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Abstract

Hypothesis: Understanding the microscopic driving force of water wet-
ting is challenging and important for design of materials, the relations between
structure, dynamics and hydrogen bonds of interfacial water can be investigated
using molecular dynamics simulations.

Experiments and simulations: Contact angles at the alumina (0001) and
(1120) surfaces are studied using both classical molecular dynamics simulations
and experiments. To test the superhydrophilicity, the free energy cost of re-
moving waters near the interfaces are calculated using the density fluctuations
method. The strength of hydrogen bonds is determined by their lifetime and
geometry.

Findings: Both surfaces are superhydrophilic and the (0001) surface is
more hydrophilic. Interactions between surfaces and interfacial waters promote
a templating effect whereby the latter are aligned in a pattern that follows
the underlying lattice of the surfaces. Translational and rotational dynamics
of interfacial water molecules are slower than in bulk water. Hydrogen bonds
between water and both surfaces are asymmetric, water-to-aluminol ones are
stronger than aluminol-to-water ones. Molecular dynamics simulations elimi-
nate the impacts of surface contamination when measuring contact angles and
the results reveal the microscopic origin of the macroscopic superhydrophilicity
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of alumina surfaces: strong water-to-aluminol hydrogen bonds.

Keywords: Water; Alumina; Molecular Dynamics Simulation; Contact Angle;
Wetting

1. Introduction

Water is one of the most important substances[l, 2, 3, 4] and water/oxide
interfaces are ubiquitous on earth, playing important roles in numerous chem-
ical, physical, geological, and biological processes,[5, 6, 7, 8] such as min-
eral degradation,[9, 10] heterogeneous catalysis,[11] phase transitions,[12] solute
adsorption[13, 14] and wetting.[15, 16] Investigating the behavior of interfacial
waters is essential to help the design and development of better materials to over-
come the energy crisis or increase their biological compatibility.[17, 18, 19, 20, 21]

Among oxide surfaces, a-alumina (corundum), the most stable form of
Al,O4, has wide applications in ceramics industries,[22] as catalyst supports[23]
and as desiccants.[24] Interest in water/a-alumina interfaces has grown in re-
cent years. Using X-ray reflectivity measurements, water local density at alu-
mina interfaces was measured and water ordering was found to be correlated
with the crystalline orientation of the surfaces.[25] Both strongly and weakly
hydrogen bonded (H-bonded) interfacial waters were observed in vibrational
sum frequency spectra (SFG).[26, 27, 28, 29] In addition to these experimental
studies, both classical and ab initio molecular dynamics (MD) simulations were
carried out to study water adsorption,[30] atomic force spectroscopic data,[31]
ion adsorption,[24] the vibrational spectra of interfacial water,[32, 33] molecular
ions,[34] and H-bond topology[35] at water/a-alumina interfaces.

The (1120) surface is significantly different from the (0001) surface. The
(0001) surface is flat but the (1120) surface is rough with two exposed layers
of oxygen atoms. Furthermore, at the (0001) surface, there is only one type
of aluminol group, Al,OH, but three types, AIOH, Al,OH, and Al;OH, at the
(1120) surface. There are two layers of aluminol oxygen groups at the (1120)
surface. The outer layer contains AIOH and half of Al,OH (Fig. 1). The pK,
of different types of aluminol groups are also different.[36]
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Figure 1: Snapshots of MD simulation configurations of the two interfaces. (a) Atomic config-
urations of the water/alumina(1120) interface, there are three types of aluminol groups located
at different positions. (b) At the (0001) surface, there is only one type of aluminol group and
they are all anchored on the same plane. (c¢) Color scheme: grey: aluminum, purple: surface
oxygen, red: water oxygen, white: hydrogen.

Although previous works reveal much useful information about the interac-
tion between water and alumina surfaces, several issues are still not clearly
resolved. For example, a quantitative description of water wetting at alu-
mina surfaces, or the behavior of water H-bonded with different types of alu-
minol groups, is still lacking. A powerful tool to study water wetting near
solid surfaces is to measure the contact angle (CA), which has been exten-
sively used to understand the interaction between waters and a variety of
surfaces.[37, 38, 39, 40] However, the experimentally measured contact angles
are divergent with themselves.[41, 42] When it comes to superhydrophilic sur-
faces, which can be completely wetted by water with contact angles close to 0°,
measuring contact angles only is not enough to describe the hydrophilicity of
the surfaces unless the roughness of the surfaces are modified.[43]

When a water droplet is placed on the (0001) surface, completed wetting with
a contact angle close to 0° is observed, indicating that the surface is strongly
hydrophilic.[30] Our hypothesis is that the driving force of such high hydrophilic-
ity comes from strong H-bonds that waters donate to the surface, because such
H-bond modes are observed at the a-alumina(0001) interfaces but not the a-
quartz(0001) surface, a moderately hydrophilic surface.[44]

