, water—
water and water—surface interactions compete, leading to the
appearance of an orientational structure near the solid—liquid
interface characterized by the dipole moment pointing toward the
silica surface. We find that the water—surface H-bond connectivity
and energetics of the molecular layer nearest to the solid—liquid
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interface do not change as 0 increases. Interfacial water molecules, therefore, are able to reorient and form water—water H-bonds
without compromising water—surface interactions. The surface-induced modifications to the orientational structure of the adsorbed
film propagate up to ~1.4 nm from the solid—liquid interface when ¢ = 15.1 ML (a film that is ~2.3 nm thick). For the thinner
adsorbed films (0 < 4.3 ML, thickness <0.8 nm) orientational correlations imposed by the solid—liquid and liquid—vapor

interfaces are observed throughout.

1. INTRODUCTION

When a solid is exposed to ambient air, water molecules will
adsorb on its surface forming a thin film a few molecular
diameters in thickness. Understanding the properties of ad-
sorbed water films is of relevance to many scientific fields—from
climatology to catalysis—given that water’s molecular structure
determines many of the physical and chemical properties of the
interface and underlying material," such as its chemical reactiv-
ity, corrosion, and the transport of coadsorbed molecules. In
addition, wetting phenomena can only be comprehended in-
asmuch as the properties of adsorbed water are known. This is
due to the fact that molecular-scale water films are the structural
precursors of (macroscopic) multilayer films.? Indeed, it can be
speculated that the different values of the contact angle of water
on hydrophilic surfaces (e.g, silica vs titania) result from the
subtle interplay between the molecular structure of water in a
droplet and that of water molecules adsorbed on different
substrates.

Despite the widespread occurrence and importance of thin
water films, knowledge of the structure and properties of
adsorbed water is still incomplete. While it is well understood
that water’s peculiar thermodynamic properties stem from its
ability to form strong hydrogen bonds (H-bonds), the way in
which the H-bond network is modified in the proximity of a
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surface is not. This is the case even for widely studied “simple”
systems, such as water adsorption on metal surfaces,”' where the
existence of a hexagonal icelike bilayer, once considered para-
digmatic, has been recently called into question.” The picture is
further complicated when the adsorbent is an oxide. In this case,
water molecules can form H-bonds with surface hydroxyl groups,
whose strength is comparable to a water—water H-bond (~15—
25 k] mol™ ). In light of this, one is led to ask whether the
structure of adsorbed water is dictated by surface-water inter-
actions or by water—water H-bonds.® The latter raises a further
question: how is the interfacial structure modified by water—
water interactions when multiple layers are adsorbed? After
adsorption of a few water layers, thermal fluctuations are likely
to blur the effect of the solid surface on the local density,
molecular orientation and H-bond connectivity, leading to
random, bulklike structural properties. A precise knowledge of
the range of surface-induced perturbations is necessary.

In this paper, we explore the questions raised above through
molecular dynamics (MD) simulations of thin water films
adsorbed on hydrophilic silica, an oxide which, in addition to
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being the major component of the Earth’s crust, finds a myriad
applications in electronics, agriculture, metallurgy, and bio-
chemistry.® Water films adsorbed on silica have been studied
by various computational techni%ues (density functional theory,
ab initio, and classical MD’~"°) and different experimental
techniques, such as attenuated total reflection infrared spectros-
copy (ATR-IR),""" atomic force and Kelvin probe micro-
scopy,”'® and sum-frequency vibrational spectroscopy.'*'®
These studies have uncovered the rich phenomenology of
interfacial systems, showing that water undergoes extensive
modifications to its H-bond network in proximity of the silica
surface, often forming ordered, icelike structures.”' However,
most computational studies have not explored the structure of
films beyond one adsorbed layer, and their interpretation re-
mains contentious'® due to system size constraints and the short
time scales accessible to simulations, particularly when ab initio
methods are used. These limitations notwithstanding, molecular
simulations remain a valuable tool in surface science, often
complementing and aiding the interpretation of experimental
data. Provided accurate intermolecular potentials are available,
molecular simulations provide a level of microscopic detail, such
as the determination of the orientational structure at an interface,
that is difficult to attain with state-of-the-art experimental
techniques.

In this simulation study, our objective is to explore the
modifications undergone by the structure of water in the vicinity
of a hydrophilic silica surface. We focus on the variation of local
H-bonding, molecular orientation, density, and adsorption en-
ergy, with the number of adsorbed layers (). In addition to
providing insight into the relative influence of water—water,
versus water—surface interactions, this study allows us to eval-
uate the range of surface-induced perturbations. The above
objectives are realized by varying O from 1 monolayer (ML) to
~1S adlayers. We find that the structure of a 1 ML film is
significantly different to that of thicker, multilayer films, its
H-bonding network and orientational order being determined
by surface water interactions. Increasing the number of adsorbed
layers results in water—water interactions becoming equally
relevant in determining the structure of the adsorbed film.

