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Abstract

Interactions between thin water films and a-quartz (0001) surfaces are
studied using first-principles density functional theory calculations. Layer-by-layer
water deposition with up to five layers of water film on both bare and fully
hydroxylated a-quartz (0001) surfaces is examined. Except for water monolayer
adsorption, the interactions between water and bare quartz surfaces with Si-O-Si
terminations are found to be relatively weak, with adsorption energies similar to
the hydrogen bonding strength. However, the interactions between water and
surfaces with hydroxyl terminations are much stronger, with a film-surface
bonding energy an order of magnitude larger than on bare surfaces. A stable
bilayer configuration is identified on all surfaces. In particular it shields the water-
silica interaction effectively and makes a surface inert to water molecules.
Examination of lateral translation of water thin films on bare surfaces supports

the results of friction experiments.



I. INTRODUCTION

The water-silica interface interaction continues to attract considerable
attention in a wide range of scientific communities because of its ubiquity in
biological and environmental sciences, technology, and daily life 2. For
example, silica is the major constituent of diatom cell walls which are constructed
by complex chemical processes involving silica, water, and other reactants. The
amazing structure of such cell walls not only draws the attention of biologists but
also stimulates studies of its application in nanotechnology >. Another remarkable
example is silica-based DNA/RNA sequencing technology. The capillary

electrophoresis is done by solution confinement within silica channels *®.

There have been numerous experimental studies on the mechanism of
hydroxylation of silica surfaces, water adsorption on silica surfaces, and water
confinement in silica nanopores. Asay and Kim studied water layers adsorbed on
a hydroxylated silica surface with attenuated total reflection-infrared
spectroscopy at different degrees of humidity . They suggested that the
adsorbed water forms an ice-like network on the surface that propagates up to ~3
layers at room temperature. Optiz et al. measured the friction force of a water
thin film on silica surfaces with scanning force microscopy (SFM) technique 8.
Those measurements showed dramatically different tendencies between
hydroxylated and bare surfaces, with high and low friction forces respectively.
Ostroverkhov and Shen et al. studied a series of phase-sensitive sum-frequency

spectroscopies of the water-quartz interface and analyzed the icelike and



liquidlike peaks in the spectrum and the net polar orientation of water at the
interface under different pH environments * '°. They then suggested that the
liquidlike peaks are from water molecules being adsorbed at more easily
deprotonated sites. However, the explanation is still speculative since the
measurement represents only the effect of net polar-oriented molecules, not the
total number of contributing molecules. The molecular picture needs to be
confirmed by molecular dynamics simulations as pointed out in a review article
by Shen and Ostroverkhov'®. The system of water confined in silica nanopores
was studied by many groups """ 2. The melting and freezing temperatures of
confined water were measured with respect to different pore size and filling
fraction. In the theoretical model '3, the size of the nanopores and the thickness
of the non-freezing bound water layer next to the silica wall will affect the melting
and freezing temperatures of core water. Liu et al., suggested that a bilayer water

film will be formed once the pore wall is completely covered with adsorbed water
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The experimental observations provide rich information that could reveal
the properties like hydrophile, dielectric constant, and friction at the water-silica
interface. However, a clear molecular picture of the interface needs the
cooperation of experiments and molecular simulations as recommended, for
example, by Feibelman in a review paper of water on a solid 4, Very recently,
Feibelman et al. have investigated the water thin-film adsorption on Pt (111)

surfaces via molecular simulations, and got good agreement with experiments '
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Multiple theoretical investigations have been done via density functional
theory (DFT) or classical molecular dynamics (MD) methods. Du et al. studied
the hydroxylation of two-membered ring sites on the amorphous silica surface
with a combination of classical MD and DFT calculations'®. They observed a
barrier-free double hydrogen atom transfer process when there were two water
molecules interacting with a two-membered ring site. Du et al. '® and Adeagbo et
al. % simulated water molecules interacting with fully hydroxylated a-quartz
(0001) surfaces. The dissolution of a Si(OH), unit on the surface was studied as

well and it was concluded that the dissolution of a Si(OH)4 unit may not occur
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spontaneously. Du et al. ©* and Rignanese et al. “ showed that the perfectly
reconstructed a-quartz (0001) surface is fairly resistant to attack by water.
Further, Rignanese et al. showed this surface is also very hard to be
hydroxylated .

Confined water in a silica pore was simulated using classical MD #*2°,
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Rovere et al. ““and Gallo et al. “* analyzed the layer structure of water. They both
found that water layers formed near the silica wall and the structure converged to
bulk water near the center of silica pore. In their simulation, Moore et al. reported
% that the freezing and melting temperatures match well with experimental

observation, and a 2 : 1 ratio of cubic to hexagonal layers in the confined ice was

observed.

