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Experiments: The (0001) face of a single sapphire (a-Al,03) sample exposed to water vapor and the sur-

l;:y Wﬁirrd:" face of liquid water were probed by polarization dependent Sum Frequency Generation-Vibration
nger Spectroscopy (SFG-VS). Molecular dynamics (MD) provided insight into the hydrogen bond populations
Film and molecular orientations across films and liquid water.

Sum frequency generation Findings: SFG-VS revealed a submonolayer film on sapphire exposed to 43% relative humidity (R.H.), and
Molecular dynamics a multilayer film at 78% R.H. Polarization dependent SFG-VS spectra showed that median tilt angles of
Spectroscopy free O—H bonds on the top of films are at ~43° from the normal of the (0001) face but at 38° on neat
Hydration liquid water. These values align with MD simulations, which also show that up to 36% of all O—H bonds
Atmosphere on films are free. This offers new means for understanding how interfacial reactions on sapphire-

supported water films could contrast with those involving liquid water.
© 2019 Elsevier Inc. All rights reserved.

R . - 1. Introduction
Abbreviations: GDS, Gibbs dividing surface; HB, hydrogen bond; MD, molecular

dynamics; R.H., relative humidity; SFG-VS, sum frequency generation spectroscopy-

vibration spectroscopy; XPS, X-ray photoelectron spectroscopy. Metal oxide surfaces exposed to atmospheric water stabilize
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Fig. 1. Schematic representation of water films on the (0001) basal face of sapphire (o -Al,05). (a) Idealized hydrogen bonding environment in a multilayered film, showing
angle (0) of the topmost water molecules of the water/air interface, optical geometry by SFG-VS, and key band assignments. These topmost water molecules are of C.,
symmetry (free OH at 3700 cm ™), unlike the tetrahedrally-coordinated molecules below the surface (hydrogen bonded OH at 3211 and 3404 cm ™). (b) Basal face view, here

extracted from a snapshot of a Molecular Dynamics simulation with 30 H,0-nm 2

, showing the spatial distribution and (color-coded) hydrogen bonding patterns involving

the first layer water molecules. (c) Schematic representation of sideview of the (0001) basal face at different water loadings.

environmental and technological processes where solids are
exposed to atmospheric water vapor. Advancing knowledge on
the nature of water molecules in these films is essential for the sci-
entific community’s pursuit of understanding processes relevant to
fields as varied as vadose zone geochemistry, atmospheric cloud
chemistry, (photo)catalysis, microfluidics, rheology and tribology.

Water films develop when water vapor (i) binds directly onto
metal oxide surface sites, forming the first few layer waters of films
(adsorption regime), and (ii) grow further via water-water interac-
tions (condensation regime) [7]. Moving current-day boundaries in
this area requires combined knowledge from the metal oxide/
water [8-17] and water/air literature [18-27], two fields that have
received far more attention than material-supported water films.
Knowledge of hydrogen bond populations and of water orientation
across supported water films remains, as such, increasingly needed
as new possibilities are emerging for understanding processes
across and on these films (e.g. gas dissolution, photosensitive reac-
tions, monolayer assembly). One notable example of where such
knowledge is needed includes a recent study showing how water
film thickness tailors CO oxidation on gold [28].

Although experimental work involving oxide nanoparticles
[29,30] can be advantageous for addressing water binding phe-
nomena, interparticle capillary condensation can add complexity
to the host of reactions under study. Single oriented surfaces min-
imize these contributions and create possibilities for following film
growth mechanisms. Additionally, they offer an ideal setting for
directly probing the water/air component of water films. They con-
sequently provide possibilities for advancing knowledge on the
chemistry of the topmost water molecules responsible for film
growth and gas exchange reactions.

In this study, Sum Frequency Generation Vibrational Spec-
troscopy (SFG-VS) and molecular modeling were used to explore
water films formed by the adsorption and condensation of water
vapor on the basal (0001) face (C-plane) of sapphire (a-Al,0s3)
[18,19,22,25,31-34]. The hydroxylated form of this face is of great
significance to earth sciences and technology as it exposes free and
weakly-hydrogen bonded hydroxyl groups [35-37] responsible for
the attachment of water (Fig. 1) and a score of solvent-mediated
catalytic reactions.

