Showcasing research from Dr. Miyazawa's laboratory,
Faculty of Frontier Engineering, Kanazawa University,
Ishikawa, Japan.

Three-dimensional ordering of water molecules reflecting
hydroxyl groups on sapphire (001) and a-quartz (100)
surfaces

Swimming at a nanometer-scale solid-liquid interface.
Hydration structure visualized by three-dimensional atomic
force microscopy (3D-AFM) at the a-quartz (100)-water
interface. The size of the 3D-AFM imageis 4 x 4 x 2 nm.

The interface has several layered hydration structures on the
a-quartz (100) surface.
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Water molecules on oxide surfaces influence the chemical reactivity and molecular adsorption behavior
of oxides. Herein, three-dimensional atomic force microscopy (3D-AFM) and molecular dynamics simu-
lations are used to visualize the surface hydroxyl (OH) groups and their hydration structures on sapphire
(001) and a-quartz (100) surfaces at the atomic-scale. The obtained results revealed that the spatial
density distributions and hydrogen-bonding strengths of surface OH groups affect their local hydration
structures. In particular, the force curves obtained by 3D-AFM suggest that the hydration forces of water
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molecules intensify at sites where water molecules strongly interact with the surface OH groups. The
insights obtained in this study deepen our understanding of the affinities of Al,Oz and SiO, for water
molecules and contribute to the use of 3D-AFM in the investigation of atomic-scale hydration structures

rsc.li/nanoscale on various surfaces, thereby benefiting a wide range of research fields dealing with solid—liquid interfaces.
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1 Introduction

The chemical reactivity, molecular adsorption behavior, and
other interfacial properties of oxides, e.g.,, the HF etching
rate™” and the biomaterial affinity>* of SiO,, are affected by
water molecules on oxide surfaces. Given that these interfacial
properties are influenced by local interactions between the
material surface and water molecules, a deep understanding of
the atomic-scale surface structures and their hydration struc-
tures is crucial for the design of surface functions. In particu-
lar, oxide surfaces usually have polar hydroxyl (OH) groups
that strongly interact with water molecules by forming
complex hydrogen-bonded networks, which highlight the need
for clarifying the local distributions of such surface OH groups
and water molecules. The interactions between OH groups and
water molecules on oxide surfaces have been widely studied
using X-ray reflectivity,’” sum-frequency generation infrared
spectroscopy®’® and  nuclear magnetic  resonance
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spectroscopy.>’" These methods provide quantitative infor-

mation on atomic-scale density distributions, interaction
strengths, and relaxation times of water molecules on surfaces,
but provide only data averaged over the submicrometer-scale
in the lateral direction because of the limited lateral resolu-
tion. Therefore, the atomic-scale spatial distributions of water
molecules adsorbed on oxide surfaces in real space remain
unclear despite numerous related theoretical studies employ-
ing computational methods, such as molecular dynamics
(MD)">'? and first-principles simulations.'*"®
Three-dimensional atomic force microscopy (3D-AFM) was
developed as an effective method for investigating local
hydration structures.’”'® In 3D-AFM, a frequency shift (Af)
induced by the interaction force applied to an AFM tip is
measured during tip 3D scanning at a solid-liquid interface to
generate a 3D-Af image with atomic-scale local contrasts
reflecting the local density distributions of water molecules on
a sample surface. Previous studies using 3D-AFM have revealed
a strong correlation between simulated hydration structures
and 3D-Af images of mica,"” " calcite,*** fluorite,**** clino-
chlore,*® and albite.>” These studies used layered compounds
or cleavable crystalline materials, as their surface cleavage
easily affords atomically flat and clean surfaces suitable for
3D-AFM measurements. However, this technique has not been
extensively applied to oxides, such as SiO, and Al,O;2%*°
despite their importance in glass and cement production,
mainly because these oxides cannot be cleaved and easily pro-
cessed to produce atomically flat and clean surfaces. Thus, a

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Crystal structures of sapphire (001) and a-quartz (100) surfaces. (a and c) Top and (b and d) side views of (a and b) sapphire (001) and (c and

d) a-quartz (100) surfaces visualized using VESTA.>®

detailed analysis of the local water density distributions and
OH group structures on oxide surfaces remains a challenge.