The adsorption of water layers on a silica surface was studied by DFT and
classical MD calculations as well. Yang et al. found water could form an icelike

layer on fully hydroxylated [3-cristobalite (100) and a-quartz (0001) surfaces in



their DFT calculations ?*%’. The icelike water layer formed hydrogen bonds with
the hydroxyl group on the surfaces, with all hydrogen bonds saturated. The
average adsorption energies are comparable with the hydrogen bonds within Ice
XI bulk. Several groups studied the density distribution, dipole orientation, and
drift velocity of water molecules in bulk water adsorbed on silica surfaces using
classical MD 2. Argris et al. showed that hydroxylation conditions can greatly

alter the behavior of water molecules in those distributions 2°.

In a previous study, we reported first-principles calculations on thin water
films up to four monolayers on quartz (0001) surfaces *'. We found that in going
from a water monolayer to multilayer, the low energy state configurations and
adsorption sites showed a transition due to formation of a highly stable bilayer
membrane-like structure. Here, we report a systematic computational
investigation of the adsorption of water thin films on the a-quartz (0001) surfaces.
Water was added layer by layer. Water layers with two different orientations
adsorbed on bare surfaces are discussed. Conversely, only one kind of water
layer orientation adsorption was studied on hydroxyl terminated surfaces for the
strong interaction between hydroxyl groups and water molecules. Furthermore,
we find that the friction of a water thin film is small on bare surfaces, consistent

with the experimental observations by Opitz et al®.

The rest of the paper is organized as follows. In Section Il, we discuss the
model and parameters used in our calculations. Then we present our calculated
results for water mono-, bi-, tri-, and quad-layer adsorption on surfaces in Section

[l where we discuss the adsorption geometries, the bonding and adsorption



energies, as well as the charge transfer of different adsorption states on
surfaces. In Section IV, we show variations of the total energy with respect to the
lateral displacements of water thin films on bare surfaces. In Section V, we
discuss the effect of van der Waals force applying on our simulation systems.

Finally we summarize our results and draw conclusions in Section VI.

Il. METHOD AND CALCULATION DETAILS

The electronic structure calculations were performed using density
functional theory as implemented in the Vienna ab initio simulation package
(VASP) * . The projector augmented wave (PAW) * technique in conjunction
with the plane wave basis set and the Perdew-Wang generalized gradient
approximation (PW91) * of the exchange and correlation functional were
employed in all simulations. A 2x2x1 " centered Monkhorst-Pack k-point mesh >°
in Brillouin zone and 400 eV kinetic energy cutoff for plane-wave basis-set were
used to ensure energy convergence. The structures were optimized with a global

break condition that the force on each atom is less than 0.01 eV/A.

The simulated systems consist of silica a-quartz (0001) surface slabs and
water thin films. Three kinds of surfaces were included in this study, bare (perfect
reconstructed) surfaces with (1x1) and (2x1) symmetry **® (Fig 1(a) and (b)),
and a fully hydroxylated surface 2% (Fig 1(c)). The bare surfaces have Si-O-Si
terminations, the same termination as the bare amorphous surface in the study

by Opitz et al. ® For convenience, they are denoted as surface I, Il, and llI



respectively in the following text. Each surface is modeled by a slab containing 2
x 2 x 5 a-quartz unit cells in a periodic hexagonal supercell (9.9 A x 9.9 A x 77.2
A) with one central unit cell fixed at the optimized bulk structure. To eliminate
surface dipoles, the water fiims are adsorbed symmetrically on the top and
bottom surfaces. The separation between two adjacent slab images is set to be
50 A to make the interaction between the water layers on the two surfaces of a

silica slab negligible under periodic boundary condition.

In our previous study, we found that there are two kinds of water molecule
adsorption sites on both (1x1) and (2x1) bare surfaces (surface | and 11) *°. One
is a silicon atom (atop) site, while the other is hollow site which is the center of a
six-membered ring on the surfaces. On surface I, all of the atop sites form a
hexagonal 2D array which matches the hexagonal geometry of Ice Xl (0001)
surface (basal plane). On the other hand, all of the hollow sites in combination
with half of the atop sites also form the same array (Fig .1). Surface Il is another
perfectly reconstructed surface that has lower surface energy than surface |. The
two surfaces can transform from one to another via rotations of surface SiO4
terahedral units and thus have the same topological structure®. All atop sites on

surface Il form a twisted 2D hexagonal array.