This SFG-VS work provides insight into the dominant hydroxyl
functional groups outcropping the (0001) face, and of the water
films formed by adsorption and condensation of water vapor. MD

simulations provide insight into hydrogen bond populations
formed in and across the films, especially to contrast with popula-
tions formed in bulk liquid water. These properties will also be
compared to those of the water/air interfacial region of neat water,
and will account for a recently-proposed [38| modification of a
geometric definition of hydrogen bonds in this region. A theory-
supported analysis of the polarization dependence of SFG-VS spec-
tra will demonstrate how the orientation of free O—H bonds in the
top portions of both sapphire-supported water films differs from
that of the surface of liquid water. This suggestion promotes fur-
ther polarization dependent SFG-VS as a means for tracking the
orientation of the topmost water molecules during (e.g. gas
exchange, (photo)catalysis) reactions. This should be especially
important for future studies aimed at testing hypotheses linking
the orientation of these topmost water molecules to mechanisms
and energetics of interfacial reactions.

2. Materials and methods
2.1. Synthetic sapphire

Synthetic sapphire samples were purchased from SurfaceNet
GmbH (Rheine, Germany). The samples were grown with the Kyr-
opoulos crystal growth method [39], cut as 3 x 3 x 3 mm cubes,
and mechanically and chemically polished along the (0001) face.
The orientation of the face was confirmed by high resolution digital
Laue (Photonic Science). X-ray photoelectron spectroscopy (XPS;
Kratos Axis Ultra) confirmed that the sample surfaces was termi-
nated by Al,0s and surface hydroxo groups, although with a slight
(2.28 atomic %) contamination by fluoride resulting from the sam-
ple preparation process (Table S1, Fig. S1). Organic contaminants
(Table S1) were removed prior all SFG experiments by ozonation
(PSD Pro Series). SFG measurements (Section 2.2) confirmed the
absence of organics during water vapor binding experiments, seen
through the absence of intensities in the C—H stretching region.
Finally, XPS (Table S1, Fig. S1) also showed that prior exposure to
atmospheric CO, did not produce (bi)carbonate complexes resili-
ent to degassing. This falls in line with previous findings from
our group showing weak CO, interactions with n-OH groups [40].

High-resolution atomic force microscopy images of the cleaned
surfaces were obtained with a Cypher ES (Oxford Instruments),
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operated in amplitude-modulated mode using an NCL-W probe
(Nanoworld, nominal tip radius=8nm, k=16 N/m). Images
(Fig. S2) show step-edges spaced with a height on the order of
2.0-2.5 A, which is consistent with the 2.16 A spacing between
the Al layers of sapphire on the (0001) face. The average step-
edge spacing of 27 +3 nm indicates a cut that is locally within
0.6° of parallel to the (0001) face.

2.2. Sum frequency generation — vibration spectroscopy

SFG-VS measurements were collected on a clean sample placed
in an air-tight Nx(g) flow-through cell (Praying Mantis™, Harrick
Scientific Products, Inc.) equipped with CaF, windows. The win-
dows of the cell enabled an optical path for the fixed visible beam
(532.1 nm) at an incident angle B;=45+1° and of a tunable
(1000-4000 cm™ ') infrared beam at B , = 55 # 1°. The SFG-VS signal
was detected in reflection geometry. This geometry was chosen to
enhance the relatively weak signal of the top-most water mole-
cules of the water/air interface.

The headspace of an air-tight flow-through cell was continu-
ously flushed upon delivery of Ny(g) at 0, 43 and 78% relative
humidity (R.H.) using clean stainless-steel tubing. Atmospheres
of 43 and 78% R.H. were generated by bubbling dry N,(g) in CaCl,
solutions at predetermined concentrations [41]. The partial pres-
sures of these equilibrated gases were determined by non-
dispersible infrared spectrometry (LI-7000, Licor, Inc). Prior SFG-
VS analysis, the sample was first exposed to dry N,(g) to remove
CO, and possibly adventitious atmospheric organic volatiles from
the surface for a few hours. SFG-VS spectra were thereafter
exposed to further to 0% R.H. or to 43 or 78% R.H., and equilibrated
further for a 30 min period prior measurements. In a second set of
experiments, SFG-VS spectra of the neat water/air interface were
collected for the surface of doubly distilled deionized water
exposed to an atmosphere of Ny(g).