Sapphire contains crystalline Al,O; featuring six-fold-co-
ordinated Al. The sapphire (001) surface has been widely
studied and its atomic-scale structure has been revealed using
X-ray reflectivity.>>° The topmost surface of sapphire (001) in
water is thought to be hydroxylated®' with densely packed OH
groups®® (Fig. 1a) forming a planar arrangement (Fig. 1b).
a-quartz (100) is a major crystal of SiO, and includes an array
of SiO, tetrahedra. In contrast to sapphire (001), the surface
structure of a-quartz (100) has not been well investigated. The
few related density functional theory (DFT)'*?*? and X-ray
reflectivity” studies suggest that the a-quartz (100) surface fea-
tures OH groups arranged in a zigzag hydrogen-bonded struc-
ture (Fig. 1c) consisting of periodically alternating strong and
weak hydrogen bonds.** The corresponding cross-sectional
view (Fig. 1d) shows that the OH groups protruded from the Si
atoms on the a-quartz (100) surface.

Herein, the local hydration structures of the Al,O; and SiO,
surfaces were investigated using 3D-AFM for sapphire (001)
and o-quartz (100) as model samples. The relationship
between the surface OH groups and water density distributions
on the surfaces was also investigated by comparison with the
MD simulation results. Furthermore, the adsorption forces of
the water molecules on the surfaces were quantitatively ana-
lyzed using force curves obtained by 3D-AFM.

2 Methods

2.1 AFM experiment

Commercially available sapphire (001) substrates with a step-
and-terrace structure (Adamant Namiki Precision Jewel Co.,

This journal is © The Royal Society of Chemistry 2023

Ltd, Japan) were cut and stored in ultrapure water prior to
AFM measurements. a-quartz (100) substrates (SOY101005S2,
MTI Corporation, Japan) were etched by immersion into a 12%
HF solution for 5 h, and then rinsed and stored in ultrapure
water prior to AFM measurements. The sample was placed on
a sample holder using carbon tape. Subsequently, 50 pL of
ultrapure water was dropped onto the sample surface.

AFM measurements were performed using a home-built fre-
quency-modulation atomic force microscopy (FM-AFM)
equipped with an ultralow-noise cantilever deflection sensor
and a highly stable photothermal excitation system.'” A phase-
locked loop circuit (OC4, SPECS, Germany) was used for oscil-
lating the cantilever at its resonance frequency (f,). The AFM
head was controlled using a commercially available controller
(ARC2, Asylum Research, USA). A commercially available canti-
lever (AC55, OLYMPUS CORPORATION, Japan) was used
without any modifications. To measure the crystal surface
structures in water, FM-AFM images were acquired and pro-
cessed using Igor Pro (ver. 6.3.8.1, Wave Metrics Inc., USA). 3D
scanning force microscopy (3D-SFM)'” was used to acquire 3D
force images for all surfaces. In the 3D-SFM measurements,
the 3D distribution of the frequency shift (Af) was obtained by
tip 3D scanning at a solid-liquid interface. 3D-Af images were
acquired for regions with dimensions of 4 x 4 x 2 nm on the
substrate surfaces at a resolution of 64 x 64 x 256 voxels in 53
s. The amplitudes of the oscillated cantilever in 3D-SFM
measurements were 143.2 pm for sapphire (001) and 89.1 pm
for a-quartz (100). The 3D-Af images were processed using an
averaging filter in the XY-plane with a size of 3 x 3 pixels and
interpolated four times in the X- and Y-directions using linear
interpolation using the home-made analysis software
LabVIEW (National Instruments, USA). Sader’s method®* was
used to convert the Af curves into force curves for the quanti-
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tative analysis of the hydration forces of water molecules on
both surfaces.

2.2 MD simulations

The sapphire (001) and a-quartz (100) substrates were com-
posed of 7 x 7 x 2 and 6 X 6 X 4 unit cells, respectively. The as-
cut substrate models had two surfaces with exposed oxygen
atoms, and 2000 water molecules, as shown in Fig. S1 in the
ESL.T In total, 8891 and 7620 atoms were included in the
models, respectively. During the simulations, the atoms within
5 A from the bottom were fixed, and the pressure was con-
trolled at 0.1 MPa in the Z-direction under an isobaric-isother-
mal ensemble. The water density was then analyzed using tra-
jectories for 2.5 ns following the 1 ns equilibration simulations
at 300 K. MD simulations were performed using the LAMMPS
package®® with ReaxFF force fields*®® because the reactive
force field automatically generates silanol and aluminol at the
surfaces. A Nosé-Hoover thermostat®® and barostat*® were
employed, and the atom motion was integrated with a time
step of 0.25 fs.