On two bare surfaces, the water monolayer with the structure of one Ice Xl
basal plane sublayer is added one by one on top of the surfaces. Two kinds of
water monolayer orientations were considered. One has the out-of-plane protons
pointing up and the other pointing down. We call the adsorption type of water

monolayer with protons pointing up a H-up state. Similarly, the water monolayer



adsorption with protons pointing down is defined as a H-down state. On the fully
hydroxylated surface, only the H-down state adsorption is present for the strong
hydrogen bonds forming between water layer and the hydroxyl groups on the

surface.

In each system, we calculate the adsorption energy as well as the bonding
energy in order to clearly describe the features of water film adsorption on silica

surfaces. The adsorption energy of nth water layer is defined as
Ef = =(Etotar(M) — Eora(n — 1) — mEHZO)/area’ (1)

where E;,:4;(n) is the total energy of the system with n water layers adsorbed on
the surface, Ey,, is the energy of one freestanding water molecule, m is the

number of water molecules in one water layer (8 in our simulation systems).
Surface area is equal to 84.9 A? for one side of a surface slab. The
corresponding total adsorption energy per water molecule for n water layers is

defined as

ER'= —(Erorar(n) — Equrpace — M * MEy,0)/(nm), (2)
The bonding energy of n water layers to surface is defined as

E} = —(Erora(n) — Esurface = En—my0-1ayer)/area, (3)

where Egpgystem 1S the energy of the individual surface or water layer(s)

subsystem having the same configuration of relaxed total system. Thus by

definition, the adsorption energy includes the water-silica interaction and the



hydrogen bond interaction within water layers. The bonding energy only includes
the interaction between the water entity and the silica surface. However, the
deformation energy (from the optimized configuration) of each subsystem is not

counted in the bonding energy.

The charge density difference is defined as
Ap(r) = p(r) — Psurface (r) — Pn—H,0-layer (), (4)

where p(1), Psyrface (™), and py_y,0-1ayer (1) are the total charge density of the
optimized system, the charge density of the pure surface, and the charge density
of the free-standing water thin film, respectively. We also calculate the charge

redistribution in the system, defined as

[ 18p(r)| d3r = Zipkl2Piix .

total grids’

where the indices i, j and k are indices of real space grids of three supercell
vectors in DFT calculations, respectively. Charge transfer from surface to water

is calculated by using a real-space Bader charge analysis ! .

lll. WATER ADSORPTION ON SURFACES
A. Water monolayer adsorption
In Fig. 2, we show the optimized structures of a water monolayer adsorbed

on surface | in two distinct adsorption states. One has its out-of-plane hydrogen

pointing up (H-up state, Fig. 2 (a) — (d)) and the other pointing down (H-down



state, Fig. 2 (e) — (h)). Each of the two relaxed water monolayers adsorbed on
this surface has a flat-ice structure with two groups of hydrogen bond lengths
(~1.75 A and ~1.96 A). Because of lattice mismatch, the ice layer is stretched
laterally and therefore is flat compared to that in the bulk ice. For the H-up state
on surface |, the water molecules prefer to be adsorbed on all atop sites of the
surface. For the H-down state, half of the water molecules with a proton pointing
down will be adsorbed on the hollow sites of the surface, while the other half are
adsorbed on the atop sites. The ground state is the H-down state, which has a

total surface energy lower than the H-up state by 1.79 meV/AZ.

On surface I, the ground state is still the H-down state, which is more
stable than H-up state by an energy difference of 1.71 meV/A2. As compared to
the counterparts on surface |, each water monolayer is slightly deformed, with a
larger variation on the longer hydrogen bond group (1.93 ~ 2.01 A for H-up state,
1.95~1.98 A for H-down state) on surface Il. The distance between the water
layer and silica surface is 3.61 A for the H-up state and 3.17 A for the H-down
state. Both are larger than the corresponding cases on surface |. The oxygen
atoms of water molecules atop the silicon atoms are slightly away from the true
atop sites in order to retain the hexagonal icelike structure. In our calculations,
the distance of the water thin-film to surface for H-down states is smaller (3.0 to
3.2 A) than for H-up states (3.3 to 3.6 A) on surface | and Il in monolayer and

multilayer cases.