The visible beam used for SFG-VS was typically less than 260 p,
while the energy of the tunable IR beam 175 pJ in the 2800-
4000 cm~! range. These energies were chosen after a number of
preliminary experiments at higher values showed that they did
not damage the sample and did not evaporate thin water films.
The latter was confirmed further in preliminary experiments
showing that SFG spectra did not change over the course of ~1 h.
Measurements were performed at a frequency interval of 5cm™,
and the recorded intensity at each frequency was the average of
150 laser pulses under ssp and 300 pulses under ppp polarization.
These notations (ssp, ppp) refer to the polarization angles of (i) the
electric field for the directional SF signal, (ii) the visible beam, and
(iii) the IR beam, respectively [42].

All SFG-VS spectra were normalized to the non-resonant SFG-VS
of a Z-cut quartz crystal surface in its x-direction [43-45], and were
fitted using a Lorentzian shape function, as in previous SFG-VS
work [42], with:
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In this function, ¥} is the nonresonant contribution to the dis-
crete vibrational modes and the right-hand term the resonant con-
tributions. The latter are expressed as a function of frequency wg
for the sum of k bands of central frequency wy, transition line
width (full width at half maximum) I'y, and amplitude A,.

An analysis of the orientation of the free OH group of the top-
most layer of the sapphire and water film surfaces (Fig. 1) was esti-
mated with [26,42]:

(cosO)  dssp X Cosp — dppp x R

b= (cos30) dssp — dppp X R @)

This equation relates the orientational parameter
D = (cos 0)/{cos? 0) to the ratio of the intensities of the bands at
3700 cm~! under ssp and ppp polarization (R). The angle (0) is
between the vector of the free O—H bond and the axis normal to
the (0001) face. The strength factor (dssp, dppp) and general orienta-
tion (cgsp) parameters for the optical geometry of this study are
taken from Gan et al. [25]. We note that our approach is at odds
with the views [38,46] for an exponential distribution of free OH
bond angle distributions, and refer to Gan et al. [47] and Sun
et al. [48] for recent thoughts on this matter.

2.3. Molecular modeling

Classical Molecular Dynamics (MD) simulations were per-
formed to provide clues on the plausible configurations of thin
water films on the (0001) face of sapphire. Although this approach
cannot account for proton exchange reactions between water and
the terminating p-OH groups, these reactions are expected to be
negligible considering (i) the absence of counterions enabling
charge development, and (ii) that the pH =7 of the film is close
to the point-of-zero-charge/isoelectric point (4-7) of this face
[49,50]. The pH the simulated film is thereby 7 and the surface
charge is neutral, which are representative values of the surfaces
studied experimentally. The absence of charge generation, and of
significant levels of proton transfer - also confirmed in recent
ab initio MD simulations of this [51] and analogous basal faces
[52] - thus motivates further the use of classical MD for this work.
This approach has for added benefit for enabling simulations of lar-
ger systems and long simulation times.

The simulation cell was a 3.25 nm x 3.88 nm x 3.09 nm (xyz)
slab (Al;792024960H394) exposing two (0001) faces perpendicular
to the z-direction contacted in a ~5 nm thick void containing var-
ious quantities of water molecules. The slab was cut from a slightly
thicker 3D periodic cell generated from the crystallographic struc-
ture [53] of sapphire, and pre-equilibrated by MD. Each (0001) face
was terminated by 192 p-OH (i.e. Al,-OH) groups to complete the
coordination environment of surface Al atoms, and to achieve
charge neutrality in the entire simulation cell.