To improve the understanding of water/«a-alumina interfaces, especially the
microscopic pictures of water wetting, we carried out classical MD simulations
to study a water nano-droplet in contact with the a-alumina (0001) and (1120)
surfaces, revealing that both surfaces are superhydrophilic, based on the sim-
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ulated contact angles and water density fluctuations. The comparison of free
energies to remove interfacial water indicates that the (0001) surface is more hy-
drophilic than the (1120) surface. The reason for the superhydrophilic character
is the strong H-bonds that water molecules donate to aluminols. Interestingly,
the strengths of the H-bonds are asymmetric: aluminols donate weak H-bonds
to water. The interactions between water and aluminols induce patterning of
interfacial waters, which are localized and oriented according to the underlying
alumina crystal lattice. Our results show that the superhydrophilicity of alu-
mina surfaces is due to strong H-bonds that waters donate to aluminol groups
and highlight how MD simulations can be used to interpret macroscopic behav-
ior of interfacial water using microscopic structures.

2. Simulation setup and contact angle measurements

The atomic configurations of a-alumina surfaces were taken from Lut-
terotti’s work[45] and the surface is fully hydroxylated based on previous
results.[46, 47] All classical MD simulations were carried out using GROMACS
2016.3.[48, 49, 50, 51, 52, 53, 54] No alumina atoms were fixed so they are
mobile. All simulations were performed using the N Pxy Ly ensemble, where
constant pressure, 1 bar, was maintained on the X and Y directions using the
Parrinello-Rahman barostat[55, 56] and the length in the Z direction was fixed
as 40 nm. The simulations contained 8 x 8 or 8 x 6 unit cells, resulting in
the average size of the Lx = 3.8 nm or 4.2 nm and Ly = 3.3 nm or 4.7 nm,
for the (0001) and (1120) surfaces, respectively. The thicknesses of the alumina
(0001) and (1120) solid were about 1 and 4 nm, respectively. The temperature
in all simulations was maintained at 300 K using the Nosé-Hoover thermostat
with a relaxation time of 0.1 ps.[57, 58] The number of water molecules was
about 10000 and two water/vacuum interfaces were set to maintain the pres-
sure of water-vapor coexistence in the Z direction (Fig. S1) on both sides in
simulations. Water bonds were fixed during the simulations using the LINCS
algorithm.[59] The short-range interactions were neglected beyond 1 nm and
long-range electrostatic interactions were calculated using particle-mesh Ewald
summations.[60] Periodic boundary conditions are applied on all X, Y and Z
directions.

The ClayFF force field[61] and SPC/E water model[62] were applied to de-
scribe the alumina surfaces and water, respectively. In previous MD simulations,
the ClayFF force field reproduces the density distribution of interfacial water at
the alumina (0001) surface, comparing to ab initio MD simulations and X-ray
reflectivity spectra.[24] ClayFF also reproduces the distribution of orientations
of surface OH groups and ion adsorption comparing to AIMD and experimental
measurements.[24] The ClayFF force field has been applied to study a variety
of interfacial phenomena at water/alumina surfaces.[13, 63, 15]

When calculating the free energy for water removal, umbrella sampling was
applied using the PLUMED package v2.3.2.[64, 65] The free energy was recon-
structed using the UWHAM package.[66] The number of water molecules in the
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target region, IV, was selected as the collective variable and the kernel band-
width ¢ = 0.002 nm.[67, 68] The size of the target cubic region is shown in
Table 1, whose (V) = 8 were the same for all simulations. A biased potential
was added during the simulations using umbrella sampling:

k

V(N) =3

(N — No)? (1)

where k = 0.9 kJ/mol and Ny ranges from -14 to 14 in each window.

Table 1: The size of the target region in umbrella sampling simulations for water removal.

System X&Y Z
alumina(0001)  1.000 nm  0.333 nm
alumina(1120)  0.941 nm  0.442 nm
bulk 1.000 nm 0.247 nm

To calculate contact angles, a new series of simulations containing a hemi-
spherical water droplet with 1000 water molecules on alumina surfaces was car-
ried out. The simulation box was extended to allow the water droplet to spread:
32 X 32 unit cells or about 15.76 nm x 13.65 nm for the (0001) surface and
32 x 24 unit cells or 16.94 nm x 17.24 nm for the (1120) surface. For each
surface, three independent simulations were carried out. The wetting dynamics
was characterized using the shape of a water droplet on the top of the alumina
surfaces. Water oxygen atoms were projected onto the surface forming a circle
and then its radius was fitted. Instead of reporting the time-series contact an-
gles, the relative radii were plotted (Fig. 3) because it is easier to measure when
water molecules spread into a thin layer.