Surface Ill is a fully hydroxylated a-quartz (0001) surface with (1x1)

symmetry, which has been also studied by Murashov *® and Yang et al. >’ by using

10



DFT calculations. The hydroxyl groups form hydrogen bond chains within the
surface, with alternative strong and weak bond strength ?’. When water
molecules are adsorbed on surface lll, the interaction of the hydroxyl groups with
water molecules is very strong (Ef' =659.8 meV/molecule) and comparable with
hydrogen bonds between water molecules in Ice Xl bulk (~710 meV/molecule in
DFT %, ~610meV/ molecule in experiment **). The one-water molecule
adsorption on the surface has an adsorption energy of 618.9 meV (543 meV in
Ref. 27). Because of the strong hydrogen bond between water thin-film and
surface, the water monolayer will be adsorbed in H-down state as reported by
Yang et al. ?” Each water molecule will form one hydrogen bond with the hydroxyl
group on silica surface, as shown in Fig. 3. This type of water monolayer
adsorption will fully saturate the hydrogen bonds of water molecules and hydroxyl
groups on the surface (Fig. 3). In our calculation, we also find that there are
another two H-down states with similar total energy as the one shown in Fig. 3

(difference within 1 meV/ Az) but with 120° rotation difference in the X-Y plane.

B. Water bilayer adsorption

When a second layer of water is added onto surface |, the low energy state
becomes to the H-up state instead of the H-down state. We find that, in both
cases, the second Ice Xl sublayer deposited on top of the first water layer prefers
an optimized structure with the out-of-plane protons pointing downward, as
shown in Fig. 4 (a) and (b). The out-of-plane protons in the second monolayer of
the H-up state reverse the orientations (from pointing upward to downward), but

a similar phenomenon does not happen in the H-down state. As a result, the two

11



water layers form a membrane-like bilayer film in the H-up state, and all
hydrogen bonds of the water are saturated within the water entity. The total
surface energy difference between the H-up and H-down states is 18.9 meV/A?,
which is much larger than the case with water monolayer adsorption, as shown in
Fig. 5. The total adsorption energies, E{*', are 599.5 and 499.0 meV/ molecule
for H-up and H-down states, respectively. For the H-up state this adsorption
energy is only about 15% (or ~100 meV/molecule) smaller than the calculated
cohesive energy of a water molecule in bulk ice-XI, which is 702.2 meV/molecule.
The formation of hydrogen bonds in the membrane-like water bilayer film in the
H-up state contributes a large amount to the total surface energy and the
adsorption energy, thus the H-up state becomes more stable than the H-down
state. This point will be discussed in the Section IlI-D, where we analyze the
adsorption and bonding energies tendency as the number of water layers is

growing.

Similar to the case of surface I, the ground state of water bilayer
adsorption on surface Il is the H-up state. The water bilayer forms a membrane-
like structure as well. This water bilayer on surface Il is very similar to its
counterparts on surface | with much smaller deviations between them than that

between water monolayer adsorption cases on surface | and II.

When the second water layer is deposited on surface lll, the structure of the
first water is almost stationary and the hydrogen bonds between the first and
second water layer are relatively long (about 2 A) (Fig. 4 (c)). The bonding
energy between two water layers is only 5.8 meV/ A?, indicating that the

12



interaction between the two water layers is relatively weak and that the first water

layer effectively shields the long-range surface water interaction.

15, 16 and

We note that complicated water structures may form on surfaces
artificial results may be obtained when the size of supercell in simulations is too
small. Therefore, we examine the size issue using classical molecular dynamics
(MD) simulations as implemented in DL_POLY package ** with CLAYFF force
field *6. The CLAFF force field for water is modified from the SPC water model,
and we have tested the cohesive energy of Ice Xl to be 615.8 meV/molecule in
this model. We test the system stability of water monolayer, bilayer in H-up, and
H-down states on surface | and water monolayer on surface Ill with a MD cell
that consists of 10x10 unit cells in X-Y plane. During the simulations, the
temperature of the system is increasing from 10K to 300K with a rate of 10K/4ps.
The overall simulation time is 120 ps, with a time step equal to 0.2 fs. The results
confirm that these structures are stable in the extended supercell. It is also
observed that the membrane-like water bilayer (H-up state) on surface | and the
monolayer on surface Il are very stable up to 120K. Systems with various
disordered water films (obtained at simulated temperatures higher than 120 K) do
not recover the hexagonal bilayer structure when they are annealed down to 0 K
(due to limited annealing time), and their total energies are always higher than
that of the hexagonal bilayer structure. Even though there are many possibilities
that water molecules could form more stable large-scale structure other than our
proposed models, our DFT calculations based on a few selected stable isomer

structures catch the general features of water-silica interaction.
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C. Water multilayer adsorption