To observe the water mobility, the residence autocorrelation
of water molecules in a slab layer was analyzed using the fol-
lowing definition:

(hi(Ar,0) - hi(Ar,¢))
<h,’(Ar, 0) . h,’(Ar, 0)> ’

C(r,t) = (1)
where 4 is unity if the water molecule i is found within the dis-
tance Ar from the substrate surface in the time interval from ¢
= 0 to t = t. The autocorrelation function was fitted to the
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Kohlrausch-Williams-Watts (KKW) formulation to estimate
the relaxation time (z) and the following KWW exponent (f):

KKW(£) = exp[ (/7)) (2)

3 Results

3.1 Sapphire (001) and a-quartz (100) surface structures

The surface structures of sapphire (001) and o-quartz (100)
were analyzed by frequency-modulation atomic force
microscopy (FM-AFM) in ultrapure water. Fig. 2a shows an
atomic-scale height image of the sapphire (001) surface, reveal-
ing the presence of periodic honeycomb-like structures,
whereas Fig. 2b presents the height profile obtained along the
blue line in Fig. 2a. The periodic structures in Fig. 2b agree
with the sapphire (001) unit with a lattice size of 0.476 nm,
suggesting that the peak-to-peak distance reflects the crystal
structure. The honeycomb-like contrasts in Fig. 2a are consist-
ent with those obtained in previous studies using contact-
mode AFM in air*" and probably indicate the presence of verti-
cally oriented Al-O-H groups,”’ as predicted using DFT
calculations.®'® Fig. 2c and d show the step-and-terrace struc-
ture of the o-quartz (100) surface. The single step height
(~0.4 nm according to Fig. 2d) corresponds to the thickness of
two SiO, tetrahedral units.” In Fig. 2c, shadow effects at the
step edges are observed; however, this is caused by the slightly
higher feedback gain during the AFM measurement (see
Fig. S2 in the ESI}). Further magnification of the flat terrace
region reveals lattice-like periodic structures (Fig. 2e and f)
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Fig. 2 Frequency-modulation atomic force microscopy images of sapphire (001) and a-quartz (100) surfaces in ultrapure water. (a) Height image of
sapphire (001) and (b) height profile obtained along the blue line in (a). (c and e) Height images of a-quartz (100) and (d and f) height profiles
obtained along the blue lines in (c and e), respectively. The predicted atomistic structures of both surfaces are superimposed on (a) and (e).
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that form a rectangular lattice with a period (~0.5 nm accord-
ing to Fig. 2f) closely matching the unit lattice length of
a-quartz (100). Thus, the FM-AFM images in Fig. 2 exhibit a
strong correlation with the crystal structures of sapphire (001)
and a-quartz (100) surfaces. We interpret that the atomic-scale
contrasts in Fig. 2a and e show the surface OH groups. Thus,
the predicted atomistic structures were superimposed on these
images. However, it is difficult to determine whether the
sample surfaces or their hydration structures are visualized in
the FM-AFM images. Thus, comprehensive 3D analysis using
3D-AFM is necessary to understand the 3D interfacial struc-
tures on both sapphire (001) and a-quartz (100) surfaces.