2. SIMULATION AND COMPUTATIONAL DETAILS

We perform molecular dynamics simulations in the canonical
(constant N,V,T) ensemble at a temperature of 240 K* con-
trolled by means of a Berendsen thermostat.'” The SPC/E pair
potential, a rigid, three-site model,'® is used to compute water—
water interactions. Simulations were carried out in a cubic box of
side length L = 6.93 nm, into which we introduce a hydroxylated
silica surface (dimensions L X L x 0.866 nm) parallel to the x,y-
plane, such that the plane containing the surface H atoms lies at
z = —2.5 nm. Periodic boundary conditions are applied in the x
and y directions, making the system macroscopic in the direc-
tions parallel to the surface; a reflective boundary condition is
applied at z = 3.0 nm, imposing a small vapor pressure on the
system. We consider an atomically detailed surface representa-
tion of the (111) plane of fS-cristobalite, a crystalline phase of
silica. The surface is hydroxylated with 224 OH groups, resulting
in a hydroxyl group surface density of 4.66 OH nm ~, in good
agreement with the experimental value of 4.55 OH nm ™~ for the
(111) plane of cristobalite.* Water—surface interactions are
computed with the potential proposed by Lee and Rossky,"
which allows for Lennard-Jones interactions between the water

oxygen and surface Si and O atoms, and Coulombic interactions
between the water atoms and surface silanol (SiOH) groups. All
Si and O surface atoms remain fixed during the simulation;
surface H atoms can reorient in a circular trajectory with a fixed
bond length of 0.1 nm and fixed Si—O—H angle of 109.47°.
Long-ran§e electrostatics are handled with the Ewald sum
method,” using a real-space cutoff of 0.79 nm, ky. = s
reciprocal space vectors and a screening-charge Gaussian dis-
tribution with o = 4.0 nm ™.

Experiments and ab initio simulations*"'>** have shown that
surface silanol groups exhibit bimodal acidity manifested by pK,
values at ~4.5 and ~8.5, the latter value characterizing the
majority of the surface groups (the higher acidity seems to
emerge only in strained and sparsely hydroxylated regions of
the surface™). Accounting for these effects requires the use of
dissociative potentials or ab initio techniques.””” >* However,
assuming neutral pH and pK, = 8.5, the ratio SiOH:SiO s
estimated at ~32, implying that only ca. 3% of surface silanol
groups would exist in the ionized state. Therefore, use of a
nondissociative potential appears to be justified under the assu-
med conditions given the small number of SiO™ groups. None-
theless, future work should focus on systems for which the
aforementioned assumptions are invalid, such as non-neutral
pH or defective surfaces, both of which require the use of ab initio
or dissociative potentials.

Molecular simulations of adsorbed systems are commonly
performed in the grand canonical ensemble using the Monte
Carlo (MC) method, " or with hybrid algorithms combinin%
short MD runs with MC particle insertion/removal steps,**”
that also allow examination of the adsorption dynamics. In both
methods, the adsorbent and adsorbate are in equilibrium with a
reservoir at constant chemical potential (¢) and T; consequently,
the particle number fluctuates about (N) and a solid—liquid—
vapor interfacial system is established allowing the calculation of
the adsorption isotherm. Our simulations, on the other hand,
were performed for a fixed N, the choice being guided by the class
of properties to be calculated. In our study we perform indepen-
dent simulations at different N and systematically vary the
number the adsorbed layers; i.e., we examine the effect of 6 on
adsorbed film structural properties. Precise knowledge of the
chemical potential (or partial pressure) that results in a particular
value of 0 is beyond the scope and objectives of our study.
Therefore, equilibration in the grand canonical ensemble is not
necessary.

We study thin films of water with d ranging from 1 to ~15 ML.
The definition of monolayer (ML) adopted here is based on the
morphology of the silica surface, which contains 224 hydroxyl
groups that can act as potential adsorption sites. Accordingly, 0 is
defined as the ratio of water molecules to surface hydroxyl
groups. We explored values of 0 ranging from 1 to 15.1 ML; to
this end, we investigated systems with 224 (6 = 1 ML), 486 (0 =
2.2 ML), 961 (6 = 4.3), and 3375 (0 = 15.1 ML) SPC/E water
molecules. The initial configuration of water in films with 6 < 4.3
ML was obtained from a MD simulation of water confined by two
hydrophilic silica surfaces, identical to those used in this work,
placed 5.0 nm apart. After equilibration in the NVT ensemble for
500 ps at 300 K and a mean density of 1 g cm™ >, we selected
molecules within slabs of dimensions L x L X i nm (where i =
0.13, 0.3, and 0.6 nm for O = 1, 2.2, and 4.3 ML, respectively),
located near the center of the confined volume. All selected
molecules were at a distance >2.2 nm from the nearest silica
surface and showed bulklike structural and dynamic properties.*°
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Figure 1. (a) Local density profile, p(z), computed in 0.05 nm thick slabs, as a function of the distance from the solid—liquid interface, z (the surface H
atoms are located at z = 0). (b) Number of water—water (W—W) H-bonds per molecule as a function of z. (c) Same as (b), for water—surface (W—

Wall) H-bonds.

To finalize the initial configuration of the adsorbed film, the
molecules thus selected were translated in the z direction toward
the silica surface, leaving a gap of 0.2 nm (ie., ca. one water
molecular diameter) between the surface H atoms and the lower
edge of the water slab. To prepare the 15.1 ML system, a cubic
configuration of bulk water (side length = 4.66 nm, density
1 g cm ?) was placed near the silica surface, leaving a gap of
0.2 nm between the surface H atoms and the side of the water
cube closest to the surface. After equilibration at 300 K for 1.0 ns
the water had wetted the surface entirely, forming a film with
dimensions L X L X ~2.3 nm>. The resulting configuration was
used as input for the 15.1 ML system.