Continue to add water layers on bare quartz surfaces, we find that the H-
up states is always more stable than H-down states up to four water layers. In
Fig. 5, we show the total energy difference between H-up and H-down states on
surface | and Il up to water quadlayer adsorption. Generally the total energy
difference increases as the number of water layers increases, except for the case
of water trilayer adsorption. We confirm this trend by calculating the case with
pentalayer adsorption on surface |, which shows a further increased energy
difference of 29 meV/ A2. In Fig. 6, we show the structures of water trilayer and
quadlayer adsorption on surface I. When the third water layer is added on top of
the H-up bilayer structure, some hydrogen bonds break in the second water layer
and some hydrogen bonds form between the second and third water layers, as
shown in Fig. 6 (a). As a result, the water layers pucker in the vertical direction.
When the fourth water layer is added with the H-up state, the third and fourth
water will form hydrogen bonds between each other and they pucker in a larger
range than the first water layer. As compared with the case of water trilayer
adsorption, the first and second water layers are almost stationary after the fourth
water layer is adsorbed. For the H-down state, the first two water layers are
almost stationary and the third and fourth water layer forms hydrogen bonds with
the previous water layer. The result is like a piece of Ice Xl placed on a silica

surface, as shown in Fig. 6 (b) and (d).
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On surface Il, the water multilayer adsorptions show similar results as on
surface I. The structures of the water trilayers and quadlayer in H-up and H-down

states deviate slightly from the counterparts on surface |.

When the third water layer is deposited onto the water bilayer on surface
[, the out of plane protons in the second water layer reverse their orientations
from pointing down to up. As a result, the optimized structure consists of two
membrane-like bilayers: surface-the first layer structure and water bilayer
structure (Fig. 7 (a)). When the fourth water layer is deposited onto the two
membrane-like bilayer structures, a trilayer structure similar to the one on surface
| and Il is obtained (Fig. 7 (b)). Results of trilayer and quadlayer adsorptions on
surface Il confirm that the bilayer-like structure at the silica-water interface
effectively shields the interaction between the hydroxyl groups on the silica

surface and water layers beyond the first layer.
D. Bonding and Adsorption energies

In Table 1A and 1B we show the adsorption and bonding energies of water
layers adsorption on surfaces in H-up and H-down states, respectively. On
surface | and Il, the bonding energies of H-up states are around 1.4 to 1.6
meV/A?, which are much smaller than that of the H-down states adsorption
energies (2.7 to 6.3 meV/ A%). The bonding energies on surface lll are typically
about 35 meV/ A?, which is much stronger than all cases on bare surfaces.
Except for the quadlayer, pentalayer in H-down states on surface | and Il, the

bonding energies are very stationary with respect to the increasing of water
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layers. This indicates that the water-silica interaction is mainly from the water-

silica interface; the surfaces are effectively shielded by the first two water layers.

In the H-down states, we did not observe the flipping of out-of-plane
hydrogen atoms as what happened in the H-up states when there are more than
two water layers adsorbed. As comparing to the H-up state, the stronger bonding
energy in H-down states could be the reason for preventing the flipping of out-of-
plane hydrogen atoms. In H-down states, the bonding energies are always
smaller on surface Il than surface I. The reason could be because surface Il is
more stable than surface | %, However, the same phenomena are observed in H-
up states only for monolayer and bilayer adsorptions, but not for trilayer and
quadlayer. The reason may be that the energy difference is close to the error bar
in calculations. One interesting phenomena is the bonding energies of H-down
state on surface | and Il are steeply rising at quadlayer adsorption. There is a
corresponding large charge transfer at quadlayer adsorption as well, and we will

discuss it in the next section.

On surfaces | and Il, the adsorption energies of water layers are on the
order of 43 to 69 meV/ A?for EZ, or 456-732 meV/molecule for E2'. These
numbers are comparable to the hydrogen bonds in the Ice-XI bulk (~710 meV/
molecule in DFT calculations **) and much larger than the bonding energies
calculated via Eq. (3). So the major contributions to the adsorption energies are
from hydrogen bonds of the water films; the water-silica interaction is much
smaller than the strength of hydrogen bonds in water. In H-up states, E3 is the
largest for all hydrogen bonds being saturated in water bilayer adsorption; E$ and

16



Eg are relatively small because there are unsaturated hydrogen bonds in
monolayer, trilayer, and quadlayer adsorptions. In H-down states on surfaces |
and ll, the adsorption energies are slightly rising in quadlayer adsorption case
(and pentalayer adsorption case on surface |) and it has the same tendency for
the bonding energies, E? and EL. E& is smaller than E$ and E< because of the
energy cost for slight deformation of surfaces when adsorbing the first water

layer.