To measure the contact angle, the a-alumina crystals (Egorov Scientific)
were cleaned as follows. First, a-alumina substrates were soaked in acetone
(Fisher Chemical) for 15 min then sonicated in 18 M- cm deionized (DI) water
for 30 min. Next, they were immersed in piranha solution, H,SO,+H,0, (J.T.
Baker, Avantor Performance Materials, LLC) 3:1, (caution! Piranha solution is
a strong oxidizing agent which reacts violently with most organic materials and
must be handled with extreme care) for 30 min at 80 °C, then rinsed with DI
water and blown dry by ultra-pure N, gas (> 99.99%). After the wet cleaning
step, substrates were sealed in the chamber of a HARRICK PDC-32G plasma
cleaner and treated with radiofrequency plasma and UV irradiation for 2 min
prior to the contact angle measurement. Water contact angles on a-alumina
were measured by the sessile drop method: 5 pL of DI water was added onto
the polished flat a-alumina surfaces (15 mm X 15 mm) and the tangent angle
formed between at the air, water, and sapphire interface was calculated using the
ImageJ software.[39] contact angle measurements of water on a-alumina (0001)
and (1120) surfaces were repeated 14 and 12 times, respectively; every contact
angle of water was measured after the complete cleaning protocol. Besides the
surface cleaning method described above, separate organic solvent cleaning and
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piranha cleaning followed by plasma and UV treatments were done to test the
surface cleanliness effects to contact angle.

3. Results

8.1. Hydrophilic character of alumina surfaces

The contact angle of water on the a-alumina (1120) surface is 3.1 & 0.7°,
while on the (0001) surface it is 2.7 + 0.7° (Fig. 2), implying that both sur-
faces are strongly hydrophilic after the completed cleaning. Since the standard
deviations are larger than the differences between the averages, the water con-
tact angles on both surfaces can be considered as the same. The results are in
good agreement with previous results that the water contact angle on the a-
alumina(0001) surface is less than 5°.[41] However, contact angle measurements
of water for other crystal faces of a-alumina have not been reported.

Alumina (0001) Alumina (1120)

Average 2.7 £ 0.
CA Average 3.1 0.7 CA Average 2.7+ 0.7

CA Left 3.1 £ 0.9 CA Right 3.1 £ 0.6 CA Left 2.6 + 0.8 CA Right 2.7 £ 0.6

Figure 2: Water spreading on the alumina surfaces. A drop of deionized water on the alumina
(0001) surface (left) and the alumina (1120) surface (right). The water contact angle was
calculated as described in the text using the yellow lines added by ImageJ software. The
procedure was repeated on freshly cleaned surfaces for statistical purposes.

Surface cleaning is critical. XPS and AFM analyses show that trace amounts
of contaminants can alter the inherent properties of the surface and change
the values of contact angle. The a-alumina crystal surfaces cleaned only by
organic solvents such as ethanol, isopropanol, or acetone for 12 hours left an
average of 13-17% carbon atomic residue, while producing water contact angles
> 36°.[42, 41, 69] The a-alumina surface cleaned by freshly prepared piranha
for 20 min left 10 + 1% of carbon atomic residue and generated a water contact
angle of 8 £+ 2°.[42, 41, 69] At ambient conditions, the organic residue on alumina
surface gets hydroxylated forming hydrocarbon which increases the degree of
liquid contact angle.[70, 71] In this work, the c-alumina substrates were cleaned
by acetone, piranha, plasma and UV light to minimize the organic residue that
remained, resulting in small contact angles.

Contact angles observed in MD simulations are consistent with experimental
measurements. The hemispherical water droplet spreads to a thin water layer,
covering the alumina surfaces after 3 ns (Fig. 3), indicating fast and complete
wetting of both surfaces, consistent with a previous result.[15] MD simulations
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using another force field predict a contact angle of 90° at the alumina (0001) sur-
face, , in stark contradiction to our experimental and computational results.[72]
Although the contact angles of nanoscaled water droplets are not quantitatively
calculated in this work, the trajectories show that they are close to 0°. This
could be the evidence that both surfaces are strongly hydrophilic. At the (0001)
surface, the water droplet spreads slightly faster than at the (1120) surface.
However, it is difficult to compare their hydrophilicity when both surfaces are
completely wetting and their water contact angles are zero.
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Figure 3: Wetting dynamics of a water droplet on the alumina (0001) and (1120) surfaces.
Two insets represent the initial (bottom, t = 0) and final states (top, t = 3 ns) of one of three
simulations using the (1120) surface. The shape of the water droplet on the (0001) surface
is similar. Only one layer of alumina atoms is shown for clarity. ro and r; are the radius
of the water droplet projected to the surface at ¢t = 0 and time ¢, respectively. The shading
represents the standard deviation of three independent simulations at each t. After 3 ns, the
water droplet spreads into a thin layer covering the alumina (1120) surface (top) and the
contact angle is close to 0°.