All simulations involved an equilibration time of 1.0 ns
followed by a production time of 1.5 ns when 6 = 15.1 ML
and 3.0 ns for 6 < 43 ML. Our simulations appear to be
sufficiently long (at least ~1407, where 7 = 17 ps is the structural
relaxation time of bulk SPC/E water at 240 Kand 1 gcm™ >>') to
avoid metastable artifacts. The equations of motion were inte-
grated using the leapfrog scheme® with a time step of 1.0 fs.
Water molecular geometry was constrained using the SHAKE
algorithm.*® Further details on the simulation may be found
elsewhere.***

3. RESULTS AND DISCUSSION

In this section we characterize the structure and energetics of
thin water films as a function of distance from the interface, z, and
number of adsorbed water layers, 0. For all results presented
below, the solid—liquid (sl) interface, defined as the plane
containing the surface hydrogen atoms, is located at z = 0.
Results reflect averages over 501 configurations saved every 1 ps.

3.1. Local Structure: Density and H-Bond Connectivity.
Figure la presents the density profile (i.e., the variation of local
density with distance from the sl interface, z), computed in
0.0S nm thick slabs parallel to the surface. The position of the
water O atoms was used to construct the p(z) profile. The system
with 0 = 1 ML shows a single, high-density peak at z = 0.039 nm
from the interface, while the oscillations in p(z) characteristic of a
liquid near a hard surface are observed in thicker films. We note
that the first peak in the density profile (z < 0.2 nm) moves
farther from the interface when 0 = 2.2 ML, in which case it is
found at z = 0.089 nm. This shift is attributed to water—water
H-bonds prevalent when 0 > 1 ML (vide infra). A second peak is
apparent in the systems with 4.3 and 15.1 ML, at z = 0.338 nm. At
z &~ 1 nm the density of the 15.1 ML system converges to a
constant bulk density of 1 g cm > (P = 0 GPa, T = 240 K).

Panels b and c of Figure 1 show the water—water (W—W) and
water—surface (W—Wall) H-bond profiles for all the films.

In computing the number of H-bonds per molecule, we adopted
a geometric definition according to which two species are
H-bonded if the distance between the O atoms is less than
0.36 nm (roughly the range of the first coordination shell of bulk
water, and of water under hydrophilic confinement as deter-
mined from the surface oxygen—water oxygen radial distribution
function®*°) and the O—H-+-O angle is less than 30°. The
latter angular cutoff value is obtained from the amplitude of the
librations that break H-bonds, which have been determined to
be ~30°.*

A different H-bond network connectivity appears as O in-
creases. In Figure 1b we first note that the number of W—W
H-bonds at 6 = 1 ML is ~0 at z= 0.039 nm, the distance at which
the density profile exhibits the only peak for this film, while the
number of W—Wall H-bonds is 3, as shown in Figure lc. At
slightly larger distances (z &~ 0.2 nm), the number of W—W
H-bonds increases to ~2; these H-bonds, however, involve less
than 5% of all water molecules in the monolayer. Thus the 1 ML
film is comprised of molecules which mainly H-bond to surface
silanol groups. A similar adsorbed water structure was observed
in density functional theory (DFT) calculations of water adsorp-
tion on the B-cristobalite (111) surface.®

The number of W—W H-bonds per molecule is seen to rise
quickly upon increasing the number of adlayers. As 0 increases to
2 or more layers there is a net gain between 1 and 2 W—W
H-bonds at z = 0.089 nm (cf. the increase in W—W H-bonds to
~1.7 in Figure 1b, for = 2.2 ML), coinciding with the first
maximum of p(z). An increase in film thickness from 2.2 to
4.3 ML, manifested by the appearance of the second maximum in
p(z), also results in a gain of ~1 W—W H-bond at z = 0.338 nm.
Figure 1b shows that when § = 15.1 ML, water exhibits bulklike
H-bonding when 0.4 nm < z < 1.6 nm. At the liquid—vapor
interface (Iv), W—W H-bonding decreases, consistent with the
decrease in water density. The W—W H-bond profiles (for 6 >
1 ML) in Figure 1b were truncated at distances where the
number of H-bonds per molecule is ~2.5 (at this distance the
number of water molecules is ~10), i.e, a loss of 1 H-bond
relative to bulk water. The loss of 1 H-bond per molecule near Iv
(and other hydrophobic) interfaces has been observed experi-
mentally using sum-frequency generation (SFG) vibrational
spectroscopy, which shows the abundance of free OH groups
at this and other hydrophobic interfaces.>® We have indeed found
that, at the lv interface, there is, on average, one non-H-bonded
OH group per molecule.

Figure 1c depicts the variation of the number of W—Wall
H-bonds with z. We note that close to the silica surface (z = 0), all
films form ~3 H-bonds with silanol groups. More importantly,
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Figure 2. (a) Water—water local potential energy (Uy—w), computed
in 0.05 nm thick slabs, as a function of distance from the interface, z.
(b) Same as (a), for water—surface interactions (Uypy—ai)-

the variation of the number of W—Wall H-bonds with z is nearly
independent of the number of adsorbed layers, changing only
slightly when O increases from 1 to 2.2. This seemingly contra-
dictory observation—that W—W H-bonding changes signifi-
cantly while W—Wall does not—is explained by the fact that
water near the sl interface reorients in order to form H-bonds
with other molecules without compromising H-bonds with the
surface. We will return to this observation in section 3.2.