Simulations were carried out using classical MD using Gromacs
2018 [54]. Sapphire was simulated using the CLAYFF [55] force
field, using the newly adapted parameters [52] for aluminum
(hydr)oxides and its surface OH groups of the basal face, and water
was simulated with the SPC/Fw model [56], a flexible variant of the
rigid SPC model [57]. The O—H bond strengths of the surface p-OH
group of sapphire was set to harmonic potential constant
460530Kk]-mol nm~2 to match the experimental frequency
(~3700 cm™') detected in this work. In an additional simulation,
a2 4.0 x 4.0 x 4.0 nm box of 2180 water molecules contacted with
an empty box of the same dimension was used study the neat
water/air interface.

Both sapphire/water and neat water systems were simulated
using a NVT (constant number of particles, constant volume and
constant temperature) ensemble. A time step of 1.0 fs was used
with the Verlet algorithm [58] to integrate the equations of
motions for all the atoms in the system, which were projected to
infinity using a periodic boundary condition. The temperature of
the system (300K) was coupled to the Nosé-Hoover [59]
velocity-rescale thermostat with a 0.1 ps relaxation time. The SET-
TLE algorithm [60] was used to treat the geometry of water and the
LINCS algorithm [61] were used to treat the O—H bonds of all
hydroxyls. Position constraints were not used in any case. A
0.8 nm cut-off was used for van der Waals interactions, and the
particle mesh Ewald method®> 26 was used to treat long-range
electrostatic interactions. Simulation cells were first energy-
minimized using a steepest descent algorithm, typically in less
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than 10* steps. The minimized structures were then equilibrated
using classical MD for 107 steps (5 ns). Additional 20 ns simula-
tions were then generated for production runs to monitor atomic
positions and energies, and sampled every 1000 steps.

Trajectory analyzes were made using Gromacs 2018 and cus-
tomized codes written for this study. Hydrogen bond (HB) popula-
tions were analyzed for (i) the entire film as function of water
loading, and (ii) across single films. Hydrogen bonds were those
with donor (D)-acceptor (A) bond of R < 0.35 nm and H-D-A angles
of B <30° as in Luzar and Chandler [62] and based on previous
work [63,64]. We also consider the more recently proposed possi-
bility of B <50° as a means to exclude weakly hydrogen-bonded
water molecules of the water/air interface [38]. These analyses
identified free OH groups at every time step, and permitted calcu-
lations of the orientation of every free OH with respect to the nor-
mal of the film surfaces (0, as in Fig. 1).

3. Results and discussions
3.1. SFG-VS

SFG-VS measurements (Fig. 2) of the dry (0 R.H.) sapphire sur-
face under ssp polarization detected terminating OH functional
groups [35,51,64-67] through a single, yet broad, band centered
at 3700 cm~'. This is consistent with previous SFG-VS work
[35,36,69] on the hydroxylated (0001) face of a-Al,03 and, despite
possible variations in properties (roughness, co-existence of
hydrophobic nanopore [37]) that can arise from differences in sam-
ple preparation, the band is predominantly generated by p-OH
groups exposing the hydroxylated (0001) sapphire surface. The
band is fitted with a single Lorentzian component (Eq. (1)) with a
transition line width of I'=92 cm™!, suggesting a various bond
strengths for these OH groups. Deconvolution of this region with
two bands did not provide a statistically significant improvement
in the goodness of fitting. The substantially lower intensities of
the spectrum for ppp polarization also suggest that the OH groups
are generally oriented towards the normal of the surface, as previ-
ously suggested [35]. Using the theory of Wang et al. [25,26,42]
(Eq. (2); Fig. S3), the intensity ratios of the 3700 cm~' bands under
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ssp and ppp suggest an average O—H bond orientation of 0 = 38°
from the normal of the surface. By comparison, Zhang et al. [35]
reported 0=26° on a different sample, with likely a different
preparation history.

Exposing the sample to 43% R.H. increased the intensities of
3300-3700 cm ™' region (Fig. 2). Consistent with related work on
nanoparticles from our group [29,30,70,71], the intensification of
this region is explained by (i) a weakening of the O—H stretch of
1-OH caused by hydrogen bonding with water molecules, and
(ii) overlapping contributions from these adsorbed water mole-
cules The absence spectral features of the topmost region of liquid
water (Fig. 2) [30,71], suggests that the surface must be populated
by less than the equivalent of about two monolayers of water (e.g.
Fig. 1c).