The adsorption energies Ef and ES on surface Il are especially large
because the membrane-like bilayer structures are formed in the water films. In
these two cases, all hydrogen bonds have been saturated thus the structures are

relatively stable in the energetic point of view.
E. Charge transfer

In Table 2 and Table 3 we show the amount of charge transfer and charge
redistribution for H-down states. For H-up states on surface | and Il, the numbers
are all smaller than 0.01 e and 0.1 e for charge transfer and charge
redistribution, respectively; both are negligible and not listed in the tables. In our
calculations, the H-down states have much larger charge transfer and charge
redistribution than H-up states. The charge density difference of each H-down
state, which is the spatial arrangement of charge redistribution, spreads into

larger range than H-up states.

The stronger water-silica interaction does not guarantee a larger charge

transfer. On surface lll, the charge transfer (Table 2) is not always larger than
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that on surface | and ll; it is even obviously smaller in the case of water
quadlayer adsorption. However, the stronger interaction usually companies with
a larger range of charge density difference, and therefore larger charge
redistribution. This point is confirmed when comparing Table 1 and Table 3. In
Fig. 1, 2 and 3, we show the charge density difference of H-up and H-down water
monolayer adsorption on surface | and water monolayer adsorption on surface

lll. One special feature is that the charge density differences of H-down states

always form hexagonal quadrupole array on the surfaces.

In the Section IlI-D, we show that the bonding energy of H-down state has a
steep increase from the trilayer to the quadlayer adsorption. The charge transfer
and charge redistribution also show a significant increment from the trilayer to the
quadlayer adsorption. The charge density difference is concentrated at the silica-
water interface and the top layer of water thin-film, which is shown in Fig. 8 (a).
However, this phenomenon does not occur in H-up states as shown in Fig. 8 (b).
The charge transfer analysis of H-down states on surface | is summarized in Fig.
9. It requires further investigations to understand the reason for the increment in
the bonding energy, the amount of charge transfer, and charge redistribution in

the H-down states adsorption on bare surfaces.

IV. SMOOTHNESS OF THE BARE SURFACE

Opitz et al. reported a series of friction measurements of water thin film

adsorbed on silica surfaces. They observed that the bare surface with Si-O-Si
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appearance had much lower friction force than the hydroxylated surface with
hydroxyl appearance. For the bare surfaces, the observed friction force curves
are almost the same for various humidity conditions 8. In contrast, the fully
hydroxylated surface had much higher frictional force and its strength fluctuated
with increasing humidity é. There is little doubt that the water thin film on
hydroxylated surface will exhibit high friction resulting from the hydrogen bonds
formed between the first water layer and the surface. However, the friction of the
water film on the bare surface could be small due to the relatively weak water-

silica interaction.

To estimate the smoothness of the bare a-quartz (0001) surface, we
calculate the total energy E;,:q;(n) of the water thin film as a function of lateral
translation on surface |. Because surface | has hexagonal symmetry, we simplify
the possible lateral translation into three paths as indicated in Fig. 10 (a). In Fig.
10 (b), (c), and (d), we show the total energy variation curves of three types of
water adsorption: monolayer adsorption with H-down and H-up state, and water
bilayer with H-up state, respectively. According to the definition of equation (1)
and (3), the total energy variation will equal the adsorption and bonding energy

variation along the lateral translation as well.

Neglecting the profile detail of the curves, the amplitude of total energy
variation in the first case is about ten times larger than in the other two cases.
This difference indicates that the friction is strongest in the H-down state of
monolayer adsorption. However, in all cases, the maximum total energy variation

is small compared to the strength of hydrogen bonds formed between water layer
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and hydroxyl groups on surface Ill (bonding energy is ~ 36 meV/ A?). It should be
noted that use of the simple lateral translation paths without considering
geometry optimization is the upper bound (10 meV/ A% for H-down state, 1meV/
A? for H-up state) of the true total energy variation. In preceding sections we
demonstrated that the interaction between the bare silica surface and the water
layers above the first water layer is negligible. Thus the adsorption of more water
layers will contribute little to the bonding energy. Comparing with the large
bonding energy of water thin film adsorbed on surface Ill (~36 meV/ A?), our
calculations confirmed the observations by Opitz et al. that the friction force of
water thin film on bare silica surface is much weaker than on hydroxylated

surface 8.

V. Van der Waals force correction

In section |l we show that the distance between the water film and the silica
surface in the H-up state is larger than 3 A. The GGA exchange correlation
energy functional does not properly describe the long-range dispersion
interactions in such loosely bonded systems; therefore the van der Waals (vdW)
force correction might be important for studies of water-solid interfaces*’. In this
section, we examine our calculations with the inclusion of vdW corrections and

discuss if and how our results are affected.