An alternative way to determine the interaction between surfaces and water
is to measure the density fluctuations of interfacial water and the associated
cost of displacing water from a specified volume near the surface.[73, 74, 75]
The work required to displace water from the interface can be related to the
interfacial tension, such that surfaces requiring more work to displace interfacial
water are more hydrophilic. In detail, after removing water molecules from a
water/alumina interface, a cavity is created delimited by an air/alumina and
a water/air interface with cross-sectional surface area A (Fig. 4c). The same
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protocol is applied to bulk water to create two water/air interfaces (Fig. 4b).
Since forming these cavities in water is a rare event, indirect umbrella sampling
(INDUS) is used to bias the simulations.[68, 67] The free energy to create such
cavities at the water/alumina interfaces (AGgurface) and in the bulk (AGpuk)
is calculated as the difference between in the potential of the mean force:

AGsurface = Gsurface(o) - Gsurface(<N>) (2)

AGpuik = Gpuk(0) — Ghuic((N)) (3)

where Ghegion (V) is the free energy when N water molecules are in the region
of interest.[74]

For macroscopic volumes, the free energies AGsurface and AGpuk can be
related to the surface tensions of the corresponding solid-gas (vs¢), liquid-gas
(vLe), and solid-liquid interfaces (vysr). Ignoring contributions from the sides
of the cuboidal volumes, which are independent of the volume’s location, the
free energy change upon emptying the volume near the solid surface is

AGsurface = (Vs + 706 — V5L) A, (4)
and the analogous free energy difference in the bulk is
AGpuk = 2706 A. (5)

Then, by using Young’s Equation, vsg = 7vsr + Yrg cos ., the contact angle,
0., can be predicted from the difference between AGgurface and AGpuik,
AGYSurface - AGYbulk

cosf, = + 1. 6
vrcA (6)

Indeed, previous work has shown that Eq. 6 can be successfully applied to wet-
ting on a series of self-assembled monolayer surfaces when using a size-dependent
surface tension in place of the macroscopic vpg.[76]

The alumina (0001) and (1120) surfaces are both completely wetting,
cosf. = 1, and Eq. 6 predicts that AGgurface = AGpuk at the macroscale.
However, the simulation results in Fig. 4 show that this is not the case at the
nanoscale. Instead, both AGggo1) and AG(11§0) are larger than AGypyy, and
Eq. 6 unphysically predicts that cosf. > 1. This suggests that surfaces can
be more hydrophilic on nanoscale lengthscales than is possible macroscopically
and that this nanoscale hydrophilicity can be probed through the analysis of
water density fluctuations. Our results indicate that the interactions between
water and alumina are stronger than those between water molecules, suggesting
that the alumina surfaces are “superhydrophilic” or “superwetting”, as has also
been observed for TiO, surfaces.[43] Moreover, because AG ggo1) > AG(H%),

the (0001) surface can be considered more hydrophilic than the (1120) surface,
at least on the lengthscale of our observation volumes.
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Figure 4: Results and simulation settings to calculate the density fluctuations of interfacial
water. (a) The potential of the mean force as a function of the number of water molecules
(N) inside the target region. (N)=8 in simulations of this work. (b) and (c) Snapshots of
biased simulations containing no water molecules in target regions. The target region is in
bulk water (b) or at the surface (c¢). The dimensions of the empty regions are described in
Table 1

8.2. Interfacial water: structural aspects

To develop a microscopic picture of water/alumina interfaces, we first look
at the geometry of interfacial water, such as the joint density distribution of dis-
tance (Z) and water polar orientation (6,), within 1 nm from both the alumina
(0001) and (1120) (Fig. 5h and e) surfaces, marked as P(Z,6,,). Z = 0 is defined
as the average z coordinates of outer aluminol oxygen atoms of a surface. 8, is
the angle between the opposite of water dipole moment vector and the surface
normal (defined in Fig. 5a); 0° or 180° indicate that water molecules point away
from or toward to the surface, respectively (Fig. 5a). Water molecules accumu-
late at about 0.2 nm from the (1120) surface or 0.25 nm from the (0001) surface
and interfacial water molecules form H-bonds with aluminol groups. Quantita-
tive analysis shows that most aluminol groups on both surfaces either donate
or accept H-bonds with interfacial water (Fig. S7c).