Exposing the sapphire surface to 78% R.H. produced two new
bands at 3211 and 3404 cm™!, consistent with the appearance of
a liquid-like water film [30,71], and not those of hexagonal ice
[72]. These liquid-like water bands are even comparable to those
of liquid water on sapphire [17]. In this case, the 3700 cm~! band
of the ssp spectrum is no longer shifted to lower values, as in
43% R.H., but has nearly doubled in intensity and narrowed from
I'=49cm 'to40cm™.

We explain the intensification and narrowing of the
~3700 cm~! band with the appearance free OH bonds from water
molecules of the topmost portion of the films (Fig. 1). Comparison
with spectra of the neat water/air interface (Fig. 2a) [24 25-27]
reveals a striking similarity with an intense ~3700 cm™! and nar-
rower (I'=13 cm~') band under ssp polarization. The appearance
of this band was also used by Miranda et al. [72] as an indicator
for a multilayer water film on mica, as a monolayer-like film would
not expose free OH groups akin to those of the neat water/air inter-
face. We also note that the ~3700 cm~! band remained broader in
the sapphire-supported films than in neat water because (i) larger
ranges of bond strengths are likely to be adapted by these topmost
water molecules, (ii) sub-populations of p-OH groups can be
decoupled from the HB network and develop free O—H bonds (cf.
shoulder at 3824 cm™! in Fig. 2a; ab initio MD studies of Melani
et al. [65], Ma et al. [12]), and (iii) free OH stretches of water could
even persist within the film (cf. Boulesbaa and Borguet [G9]).
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Fig. 2. SFG-VS data of the neat water/air interface, and of a single (0001) face of sapphire exposed to N»(g) and water vapor at 25 °C. Spectral data are for (a) ssp and (b) ppp
polarization, and fitted using a linear combination of Lorentzian components (full lines) with Eq. (1). Red lines in (a) are of the dry (0001) face at 0% R.H, shown for
comparison. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Contributions of topmost water molecules to the ~3700 cm~! band
region are confirmed further in the spectra under ppp polarization
(Fig. 2b), a finding that contrasts with previous ppp SFG-VS spectra
by Zhou et al. [73] who reported very little water binding on this
face. The intensification in the SFG in the ~3550 cm™! region of
the ppp spectrum is strongly comparable to that of the neat
water/air interface [24-27], and is likely generated by a donating
HB group from the topmost to underlying water molecules
(Fig. 1a).

Using the theory of Wang et al. [25,26,42] (Eq. (2)), we used the
intensity ratios of the 3700 cm~! bands under ssp and ppp estimate
the average tilt of the free O—H bond at the surface of the water
films (cf. Fig. S3 for polarization dependence of the SFG-VS inten-
sity). The larger intensity ratio in the film at 78% R.H. than on neat
water point to an increase in tilt angle to 6 = 43°. This contrasts
with 0=38° (35° in a previous work [26]) at the neat water/air
interface. This result thus already hints to the possibility that the
internal structure/hydrogen bonding network of the thin water
film could be responsible for orienting the free OH bond closer
towards the (0001) face than on neat water. This analysis for the
43% R.H. data retrieves an average tilt angle of 35°, that however
results from contributions of both unreacted p-OH groups
(6 =38°) and the thinner water film.

3.2. Molecular modeling

MD simulations of the (0001) face added further insight into
plausible molecular configurations adopted by water films of vari-
ous loadings. The most relevant simulations used to follow water
film growth are those from sub-monolayer to multilayer films
(Fig. 1c) with transitioning towards those of liquid water above
5-6 layers (Fig. 3). This transition can first be appreciated by the
increase in the thickness (28) of the water/air interfacial region
(Fig. 3a), as expressed through the function:

p(z) = a(l — tanh (—Z _(SZG)> 3)

In this equation, the Gibbs Dividing Surface (GDS) is located at
zc where a is the half of the thin water film density. This analysis
showed that 2 § increased from a single water monolayer (~2.6 A)
at 15 H,0-nm2 to values comparable to those of the neat water/air
interface (~3.4 A; ¢f dashed line in Fig. 2a) [23,74] in multilayered
films (~3.8 A in 30 H,O0-nm2).