To evaluate the dispersion effects, we followed the approach proposed by

S. Grimme to include the semi-empirical dispersion corrections, which we have
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implemented in the Quantum Espresso package *®*°. We applied these
corrections to water monolayer as well as bilayer adsorption on surface |, and
water monolayer on surface Il (hydroxylated surface). In general, vdW
corrections lead to an increase in the interactions between water thin-films and
silica surfaces and a decrease in the distances between water thin-films and
surfaces by an amount ranging from 0.3 A to 0.7 A. However, the structures of
water thin-films and the surfaces only change slightly upon structural
optimizations. The bonding energies increase by 6 meV/ A% and 8 meV/ A?for the
H-up state and H-down state on surface |, respectively, and by 14 meV/A?for the
water monolayer on surface Ill. We also found that the charge transfer between
water thin-films increases by a negligible amount, (0.01 |e|) for both H-up and H-
down states. On surface |, the ground state is still the H-down state for water
monolayer adsorption, and still the H-up state for bilayer adsorption, with a slight
change in the total energy difference between H-up and H-down states. We also
examined the total energy variation along lateral translations on surface | with the
dispersion forces included. The maximum total energy variations become 5 meV/
A? and 20 meV/ A? for the H-up and H-down states, respectively. However, these
values are still much smaller than the bonding energy of water thin-film on fully
hydroxylated surface (47 meV/ A?). According to these results, the presence of

the vdW corrections does not change our previous conclusions.

It should also be pointed out that the strength of hydrogen bonds in bulk ice
is overestimated by 16% when using GGA functionals (experiment: 610

meV/molecule; DFT-GGA: 710 meV/molecule), and it will be overestimated by a
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further 19% when vdW corrections are applied (DFT-GGA-vdW: 825
meV/molecule). In this light, vdW corrections are somewhat controversial here,
and it is possible that accurate values of film-surface distance and bonding
energy lie somewhere between GGA and GGA+vdW. The important point is that
our major conclusions remain unchanged. Further theoretical constructions of

GGA potentials might be necessary, but this is not the focus of this work.

VI. CONCLUSION

In summary, the adsorption of water thin film on bare perfectly
reconstructed and fully hydroxylated a-quartz (0001) surfaces were studied by
using first-principles calculations. Bare surfaces show a contact transition with
water thin-film from H-down state in monolayer to H-up state in water multilayers
due to the formation of a highly stable water bilayer membrane-like structure. The
interaction between the water thin film and a fully hydroxylated surface is much
stronger, with 10 times (4 times when the vdW correction is applied) larger water-
silica bonding energy than that of the bare surface. The first water layer and the
hydroxyl groups of the fully hydroxylated surface also form a membrane-like
bilayer structure. For each surface the water-silica interactions are highly
localized between the first water layer and the surface due to shielding of the

membrane-like bilayer.

Interestingly on bare surfaces, the H-down adsorption configuration is an

isomer state when there is more than one adsorbed water layer. A surprising
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jump in water-silica interaction strength, that is, the bonding energy, is observed
when the thickness of the water film increasing from trilayer to quadlayer with the
corresponding increase in charge transfer. The trend continues in water
pentalayer adsorption, suggesting a thickness-induced surface process. Whether
this transition is caused by the subtleness of long-range interaction or by
emerging collective behavior is beyond the scope of this work. Future studies are
necessary to investigate the mechanisms for the unexpected sudden jump in
water-silica interaction. We also suggest that carefully designed experiments

should also be conducted to verify the phenomenon.

The stability of the water adsorption on bare surface also was examined by
calculating the total energy variation. For water thin film with H-up state the
maximum energy variation along the lateral translation on surface is smaller than
1 meV/ A? (5 meV/ A when vdW correction is applied). Our calculations confirm
the experimental observations that the friction force of water thin film on bare

silica surface is much weaker than on hydroxylated surface 2.
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Table 1A. The adsorption and bonding energy of water layers on a silica surface
in the H-up state. All energies are in units of meV/A% The (1x1) and
(2x1) bare surfaces are denoted as surface | and Il. (* Ref. [31])