Some commonly observed binding motifs at the (1120) surface are water
donating an H-bond to Al,OH (W-Al,OH), donating an H-bond to AIOH (W-
AlOH), or accepting an H-bond from Al;OH (W-Al;OH). At the (0001) surface,
water molecules donate or accept H-bonds with aluminol groups, marked as W-
(0001) or (0001)-W, respectively. These binding motifs also correlate with water
polar orientations. At the (1120) surface, two features appear in the density
plot P(Z,0,): at (Z = 0.25 nm, 6, = 135°), waters donate hydrogen bonds to



AIOH. The wide feature at Z=0.2 with 6,, ranging from 0° to 100° represents
water that accepts an H-bond from Al,OH or Al;OH; the wide range of angles
»s  spanned by these H-bonds is consistent with the delocalized nature of the charge
density of the water oxygen site.[77] Notice that oxygen atoms on Al;OH have
4 tetrahedral covalent bonds and cannot accept H-bonds from water. Water
H-bonds at the (0001) interface are much simpler: water can point toward to
the surface, donating H-bonds (Z = 0.25 nm, 6, = 130°) or point away from the
20 surface, accepting H-bonds (Z = 0.25 nm, 6, = 10°), as described previously.[24]
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Figure 5: Distributions of P(Z,6,) and typical H-bond structures. (a) Schematic illustrating
of the definition of water polar orientations. 8, is the angle between the opposite of the water
dipole and the surface normal. (b), (c¢) and (d) snapshots of typical H-bonding motifs between
water and alumina surfaces, including W-Al,OH, W-AIOH and Al;OH-W, respectively. (e)
Distribution of P(Z,0,,), where Z is the distance between water oxygen and surface oxygen
atoms. (b)-(e) are calculated from simulations with the (1120) surface. (f) and (g) snapshots
of H-bond modes W-(0001) and (0001)-W. (h) Distribution of P(Z,0,,) at the (0001) surface,
reprinted with permission from Ref. [24]. Copyright (2019) American Chemical Society. The
color bar is for both (e) and (h).

To understand how interfacial water molecules interact with alumina sur-

11
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faces, the water in-plane densities at the interfacial region were calculated using
the position of water oxygen atoms (Fig. 6). The interfacial region ends at the
first minimum in the density profile (Fig. S2), i.e. Z = 0.3515 nm for the (1120)
interface and Z = 0.3405 nm for the (0001) interface. Interfacial waters are not
randomly distributed at alumina surfaces; instead, the water adsorption pattern
follows the atom configuration of the unit cell of alumina surfaces.(Fig. 6a, b)

On the (1120) surface, the water density near oxygen atoms is much higher
than that at other regions, especially near the Al;OH groups. Two reasons are
proposed for such observations. First, the mobility of aluminol groups on the
Al;OH is different from others since these surface oxygen atoms are bonded
with 4 atoms and those aluminol groups can not rotate. The orientations of
Al;OH are limited and perpendicular to the surface (Fig. S7b). Second, the
(1120) surface is not flat and the position of Al;OH groups is lower, forming a
concave site that stabilizes adsorbed water. Another site with high local water
density is the lower Al,OH. It is worth mentioning that the thickness of the
water slab at different sites are different: Al;OH is buried but AIOH is the
outermost aluminol.

On the (0001) surface, water molecules accumulate at triangular sites defined
by three aluminol oxygen atoms with a center aluminum atom. Interestingly,
the orientations of the aluminol OH vectors are counterclockwise (Fig. 6b) and
interfacial waters have higher density in the opposite direction of the OH vector
of the aluminol groups. In addition, previous simulations have shown that the
triangular sites also have strong affinity to sodium and halide ions.[24] The spe-
cific pattern of water adsorption at the surfaces indicates their strong interaction
and is consistent with the observation that both surfaces are superhydrophilic.

12
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Figure 6: Interfacial water oxygen 2D density profiles parallel to the (1120) and (0001) sur-
faces; the color bar shows the density for both plots. Purple dots and gray dots on these plots
are the positions of oxygen and aluminum atoms in this unit cell. Although unit cells of both
alumina surfaces are monoclinic so their shapes are not rectangular, densities were plotted
in rectangles following the periodic boundary condition. (a) The (0001) interface, (b) The
(1120) interface. (c), (d) Atom configurations of a unit cell of the (1120) or (0001) surfaces.
Hydrogen atoms are not shown and the blue lines are the boundary of a unit cell.