Simulations (Fig. 3b) show that up to ~70% of n —-OH groups
form hydrogen bonds (HB) with adjacent p —-OH groups (~30%)
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S ald s g 5
@ 8. ‘ water/water 8
22 o2 I 1m
2 25 E | u-OH/water T
31 [ 3 ’/‘l—'*—l—b g
i K15*~& g o -OH/OH E

0 04 08 12 16 0 10 20 30 40

distance from top u-OH /nm water loading / H,0-nm?

Fig. 3. MD simulations of water films on sapphire. (a) Water density profiles at 0.6
to 30 H,0-nm ™2, including the density profile of u ~OH groups (shaded portion on
the left-hand side). The Gibbs Dividing Surface (GDS; Eq. (3)) centered at zg nm
from the top n-OH group and the thickness of the interface (2 ) are shown for 30
H,0-nm 2. A portion of the density profile centered around the GDS of a neat water/
air interface is shown in dashed grey for comparison. The head of the water/air
interface is at z; — & while the tail at z¢ + 8. (b) Hydrogen bond (HB) populations for
three forms of interactions for the entire water film (cf. Fig. 1). HB population for
water/water interactions in bulk liquid water at 25 °C (horizontal dashed line) and
the crystallographic density of p-OH groups (p-on; vertical dashed line) are also
shown. See Fig. S6 for full breakdown of HB interactions.

and water molecules (~40%) (c¢f. Fig. S4 for a breakdown of
populations). Donating (i ~OH'‘OH,) and accepting (). -OH - 'H,0)
interactions do not, however, alter the pre-existing HB populations
between pL -OH groups buried ~0.3 nm below the first water layer.
These results thus fall in line with previous simulation studies [12],
and with our SFG results revealing the co-existence of free . ~-OH
groups in water films. It also infers the presence of HB of various
strength, which could be consistent with the relatively large tran-
sition line with of the 3700 cm~' band.

Water-water interactions involved ~2.8 HB/H,O in a single
monolayer film to values of converging towards those of liquid
water (~3.4 HB/H,0) at greater loadings equivalent to at least 5-
6 layers (Fig. 3b). Populations of the same forms of interactions
across films (Fig. 4) however underscored the important hetero-
geneity of these water films, and thereby how they depart from
those in liquid water. Here focusing the discussion on a film with
30 H,0-nm™2 (Fig. 4), and a representative multilayered water film
(Fig. 1c), simulations show that the near surface region controlled
by interactions with i —OH (~z¢; — 0.6 nm) allows mostly 1-2 HB
between neighboring water molecules. Second layer molecules
(~zg — 0.3 nm) adopt, on other hand, the highest levels of HB,
and thereby constitute the most ‘liquid-like’ portion of the film
(cf. HB population of liquid water in Fig. 4c). Still, an average of
26% of these molecules have free OH bonds, compared to only
18% in bulk liquid water. Additionally, these populations are
enriched further towards the interfacial region (zg — & — zg + §),
with an average 36% of free OH bond in the film and 33% in neat
water. Repeated HB analyses using a cutoff of p < 50° for the H-
D-A bond angle, as advocated in recent studies [38,46], decreased
populations of free OH bonds to 23% in the film and to 25% on neat
water.

Differences in the free OH bond populations of water in the
films and liquid water are manifested further in the average orien-
tations (0) of these bonds (Fig. 5; Table 1). Tilt angles adopt
normal-type distributions, and not the exponential distributions
reported in a recent study [46] as recently expressed by Gan
et al. [47]. This is consistent with SFG-VS work under multiple
geometries confirming that the orientation distribution should be
narrow [25,26,75]. Angles also shift from water molecules pointing
towards the sapphire surface in the deep portion of the films
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Fig. 4. MD simulations of water films on sapphire. (a) A portion of water density
profiles of Fig. 3a, here shown for the near interfacial region (z¢ * ) of a film with 30
H,0-nm 2 and for neat water. (b and c) Fraction of water molecules involved in 0-4
HB (full lines; left ordinate axis) and fraction of free OH bonds (dashed line; right
ordinate axis) across (b) a film at 30 H,0-nm 2 and (c) neat water.
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Fig. 5. MD-derived orientation of interfacial water molecules (0, ¢f. Fig. 1a) in
sapphire-supported water films (a, ¢ and e) and on neat water (b, d and f). A
hydrogen bond is here defined as in Luzar and Chandler [62], and yields comparable
angle distribution than using a more recent definition [38,46] using a H-D-A angle
of B <50° (cf. Fig. S5). Distribution at (a and b) the tail of the interfacial region
(zg + 8), and within the interfacial region (z¢ * §), with angles specified at P(6).x in
both cases (arrows in (a) and (b) show transition from bulk to surface). Angle
distributions are broken down in contributions from water with 0-3HB, and show
that 2HB and 3HB interfacial waters are predominantly responsible for the water
distributions. The analyzes shown in Fig. S6 confirm that interfacial water are both
donors and acceptors.