We conclude this section with a discussion of the thin film
energetics. Figure 2 presents the local potential energy profile,
decomposed into its W—W and W—Wall contributions (Uyy—
and Uw_way, respectively). The profiles in Figure 2 were
computed in 0.05 nm thick slabs, in analogy to the density and
H-bond calculations. We excluded the reciprocal component in
the calculation of W—W and W—Wall electrostatic interactions,
since this component amounts to <1% of the total potential
energy of the system. The potential energy profiles are unaffected
by this exclusion.

For all films, Uyy—yw becomes weaker (less negative) near the
surface since this region is dominated by W—Wall H-bonds
(note the strengthening of Uw—_w, when z < 03 nm in
Figure 2b). Similarly W—W interactions are weakened by the
Iv interface. The 15.1 ML film exhibits a region (0.5 nm < z <
1.7 nm) where the W—W interaction energy remains constant
at ~—92kJ mol . Division of the latter energy by the (bulklike)
number of H-bonds per molecule observed over the same range
of z, ~3.8 per water (cf. Figure 1b), results in an estimate of the
H-bond energy of ~—24 kJ mol . This number agrees with
experimental values for the strength of the H-bond in ice and
water, generally estimated at —15 to —25 kJ mol "."** In a
similar fashion the strength of a W—Wall H-bond is estimated at
~—-20 k] mol ' based on the number of H-bonds and interac-
tion energy at z = 0 in Figures 1c and 2b.*" For the systems under
study, therefore, W—W interactions are slightly stronger than
W—Wall H-bonds. Finally, we point out that the local W—Wall

interaction energy shown in Figure 2b is approximately inde-
pendent of the film thickness, as one would expect in light of the
surface H-bonding results in Figure 1c, which are also indepen-
dent of 0.

3.2. Orientational Structure: Angular Distributions. We
continue the structural analysis quantifying the orientational
order in the adsorbed films. Our objective is to (a) characterize
the local orientational structure near the sl interface, (b) describe
the variation of the local orientational structure with film
thickness, and (c) assess the distance from the interface within
which the molecular orientation of water is influenced by the
presence of the sl and Iv interfaces.

To characterize the orientational order in the film, we use the

following probability density function (pdf)*

Pu(z,0) = ©O-9) (1)

sin 0

where the angle brackets denote an average over all angular
measurements in a slab at a distance z from the interface (vide
infra) and over 501 MD configurations; division by sin 6 removes
the bias due to variations in the solid angle. In eq 1, @’ is the angle
formed by the unit molecular dipole vector ¢ and the unit vector
normal to the surface, pointing into the water film. We also use a
pdf analogous to eq 1 to describe the orientational structure of
water in terms of the angle between the unit normal and each
of the vectors OH pointing from the water oxygen to each of the
protons.

The probability density function in eq 1 is computed locally in
0.0S nm thick slabs parallel to the SiO, substrate, placed at
various distances from the plane containing the surface hydrogen
atoms (located at z = 0). Since eq 1 is undefined wherever the
number of water molecules vanishes, we assigned to it a value of
zero in regions without molecules (i.e., at the wall or beyond the
Iv interface).

Figures 3 and 4 present 3-D surface plots describing the spatial
variation P(60,,z) and P(6o,2) in films with a surface coverage
ranging from O = 1 to 15.1 ML. Near the sl interface (located at
z=0), all panels in Figures 3 and 4 exhibit peaks in the pdf; the
absence of flat regions (i.e, those where all molecular angles
would have equal probability) near the sl interface shows the
large degree of orientational order imposed by the solid surface.
A similar observation can be made regarding the lv interface,
whose location depends on the value of & (vide infra). The
influence of the sl and lv interfaces on water orientation is
particularly clear in the films with O = 1, 2.2, and 4.3 ML, which
show regions throughout the film where water molecules adopt
preferential values of 0, and Oop.

Both experiments'*'>">'"!% and simulations®”'*** have stu-
died the orientational order of water near sl interfaces. A number
of these investigations'”'"'* have focused on assessing the
distance from the sl interface at which the structure of water
within a film adopts the randomness associated with the bulk
state. Our study of the orientational structure allows us to assess
this distance. Figures 3a—c and 4a—c demonstrate that films up
to ~1 nm in thickness (0 < 4.3 ML) do not exhibit regions of
bulklike orientational structure, as the angular pdfs do not
become flat for a finite range of z. Conversely, at a coverage of
15.1 ML (Figures 3d and 4d), we note that orientational
correlations extend up to ~1.4 nm from the interface. Beyond
this point, we find a region that is roughly within 1.4 nm < z <
1.6 nm showing a bulklike orientational structure. Within this
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slab of liquid, roughly one water molecular diameter thickness,
both the 6, and Ooy pdfs show weak or no orientational
correlations (i.e., their respective pdf's are approximately flat).
At z > 1.6 nm, the features characteristic of water orientation at a
lv interface, to be discussed below, become noticeable.