3.8. Interfacial water: hydrogen bond dynamics

Strong interactions between interfacial water and alumina surfaces affect the
properties of H-bonds, including their lifetimes, which can be described using
the continuous H-bond lifetime autocorrelation function, S(¢), defined as

(4(0)A()s(2))
0= i) o

where
s(t) = [[ AG). (8)
i=0

A(t)=1 if two water molecules are H-bonded at time ¢ and A(t)=0 if not; s(t)=1
if an H-bond remains unbroken and s(t)=0 if it has been broken at least once.
The criterion of an H-bond is based on the geometry of the donor and acceptor
proposed by Luzar and Chandler;[78] an H-bond exists if the distance between
donor oxygen Og and acceptor oxygen O, is less than 3.5 A and the O-O-H angle,
£0,04Hyg, is less than 30°. Continuous autocorrelation functions describe how
long an H-bond survives.|[79]

H-bond lifetimes depend on the type of aluminol group (Fig. 7). Overall,
S(t) follows an approximately exponential decay. Among all H-bonding motifs,
Al;OH-W has the longest H-bond lifetime, which may be the result of the

13
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limited motions of Al;OH. W-Al;OH is not shown because it is difficult for
Al;OH groups to accept an H-bond. Except for Al;OH-W, W-(0001) has a
distinguishable longer lifetime than other H-bonding motifs, including those in
bulk water; the lifetime of (0001)-W is also longer than AIOH-W or Al,OH-W.
Based on the population of aluminol types, we found that the overall H-bond
lifetime at the (0001) surface is slightly longer than at the (1120) surface (details
discussed in the SI).

0
10 o W-AIOH —— AlZOH-W
AIOH-W o  W-(0001)
W-Al,OH — (0001)-w

ALOH-W  —— bulk

= 1a-1]
210

1072

0 1 2 3 4 5 6 7 8 9 10

Figure 7: H-bond lifetime autocorrelation functions defined in Eq. 7. W-surface and surface-
W H-bonds are plotted with circle symbols or lines, respectively. Different colors represent
the type of aluminol groups in the H-bonds: blue: aluminol groups of the (0001) surface,
red: AlOH, orange: Al,OH, green: Al;OH. The last three are for the (1120) surface. All
W-surface H-bonds (circles) show longer lifetime than surface-W H-bonds (lines with the same
color), except for Al;OH.

H-bonds between interfacial water and surfaces are asymmetric with respect
to donors and acceptors. The lifetime of W-surface H-bonds is longer than that
of surface-W H-bonds for the same type of aluminol groups. On the (1120)
surface, the H-bond lifetimes follow this trend: W-AIOH > AIOH-W and W-
Al,OH > Al,OH-W; on the (0001) surface: W-(0001) > (0001)-W, as shown in
Fig. 7. Our hypothesis is that the strength of H-bonds is consistent with their
lifetime: W-surface H-bonds are stronger than surface-W ones.

The strength of an H-bond is correlated with the geometry.[80] Though a
simple examination of the geometry of H-bond structures cannot provide quanti-
tative H-bond strengths, qualitative comparison can still be made.[80] Generally,
H-bonds with shorter 040, distance and smaller Z0,04H, (left bottom cor-
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ner) are qualitatively stronger than the opposite (Fig. 8j). First, by comparing
W-surface and surface-W H-bonds, we found that H-bond strength is asymmet-
ric, W-surface H-bonds are stronger than that in bulk water since their average
040, distance is slightly shorter than in the bulk, but surface-W H-bonds are
significantly weaker than those in bulk. Except for the Al;OH groups, plots of
probability distribution of H-bonds show that H-bonds of W-surface are short
and more linear than those of W-surface H-bonds (Fig. 8 ab, cd and gh). At
the (0001) interface, the average donor-acceptor distance of W-(0001) H-bonds
is shorter than at the (1120) surface. The strong W-surface H-bonds are impor-
tant for the hydrophilicity of surfaces and the asymmetric H-bonds, especially
the weak surface-W H-bonds, result in the high frequency aluminol vibrations
observed in vSFG spectra.[81, 33, 44, 82]
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Figure 8: Normalized probability distributions of H-bond geometry based on H-bond motifs.
(a) W-AIOH, (b) AIOH-W, (c) W-Al,OH, (d) Al,OH-W, (e) W-Al;OH, which is rare in
simulations so most points are 0, (f) Al;OH-W, (g) W-(0001), (h) (0001)-W, (i) bulk water.
In plots (a)-(h), the top and bottom rows represent water-to-surface and surface-to-water H-
bonds, respectively. (j) The left bottom corner represents strong H-bonds with short distance
and linear geometry; the right top corner represents the opposite. The color bar is for plots

(a)-(1).

3.4. Water translational and rotational dynamics

Several dynamical properties of interfacial water are calculated and com-
pared with bulk water. As discussed below, simulation results show that dynam-
ics of interfacial water molecules are slowed down by alumina surfaces because
of strong interactions between water and hydrophilic alumina surfaces.