Table 1
Centers of tilt angle () distributions (Fig. 5).

Film (30 H,0/nm?) Neat water

p<30° p<50° p<30° p < 50°
6+ 8 45° 43 36° 330
Zgt & 66° 54° 64° 59°
entire film 72° & 154° 73° & 156°

(6 ~ 156°), to broader distributions centered at 6 ~ 45° (43° when
B < 50°) at the tail of the interfacial region (z¢ + §). By comparison,
angle distributions in water conform to a sin(0) function for homo-
geneously distribution free OH bonds in the bulk, and shift to
0~ 36° (33° when B < 50°) at the water/air interface. These two
set values therefore highly align with our polarization dependence
analysis (Eq. (2)), however with the notable exception that they
hold for the very top most portion of interfacial water molecules.
Taking the values for the deeper portions of interfacial region (z¢ -
— 8) yields a broader distribution centered at 6 ~ 66° (54° when B
< 50°) in water films, and B ~ 64° (59° when B < 50°) on neat
water. These values are consistent with simulated values
[38,46,76] for neat water that also consider the entirety of the
interfacial region, and incidentally include greater contributions
from the more random bulk.

These efforts consequently show how an adequate selection of
the portion of the interfacial region is key for comparing SFG-VS
and simulations. In the light the data of this study and of
previous work [25,26,75], we assert that the strong sensitivity of
the ppp intensity to experimental optical geometry can only result

from a fairly narrow orientational distribution of free OH bonds.
The tilt angle of the free OH bond of water is centered at 43° for
films on sapphire, and at 38° on neat water. MD simulations sug-
gest that these tilt angles pertain only to the topmost region of
the interface.

4. Conclusions

This work provides evidence that water films on sapphire
develop considerably different solvation environments than at
the surface and bulk of liquid water. This was seen in the orienta-
tion of the topmost region of the water surfaces — with a tilt angle
centered at 43° for films on sapphire and 38° on neat water —
down to the deeper portions of the films where water molecules
are hydrogen bonded to p-OH groups. It was also manifested in
the greater proportions of free OH bonds of films, which host con-
trasting hydration environments for solutes across the sapphire/
water/air interface. These findings validate the working hypothesis
that film interactions with hydroxo groups of metal oxide surfaces
impact hydrogen bonding populations and molecular orientations.

This work also demonstrates the strength of our theory-based
analysis [25,26,42] of polarization dependent SFG-VS for tracking
the orientation of topmost water molecules on material-
supported water films. It thus expands previous the applicability
of the approach from liquid water surfaces only [25,26,42], and
shows that comparison between experiment and theory can be
achieved by considering the very top most portion of the film sur-
face (z; +6). This not only opens new possibilities for re-examining
previous studies on related systems [36,77,78] but also emboldens
new efforts testing hypotheses that link the orientation of topmost
water molecules to mechanisms and energetics of interfacial reac-
tions. Future studies considering variations in metal oxide compo-
sition and structure could thus offer promising avenues for
evaluating if these contrasting properties do impact interfacial
reaction pathways. We foresee that work focused on gas (e.g.
CO,, SOk, NOy, 0O,) dissolution, chiral selection, and monolayer
self-assembly could help open these avenues. These types of stud-
ies should be especially beneficial to natural sciences and to film
engineering.
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