In a recent study of water adsorbed on hydrophilic silica,
Verdaguer et al."® report surface potential measurements that

4628

reflect the preferential orientation of # , proposing that 4—5 ML
(or a film thickness of ~1.5 nm since, in their study, 1 ML ~
0.3 nm, water’s van der Waals diameter), are sufficient for water
to reach a bulklike structure. Similarly, Asay and Kim'' and
Barnette et al,'” based on their IR spectroscopy studies, pro-
posed that the first four water layers show the largest substrate-
induced perturbation, resulting in an “icelike” water structure at
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the interface, and that the average molecular orientation becomes
random when the adsorbed film thickness is >1—1.5 nm. There-
fore, our simulation results are consistent with the experiments of
refs 11—13 insofar as the solid-surface-influenced orientational
structure is manifested within ~1.4 nm from the sl interface. It is
important to indicate that the region of bulklike water orienta-
tion observed when 0 = 15.1 ML involves only ~12% of the
molecules in the film; thus, the majority of the molecules, even at
this value of §, exhibit an orientation that is imposed by either the
sl or the Iv interface. The strong influence of the interfaces on the
orientational structure contrasts with the local H-bonding con-
nectivity and density; while the latter properties exhibit bulklike
values over, e.g,, 0.8 nm < z < 1.4 nm, the orientational struc-
ture within this region is not flat. The stronger influence of the
interfaces on orientational structure, relative to other structural
properties, was also observed in MD simulations of SPC water on
mica;* this study showed that even for the thickest film
investigated (~3 nm) all molecules show evidence of orienta-
tional correlations.

Concerning water orientation at the lv interface, we note that
near this interface (found at z;, ~ 0.3, 0.5, 0.8, and 2.3 nm for O =
1,2.2, 4.3, and 15.1 ML, respectively) water molecules lose one
H-bond by pointing an OH vector into the vapor phase (hence
the maximum in P(6oy) at z,, found at ~0° and a smaller,
broader peak at ~120°; and a maximum in P(6,,) at ~60°). This
orientational structure is characteristic of hydrophobic surfaces
(of which the lv interface is an example) and has been previously
observed in MD simulations of the water—vapor interface,*"*>>
of water near solid hydrophobic surfaces,® as well as in SFG
vibrational spectroscopy experiments®® and surface potential
measurements.'> Also, for systems with 0 > 1 ML, Figure 3
shows that molecules in the outermost region of the Iv interface
orient their dipole vector in the direction parallel to the surface
normal (hence the peak at 6, &~ 0° at the far edge of the Iv
interface that is most apparent in the 2.2 and 15.1 ML systems).
Molecules with this orientation represent <0.5% of the molecules
in the system.

So far the discussion has focused on the range of surface-
influenced orientational structures. Additionally, it is important
to observe that the orientational structure undergoes significant
modifications as O increases. For example, the single preferential
orientation observed at 1 ML coverage (note the single peak
centered at 90—100° in Figures 3a and 4a, z = 0) evolves into
multiple peaks as O increases. In the following paragraphs we will
characterize the dependence of the local orientational structure
on J; in doing so, we will make connections with the local density
and H-bonding information presented in section 3.1. We con-
sider the system with & = 1 ML as starting point.

32.1.8 = 1 ML. At a coverage 0 = 1 ML, molecules exhibit a
single orientational structure, denoted by the single peak at z =
0.039 nm in Figures 3a and 4a (z = 0.039 nm is the location of the
peak in p(z) for 1 -ML coverage; cf. Figure 1a). In Figure S we
plot the 6, and 0oy pdfs at z = 0.039 nm; the location of the
peaks (at 0, &~ 105° and Oy & 99°) indicates that molecules are
oriented parallel to the surface. To fully specify the structure, we
must incorporate H-bond network information. As mentioned
previously, molecules at z = 0.039 nm from the silica surface form
3 H-bonds with surface silanol groups and ~0 with other waters
(cf. Figure 1b,c). Therefore, the inset to Figure S depicts the
predominant water structure when 0 = 1 ML, characterized by
3-fold H-bonding with silanol groups (in which water donates
two H-bonds to two vicinal surface O atoms and accepts a

0.07+

z=0.039 nm
0.064 dipole
0.05 —OH

3 0.041
o
0.03
0.021
0.011
0.00

0 25 50 75 100 125 150 175
0 [degrees]

Figure 5. P(0) probability density function describing the orientation
of water in the 1 ML thin film (at z = 0.039 nm). The inset depicts the
predominant molecular structure of water at 1 ML coverage (red
spheres, O atoms; white, H atoms; gray, Si atoms), where one water
molecule is found at the center of a hexagon formed by surface atoms.
Water atoms are approximately coplanar to surface H atoms. The dashed
yellow lines denote surface silanol—water H-bonds.

H-bond from a surface hydroxyl). This structure is in agreement
with DFT calculations of the water—[-cristobalite system at
1ML coverage.&52 Moreover, it is consistent with experimental
results of water adsorption on hydrophilic SiO,"* which suggest
that, in the early stages of adsorption (<2 ML), the dipole
moment is either randomly oriented or pointing in a direction
parallel to the interface.

The quasi-two-dimensional structure described above is char-
acterized by water molecules which predominantly form
H-bonds with surface silanol groups and only rarely with other
water molecules. We will henceforth denote as “nonwetting”
(NW) those molecules which form H-bonds with surface O and
H atoms but not with other water molecules. Analysis of the final
1 ns of the simulation showed that the majority of molecules (ca.
93%) in the 1 ML system are NW, forming on average 2.9
H-bonds per water molecule. The remaining molecules in the
1 ML system are to be found further away from the sl interface (at
z = 0.139 nm) and form three-dimensional clusters in which
H-bonding also occurs between water molecules. The sharp peak
occurring at z = 0.139 nm and 6,, = 180° in Figure 3a indicates
that these molecules orient their dipole moment vector toward
the surface. Figure 6a illustrates a typical configuration (¢t =
3.0 ns) of the 1 ML system and summarizes the two observed
H-bonding structures: the NW molecules are rendered as white
and red spheres for H and O atoms, respectively, and the small
number of molecules which also H-bond to other water mole-
cules, forming three-dimensional clusters, which are rendered as
green spheres. The results discussed above indicate that, at 1 ML
coverage, the structure of water adsorbed on f-cristobalite is
governed by W—Wall interactions.