First, the 2D mean square displacement (MSD) of water oxygen atoms was
calculated using:

MSDsa(t) = (|((t) — 2(0)* + [y(t) — y(0)*)s.(¢)) 9)

which can be used to describe the in-plane translation of water molecules in the
interfacial region. High MSD values indicate fast motion of water molecules.
Water molecules in the bulk travel about 4 times as fast as interfacial wa-
ter (Fig.9a), consistent with the hydrophilicity and strong interactions between
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interfacial water and surfaces. The parallel diffusion of water shows no distin-
guishable difference between the two surfaces though the (0001) surface is more
hydrophilic.

Another behavior investigated is the water residence time evaluated via the
following autocorrelation function:

— nore)s ) (10)

s,(H) = [] RG) (11)
=0

The residence time correlation function, R(t), is used to describe how long a
water molecule stays in a certain region; in this work the continuous autocor-
relation function is reported, that is, once a water molecule leaves the specified
region, its contribution to the correlation function is zero. A slower decay of
R(t) indicates a longer residence time at the interface and hence slow perpendic-
ular translations. R(t) is quasi-log-linear for all three environments, similar to
the behavior of water H-bond lifetimes Fig. 9b. The residence time of interfacial
water is much longer than that of bulk water, indicating that alumina surfaces
slow down water translation perpendicular to the interfaces.
Lastly, water reorientation autocorrelation functions were calculated:[83]

(Pn(tom(t)pom(0)s:(t))
(Pr(tou(0)pomr(0)) '

Cn(t) = (12)

where P, is the n*" order Legendre polynomial, and we consider the first and
second order polynomials,
Pi(z) == (13)

Py(x) = 0.5 x (322 — 1) (14)

Both the 15 and 2°¢ order autocorrelation functions in Fig. 9c show the re-
orientation relaxation times of water molecules follow this trend: 7(oo1) >
T(1130) > Toulk, Which is consistent with the hydrophilicity comparison pre-
dicted by water density fluctuations discussed above. This is also consistent
with previous work identifying correlations between rotational dynamics and
surface hydrophilicity.[84, 85, 86] Unlike the translation of water molecules at
the interface, there is a significant difference in the reorientation dynamics for
the (0001) and (1120) interfaces, consistent with the fact that the (0001) surface
is more hydrophilic as demonstrated through probing water density fluctuations.
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Figure 9: Water dynamics at alumina interfaces or in the bulk. (a) 2D in-plane water mean
square displacement versus time, defined by Eq.9. (b) water residence time autocorrelation
function, defined by Eq.10. (c) water reoriention time correlation function, defined by Eq.12.
In figure (c), the autocorrelation function of bulk water is replotted from previous work.[87] In
all plots, bulk, the (1120) and (0001) surfaces are plotted in black, red and blue respectively.

4. Discussion

There are no aluminol groups on as-cleaved alumina surfaces. However, when
contacting water, dissociative adsorption takes place on the surface, creating
aluminol groups.[46] The number density of aluminol OH groups on the alumina
(0001) and (1120) surface are 15.3 OH/nm? and 16.8 OH/nm? (experimental
value),[45] or 14.3 OH/nm? and 15.7 OH/nm? (simulations in this work). If
bulk water is cut to form a water slab, there could be a maximum of 11.7 water
molecules forming hydrogen bonds per 1 nm?, given the distance cut-off for a
hydrogen bond of 3.5 A. Compared to bulk water, the density of OH groups
at the alumina (0001) and (1120) surfaces is higher, which could be one reason
for their superhydrophilicity.[88] Similar trends can be found at other surfaces,
for example, the OH density at a moderate hydrophilic surface, fused silica, is
3.5 OH/nm?, much lower than alumina.[35] However, the hydrophilicity of a
surface cannot be simply determined by the number density of OH groups on
the surface. The (1120) surface has higher number density of OH groups but
less hydrophilicity according to our simulations. Other factors that affect water
wetting cannot be overlooked when predicting interactions between water and
solid surfaces.

An important factor to determine the hydrophilicity of surfaces is the pattern
of hydrophilic groups. The hydrophilicity of an interface is “context-dependent
and nonadditive”,[89] indicating that local structures of a surface cannot be
neglected. Instead of carrying out MD simulations with biased sampling of all
water interfaces, one possible solution could be developing simplified descriptors
that can be used by machine learning based techniques to map the pattern and
hydrophilicity.[90] As for this work, the (0001) surface has a perfect triangu-
lar pattern but the pattern on the (1120) surface is irregular. What is more,
compared to the flat (0001) surface, the (1120) surface is rougher. Our hypoth-
esis is that a well-ordered pattern commensurate with water’s H-bonds, like the
(0001) surface, could align the network of interfacial water, whereas the more
irregular (1120) surface cannot. However, predicting the hydrophilicity from
the pattern of surfaces is not a trivial problem. The lower hydrophilicity of the
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(1120) surface may also be due to its roughness at the nanoscale; in general,
rough surfaces have a higher contact angles.