Surface Ea1 Eaz Ea3 Ea4 Ea5 Eb1 Ebz Ebg Eb4 Eb5
I 443* 68.7* 469* 56.5* 597 148* 158* 151* 1.56 1.57
Il 439* 688* 470* 583" 143* 1.44* 156* 1.56
Table 1B. The adsorption and bonding energy of water layers on a silica surface
in the H-down state. All energies are in units of meV/A?. The (1x1) and
(2x1) bare surfaces and fully hydroxylated surface are denoted as
surface |, I, and Ill. (* Ref. [31])
Surface  E% E% E% E% E% E® E®, E® E° E
I 46.1* 48.0 48.2 50.6 535 3.84* 3.26 3.35 5.60 6.28

Il 456* 484 48.0 51.5 3.01* 270 2.85 5.15

I 62.2* 485* 641 46.1 34.6* 359* 353 36.4
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Table 2. The charge transfer of water layer(s) on a silica surface in the H-down
state (positive value indicates gaining electrons). Unit: 102 e". The
charge on surface means the charge transferred to the topmost layer of
the surface, not including the whole slab.

monolayer bilayer trilayer quadlayer pentalayer
Surface

water surface water surface water surface water surface water surface

I -18 16 -16 14 -39 21 -226 134 -302 192
Il -16 14 -15 14 -58 33 -234 135
1] -21 17 -26 23 -38 38 -61 52
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Table 3. The charge redistribution of water layer(s) on a silica surface in the H-

down state. Unit: electron.

Surface monolayer bilayer trilayer quadlayer pentalayer
I 0.36 0.27 0.42 0.81 0.84
Il 0.29 0.23 0.45 0.85
M 1.85 2.05 2.01 2.13
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Figure 1. (color online) Top views of the (1x1) bare surface (surface |, panel (a)),
(2x1) bare surface (surface I, panel (b)), and fully hydroxylated surface
(surface lll, panel (c)). The silicon atoms are represented as yellow
spheres; oxygen in red, and hydrogen in light grey. The hexagonal
symmetry blue frame (dashed box) indicates the simulation supercell in
the X-Y plane; the green frame (solid box) indicates the minimum unit
cell for symmetry.
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Figure 2. (color online) (a) — (d), Water monolayer adsorbed on surface | in the
H-up state. Panels (a) and (b) give the side and top views of the
system. Panels (c) and (d) are the side and top views with charge
density difference drawn on isosurface of +0.0005/A%. The yellow and
blue balloons represent the area with more and less electrons,
respectively.
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Figure 2. (continue) (e) — (h), Water monolayer adsorbed on surface | in the H-
down state. Panels (e) and (f) give the side and top views of the
system. Panels (g) and (h) are the side and top views with charge
density difference drawn on isosurface of +0.003/A%.
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Figure 3. (color online) Water monolayer adsorbed on surface Ill. Panels (a) and
(b) give the side and top views of the system. Panels (c) and (d) are
the side and top views with charge density difference drawn on
isosurface of +0.03/A%. The marked H atoms in panel (b) are from the

hydroxylated surface.
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Figure 4. (color online) Water bilayer adsorbed on surfaces. Panel (a) shows the
side view of H-up state on surface |. Panel (b), H-down state. Panel (c)
shows the side view of H-down state on surface lll.
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Figure 6. (color online) Water trilayer and quadlayer adsorption on surface I.
Panel (a) shows the side view of water trilayer adsorption in H-up
state. Panel (b), trilayer in H-down state. Pane (c), quadlayer in H-up
state. Pane (d), quadlayer in H-down state. The marked H atom in the
panel (a) indicates that its hydrogen bond break in the second water

layer.
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Figure 7. (color online) The side views of water trilayer (panel (a)) and water
quadlayer (panel (b)) adsorbed on surface Il
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Figure 8. (color online) The side views of water quadlayer adsorbed on surface |
with charge density difference distribution. Panel (a) is quadlayer
adsorption in H-down state. Panel (b), H-up state. The isosurface of
charge density difference is at +0.002/A in panel (a); panel (b),
+0.0005/A°,
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Figure 9. (color online) Panel (a) shows the charge transfer on each water or
surface layer in H-down state adsorptions on surface |. Panel (b)
depicts the definition of layers in the charge transfer distribution
showed in panel (a).The range between two blue dashed lines in panel

(b) is the fixed silica layer.
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Figure 10. (color online) Panel (a) depicts the three directions for the lateral
translations of the water layer on surface I. Panels (b) and (c) show the
total energy variation curves for the water monolayer adsorbed on
surface | in H-down and H-up states, respectively. Panel (d) shows the
total energy variation curves for the water bilayer adsorbed on surface
| in the H-up state. In panels (b), (c), and (d), directions 1 and 2 both
have ten discrete steps for the total energy variation curve; direction 3
has twenty discrete steps.
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