3.2.2. 8 = 2.2 ML. A different orientational structure emerges
on doubling the surface coverage to 2.2 ML, as illustrated in
Figures 3b and 4b. To study the changes undergone by the
orientational structure, we plot the 6, and 6y pdf's separately in
Figure 7.

At z = 0.039 nm (Figure 7a,b, i.e., around the leading edge of
p(z) for 6 = 22 ML (cf. Figure 1a), water structure closely
resembles that observed when 6 = 1 ML. This is shown by the
maxima in the orientational pdf's (Figure 7a,b), found at 6, ~
110° and Oy &~ 105° (a secondary orientation is characterized
by Oon ~ 0° and 6, ~ 60°), and confirmed by the H-bond
connectivity information of panels b and c of Figure 1(. The latter
shows water forming <1 W—W H-bond and ~3 W—Wall

4629 dx.doi.org/10.1021/jp1083967 |J. Phys. Chem. C 2011, 115, 4624-4635
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Figure 6. (a) Snapshot of the 1 ML system at ¢ = 3.0 ns. Water molecules forming H-bonds with surface atoms only (“nonwetting”, NW), are rendered
as red and white atoms, while those which also H-bond to other water molecules are shown in green. The underlying SiO, surface is shown as gray, red,
and white lines. (b) Snapshot of the 2.2 ML system at t = 3.0 ns. NW water molecules are shown in yellow. Those which also form H-bonds with other
water molecules are shown in red and white. (c) Angular probability density function for the NW molecules in (b).

H-bonds at z = 0.039 nm, indicating that water molecules in the
first layer of the 2.2 ML film retain the NW properties observed
when O = 1 ML. A representative configuration (collected at t =
3.0 ns) for the 2.2 ML system is given in Figure 6b, where the NW
molecules are shown in yellow. We find that NW molecules
represent ~7% of all molecules in the 2.2 ML system. In
Figure 6¢ we present the orientational pdf's of the NW molecules
shown in Figure 6b; the preferred orientation has both ¢ and
OH approximately parallel to the surface, in agreement with the
orientation of the predominantly nonwetting molecules at 1 ML
coverage. The behavior of these NW molecules seemes to be due
to their inability to expose their OH vectors to water layers above
them.*

Further away from the surfaces, at z = 0.089 nm (coinciding
with the maximum in p(z)), we observe three preferential
orientations characterized by the dipole vector pointing into,
parallel to, and away from, the surface (6, & 180°, 90°, and 0°,
respectively; cf. Figure 7c). This contrasts with the single
preferred orientation at z = 0.089 nm when 0 = 1 ML (6, ~
110° and Oy ~ 105°; cf. Figures 3a and 4a). The emergence of
multiple orientational states in the 2.2 ML system can be
attributed to W—W H-bond interactions, which occur rarely at
1 ML coverage. Their importance is confirmed in panels b and ¢
of Figure 1 for 0 = 2.2 ML: at z = 0.089 nm, water molecules are
involved in ~1.6 H-bonds with other water molecules and ~2
with the surface groups.

At a distance of z = 0.139 nm we find a larger number of
possible orientational structures, as can be anticipated by the

4630

broad peak in Figure 7e in the 90—120° range. Nonetheless,
molecules have a tendency to orient their dipole vector into the
surface, as denoted by the presence of peaks at 6, ~ 180° and
0o ~ 120° in panels e and f of Figure 7. Finally, Figures 3b and
4b show the emergence of features characteristic of the lv
interface near the smaller second peak in p(z) (z = 0.287 nm).

The results shown above indicate that, for the majority of the
molecules in the 2.2 ML system, W—W and W—Wall inter-
actions are of comparable importance in determining liquid
structure. Nonetheless, we find that the orientation of molecules
immediately adjacent to the surface (representing ~7% of all
water molecules), is determined predominantly by W—Wall
H-bond interactions, as is the case when 6 = 1 ML.

3.2.3. 0 = 4.3 ML. The orientational structure in the 4.3-ML
system is presented in Figure 8, where we show angular pdf's for
selected positions along the film. At z = 0.039 nm (Figure 8a,b),
water molecules orient both OH as well as ¢ forming angles of
110—120° with the surface normal; a second orientation in
which one OH points away from the surface (6op = 0°) is also
possible. Most importantly, we note that this orientation arises
from the formation of H-bonds with both surface groups (~3 per
molecule) and other water molecules (~1 per molecule), as
shown in Figure 1b,c.>* The significant implication is that, unlike
the molecules at z = 0.039 nm in thinner films (d < 2.2 ML), the
4.3 ML system shows no NW molecules.

It is important to reiterate that the occurrence of a W—W
H-bond at z = 0.039 nm results in no alterations to the W—Wall
H-bond connectivity, as previously observed in Figures 1b,c.

dx.doi.org/10.1021/jp1083967 |J. Phys. Chem. C 2011, 115, 4624-4635
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Figure 7. Orientational probability density functions, P(6,,) (left column) and P(6oy) (right column), in the 2.2 ML system for z < 0.139 nm (first
peak in p(z), Figure 1a). Insets to figures depict the orientation of water molecules relative to surface atoms in selected P(6) peaks, through top (a) and

lateral views (b, c).