Simulations in this work are based on classical MD using the ClayFF force
field, which assigns -0.95e to all oxygen atoms of aluminol groups and very
similar charges to both water and aluminol hydrogen atoms. Compared to
-0.8476e of a water oxygen in the SPC/E model, an aluminol oxygen atom
contains more negative charge, though the whole surfaces are neutral, containing
no net charge. Thus it is not surprising that interfacial waters donate strong H-
bonds to the more negative aluminol oxygen and cannot accept stronger H-bonds
with short donor-acceptor distance because of the repulsion between oxygen
atoms of the donor and acceptor.

In this work, we observed different H-bond strengths between interfacial wa-
ter and different aluminol groups. This behavior may be related to the different
pK., values of aluminol groups. At the alumina (0001) surface, there are two
pK, values corresponding to the protonation states:

ALOH," == ALOH+H" (pKa1)

ALLOH — ALLO™ +HT (PKaz)

These pK, have been calculated in previous ab initio MD simulations on the
gibbsite (0001) surface: pK,; = 1.3 and pK,s = 22.0, indicating strong affinity
for protons and making the surface only donate weak H-bonds.[91] There are
no simulated pK, at the (1120) surface reported but experimentally estimated
pKas for AL, OH (pK,=12.5) and Al;OH (pK,<3) are divergent.[36] As a result,
modeling these differences relies on additional simulations to predict H-bond
behaviors. Since measuring surface pK, is challenging in experiments and there
are still discrepancies between results from different techniques, investigating
the correlation between surface pK, and wetting is one future direction that
could yield useful insights.

In experiments, organic residues can substantially alter the surface proper-
ties and increase contact angle of water on a-alumina surfaces. Using the more
complete surface cleaning method contact angle of water are 2.7 + 0.7° on the
(1120) surface and 3.1 £ 0.7° on the (0001) surface, which agrees with the sim-
ulations results that both types of a-alumina surfaces are strongly hydrophilic.
Although minimizing the effects of contamination is a challenge in contact angle
measurements, it can be easily overcome in MD simulations.

5. Conclusions

We investigated wetting at the water/a-alumina (0001) and (1120) interfaces
using classical MD simulations and contact angle measurements. The simula-
tion results, including fast wetting dynamics, contact angles of zero, and small
density fluctuations of interfacial water, indicate that both surfaces are super-
hydrophilic and completely wetting. Furthermore, the free energy of interfacial
water removal calculations show that the (0001) surface is more hydrophilic
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than the (1120) one. Interactions between water and surfaces promote inter-
facial water adsorption at specific sites, leading to ordered water structures on
alumina surfaces. Translational and rotational dynamics of interfacial water are
slower than for bulk water.

The superhydrophilicity of alumina surfaces are attributed to strong H-
bonds, which have shorter oxygen-oxygen distances and smaller O-O-H angles
(L0,04H,) as well as longer lifetimes. Such a correlation between surface wet-
ting and interfacial H-bonds is helpful to understand the properties of the inter-
face. We also observe asymmetric H-bonds: the strength of water-to-aluminol
H-bonds is significantly greater than aluminol-to-water ones. Using the density
fluctuation method to calculate the work required to remove a nanoscale volume
of water from the interface, we found that the alumina(0001) surface is more
hydrophilic than the (1120) one, which cannot be determined from the almost
identical contact angles.[30]

There are several advantages of MD simulations when investigating wetting
at solid surfaces. First, contact angles observed in MD simulations and experi-
mental measurements are consistent, showing the accuracy of MD simulations,
contradicting previous observations that contact angle at alumina surfaces are
about 60°,[69, 71, 42] due to surface contamination.[41] Such contamination
can be removed by careful cleaning but MD simulations can overcome it more
easily. Another advantage of MD simulations when studying superhydrophilic
surfaces is that, comparing experimental methods that require modifying sur-
face roughness,[43] the density fluctuation method is much more convenient.[75]
In this work, the superhydrophilicity of surfaces is connected to the strength of
interfacial H-bonds, which has not been well studied in previous works.[30, 31]
Our observation of strong H-bonds at the water/a-alumina(0001) interface is
consistent with previous AIMD simulations but we use a geometry criterion in-
stead of vibrational frequency that needs higher computational cost.[44] Future
work will be how impurities at interfaces, both organic and inorganic, affect
wetting at such superhydrophilic surfaces.[92]
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