Water molecules near the interface are therefore able to accom-
modate a W—W H-bond by tilting slightly the H—O—H
molecular plane or by exposing an OH vector to the upper water
layers. This is manifested by a ~10° increase in the value of the
most probable 6, (relative to its value at z = 0.039 nm in the
2.2 ML system), and by the increase in peak height at 6 = 0°.
Such a reorientation appears sufficient to accommodate a
H-bond with water without compromising one of the 3 H-bonds
with surface silanol groups.

Further away, at z = 0.089 and 0.139 nm (i.e., at and slightly
beyond the first maximum in p(z)) the predominant water
orientation is characterized by x4 pointing into the surface
(Figure 8c—f). The orientational structure at z = 0.089 nm
results from the formation of ~2 H-bonds with surface silanol
groups and the acceptance of ~1.7 H-bonds from water mole-
cules present in layers further away from the surface (cf.
Figure 1b,c). At z = 0.089 nm, the orientation of water contrasts
with that observed at the same distance from the surface in the
2.2 ML system (shown in panels c and d of Figure 7); in the latter
system, the dipole orientation can adopt three states of similar
probability, while in the 4.3 ML system most molecules are
found around 6,, = 180°. This orientation is due to H-bonding
with water molecules located further away from the interface
that “pin” those at z = 0.089 nm into a single preferential
orientation.

The orientational structure becomes more diffuse at larger
distances from the surface. However, we note two structural
features at z = 0.238 nm and z = 0.338 nm, i.e., at the first local
minimum and second maximum in p(z), in Figure 1a. At the local
minimum, panels g and h of Figure 8 show that molecules have a
tendency to orient their dipole toward the surface, as shown by
the peak at 6, ~ 180°, while at the second maximum in p(z),
molecules have a tendency of orienting one of their OH groups
into the surface. These orientational structures maximize the
H-bonding of molecules at z = 0.238 and 0.338 nm—both
participate ~3.5 W—W H-bonds—and that of molecules closer
to the sl interface. As will be explained in the following section,
the “OH-down” and “dipole-down” orientational structures
appear alternatively in systems with larger values of 0.

3.24. 6 = 15.1 ML. We conclude this section discussing the
orientational structure when 6 = 15.1 ML. Comparison of the
orientational pdf's for 0 = 4.3 and 15.1 ML reveals a very similar
orientational structure up to z = 0.338 nm. Figure 9 presents
evidence of this observation, showing contour plots of P(z,0) for
z =< 0.4 nm in 4.3 and 15.1 ML systems. Both sets of contour
plots exhibit peaks at approximately the same positions on the
(2,0) plane. Thus, we conclude that the structure of water
molecules nearest the sl interface (z < 0.338 nm) ceases to vary
with 0 once ~4 ML have been adsorbed on the surface. This
observation is consistent with the data in Figures 1 and 2, which

4631 dx.doi.org/10.1021/jp1083967 |J. Phys. Chem. C 2011, 115, 4624-4635
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show that the density, H-bond, and potential energy profiles are
similar for the two systems when z < 0.338 nm. Atz = 0.338 nm
we observe an orientational structure with a OH pointing into the
surface, as in the 4.3 ML film at the same distance. Further away, a
new orientational structure appears in the 15.1 ML film. This
structure occurs at the same distance as the small peak in p(z)
(observed at z = 0.536 nm, cf. Figure 1a) and is characterized
by # pointing into the surface. From the above discussion, and
that pertaining to the 4.3 ML film, it follows that molecules
located near the p(z) peaks of the 15.1 ML film switch their
preferential orientation from “dipole-down” (i.e,, 4 pointing into
the surface) at z = 0.089 nm (first p(z) maximum), to “OH-
down” (i.e., OH pointing into the surface) at z = 0.338 nm (i.e.,
the second maximum in p(z)), and back to “dipole-down” near
the third small peak found at z = 0.536 nm.

4. SUMMARY AND CONCLUSIONS

The analysis presented in sections 3.1 and 3.2 reveals that, for
the silica—water system investigated, film structural properties
are determined by W—Wall interactions when 0 <1 ML. At
higher values of 3, W—W and W—Wall interactions are of
comparable importance in determining the structure of water
near the sl interface.

Predominance of W—Wall interactions when 0 = 1 ML is
evident from the H-bonding connectivity, with water molecules
forming 3 H-bonds with surface silanol groups and ~0 with other
water molecules. This results in a single preferential orientation
at the sl interface characterized by the # and OH vectors being
parallel to the surface.

The adsorption of water molecules beyond 1 ML coverage
gives rise to W—W H-bond interactions that significantly modify
the orientational structure at the sl interface. This can be
appreciated in Figures S, 7, and 8a—d, which show that water
preferential orientations evolve from the single peak observed
when 0 = 1 ML, to several peaks as film thickness increases. The
onset of W—W interactions does not occur at the expense of
W—Wall H-bonds, as can be observed in Figure lc, where the

W—Wall H-bond connectivity is shown to be independent of 0.
Therefore, as film thickness increases beyond 1 ML, water
molecules at the sl interface that form 3 H-bonds with surface
atoms are able to accommodate an additional H-bond from a
nearby water molecule.

Water orientational structure near the sl interface evolves with
O up to a coverage of 43 ML. Beyond 0 = 43 ML, the
orientational structure within 0.338 nm from the sl interface is
independent of O (cf. Figure 9). This suggests that water
molecules at z > 0.338 nm do not influence the sl interfacial
structure. When 0 > 4.3 ML, orientational order close to the
surface (z = 0.089 nm, i.e,, the first peak in p(z)) is characterized
by molecules pointing their dipole vector into the surface, an
orientation which favors the formation of 2 H-bonds with surface
silanol groups plus 2 W—W H-bonds.''**** Analysis of the
orientational structure in the 15.1 ML film (Figures 3d and 4d)
reveals that orientational correlations in the 15.1 ML film extend
to distances up to ~1.4 nm from the sl interface, in agreement
with experimental results,” at which point a random, bulklike
orientation is attained over a region that is roughly 0.2 nm in
thickness, before the onset of the lv interface. Conversely, the
other structural properties investigated (o(z) and H-bonding)
reach bulklike values at ~0.4—0.6 nm from the sl interface.

To conclude, our study of thin film water adsorbed on
[-cristobalite reveals the existence of a structural crossover
concerning the relative influence of W—W and W—Wall inter-
actions. In films up to 1 ML in thickness, structural properties are
determined by W—Wall interactions, while results for films with
more adsorbed layers suggest that W—W and W—Wall interac-
tions are of comparable importance in determining structural
properties such as H-bonding and molecular orientation. None
of the films investigated revealed a scenario in which W—W
H-bonds are formed at the expense of W—-Wall interactions,
indicating that, for proximal water, the latter remain as important
as W—W interactions throughout the range of systems
investigated.

A natural next step in the study of thin water films using
simulations would involve the influence of substrate topography.
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In particular, it would be interesting to study the effect of surface
defects and impurities (such as the addition of hydrophobic
moieties). In addition, an investigation into the structure of thin
film water at room temperature would yield insights into the role
of silica in the electrification of sandstorms.
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(49) The temperature at which our simulations were run is higher
than the melting point of bulk SPC/E water (215 K**). The presence of
the silica substrate is likely to increase the melting temperature of water,
though the extent to which thin film water is icelike remains an open
question. Our simulations show evidence of mixed liquid-like/solid-like
structural features, in agreement with experiments in refs "'~ '* con-
ducted at T > Tpeiting (cf. section 3). Further, recent room-temperature
AFM experiments** have also shown that the first two layers of water on
mica, a hydrophilic substrate, have the structure of ice, whereas
subsequent layers appear to be liquid-like.

(50) Our estimate of the H-bond energy is also in agreement with
the average H-bond energy computed from the total cohesive energy of
water, —23 kJ mol ™ '*® which accounts for small contributions to the
binding energy arising from from next-nearest and higher neighbors.

(51) We compare the adsorption energy of the 1 ML system with
that of the DFT study by Yang et al.® The adsorption energy is defined as
E.gs = —(Etotal — Bwan — NEw)/N, where Er,, is the total potential
energy of the system (including water and wall), Eyy,y is the potential
energy of the dry surface, and Eyy is that of an isolated water molecule
(set to zero). E,q, > 0 denotes binding. To compare our results with
those of Yang et al,® we minimized the potential energy of an
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equilibrium MD configuration, in order to obtain the inherent
structure.*” The value of E,q at the (local) minimum is 76 kJ mol '
or ~790 meV. The DFT calculations® arrived at E.qs = 701 meV for
1 ML and 768 meV for adsorption of a single water molecule. The
difference in E,4, when 0 = 1 ML, relative to our work, can in part be
attributed to the observation by Yang et al.® of certain water molecules
forming only two H-bonds with surface silanol groups. Our results show
that >90% of molecules form three H-bonds with surface groups; this
happens to be the structure predicted for single-molecule adsorption,®
and the agreement with our results is correspondingly better.

(52) DFT calculations® also found that certain water molecules form
only two H-bonds with surface silanols (and zero with other water
molecules). This second structure appears to agree with results from
other classical MD simulations” but was not found in our results.

(53) The simulations of water confined between two SiO, surfaces
by Lee and Rossky'® also showed surface water’s involvement in three
H-bonds with the surface O and H atoms, two as acceptor and one as
donor. This configuration corresponds to the orientation in which one of
the OH is parallel to the surface normal (6o ~ 0°). As noted in parts a
and b of Figure 8, we observe this orientational structure in addition to
that in which ¢ and both OH are roughly parallel to the surface.

(54) This orientational structure is consistent with that found for
water at quartz interfaces using sum-frequency vibrational spectroscopy
(SEVS).">!* SFVS experiments over a broad range of pH conditions
have provided evidence that water orients its H atoms toward the silica. A
further orientation proposed by SFVS—not observed in our simulations—
has the water O facing the surface.

(585) It should be noted that water orientation at the lv interface
depends on the form of the intermolecular potential, specifically on
factors such as the quadrupole moment.** Results for the TIP4P model
show that water orients its dipole vector roughly parallel to the Iv
interface.*® This contrasts with the orientation observed in our work,
and that of others using polarizable and nonpolarizable potentials,*"**
where it is found that water molecules tend to point their protons toward
the vapor phase. We note that this model dependence is not an issue at
the polar sl interface.
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