3.2 Z profiles of hydration structures

Fig. 3a and d show the 3D visualizations of the Af distributions
measured by 3D-AFM on the sapphire (001) and the a-quartz
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(100) surfaces, respectively, revealing atomic-scale local con-
trasts near the surfaces in both cases (bottom sides in Fig. 3a
and d). An accidental tip change during 3D-AFM measurement
caused changes in the atomic-scale contrasts in the 3D-Af
images. Thus, we excluded areas including discontinuous
atomic-scale contrasts from the 3D-Af images and obtained
the cropped 3D-Af images of 4 x 2 x 2 nm (64 x 32 x 256
voxels) for sapphire (001) and 4 x 3.06 x 2 nm (64 x 49 x 256
voxels) for a-quartz (100) with continuous atomic-scale con-
trasts. Fig. 3b and e present the laterally averaged Af curves cal-
culated for both surfaces from the 3D-Af images and plotted
against the vertical distance from the surface side (Z), which
represents the relative distance of the vertical tip position in
the 3D-AFM experiment. These force curves were averaged over
the XY pixel size of each 3D-Af image (64 x 32 = 2048 points
for sapphire (001) and 64 x 49 = 3136 points for a-quartz
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Fig. 3 3D images of hydration structures on sapphire (001) and a-quartz (100) surfaces. 3D images of the Af distributions measured on (a) sapphire
(001) and (d) a-quartz (100) surfaces by three-dimensional atomic force microscopy (3D-AFM). Comparison of the averaged profiles between (b and
e) the Af curves measured by 3D-AFM and (c and f) the p profiles calculated using molecular dynamics (MD) simulations of (b and c) sapphire (001)

and (e and f) a-quartz (100) surfaces.
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(100)). Fig. 3c and f show the laterally averaged water density
(p) profiles of the sapphire (001) and a-quartz (100) surfaces
calculated using MD simulations, respectively. The zero posi-
tion of the p profile indicates the vertical position of the top
surface of each crystal.

The Af curve of the sapphire (001) surface (Fig. 3b) shows
oscillatory profiles, including three repulsive peaks (L1-L3),
with a distance between L1 and L2 of 0.29 nm. Similarly, the p
profile in Fig. 3c shows oscillatory profiles, indicating local
hydration layers (L1'-L4') with a distance between L1’ and L2’
of 0.28 nm. These findings indicate a strong correlation
between the Af and p profiles of the sapphire (001) surface,
suggesting that L1-L3 in the Af curve in Fig. 3b represent
repulsive peaks generated when the tip penetrates the
hydration layers on the sapphire (001) surface (L1'-L3’). The
spacings between the L1 and L2 layers in both Af and p pro-
files of the sapphire (001) surface are consistent with the
results of previous X-ray reflectivity’ and AFM** studies. After
the L1 layer was penetrated, Af significantly increased because
of the direct interaction between the tip and the sapphire (001)
surface. The Af curve of the a-quartz (100) surface (Fig. 3e)
shows a long-range repulsive profile with small peaks (L1-L2).
The distance between L1 and L2 was determined as 0.41 nm.
Similarly, the p profile (Fig. 3f) shows oscillatory profiles, indi-
cating local hydration layers (L1-L3’). The distance between
L1’ and L2' was determined as 0.40 nm. These results suggest
a strong correlation between the Af and p profiles for the
a-quartz (100) surface. Consequently, the L1-L2 peaks in the
Af curve in Fig. 3e correspond to the hydration layers on the
sapphire (001) surface (L1'-L2") in Fig. 3f.

The spacings between the repulsive peaks in the Af curves
agreed with the p profiles calculated using MD simulations on
both surfaces, and these peaks were therefore concluded to
represent the forces associated with the tip penetrating several
hydration layers on the sapphire (001) and a-quartz (100) sur-
faces. The hydration layers away from the surfaces (L4’ in
Fig. 3c and L3’ in Fig. 3f) do not appear in the Af curves
because the penetration forces of the hydration layer are weak
owing to the higher mobility of water molecules and the lower
water density in the hydration layer away from the sample
surface. Generally, hydration structures near a surface (such as
L1-L3) have higher water density distributions than bulk
water, and the mobility of water molecules in the hydration
layer is weak because of the strong interactions between the
sample surface and water molecules in the hydration layer.
3D-AFM generally enables the visualization of the time-aver-
aged local hydration structures of strongly hydrated water
molecules on the surface. Meanwhile, it is difficult to detect
the hydration structure with a lower density distribution,
which has higher mobility of water molecules (very similar to
bulk water) away from the surface, using the current force sen-
sitivity of AFM systems. It may be possible to visualize weakly
hydrated structures by further improvement of AFM instru-
ments, such as miniaturizing the cantilever to reduce the
noise component or by improving image processing to
enhance weak hydration structures.
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To investigate the effect of the surfaces on water mobility,
the autocorrelation function of water residence was analyzed
along the Z-axis using extra MD trajectories of 100 ps (see
Fig. S3 in the ESI}). According to Fig. S3,f it is clear that the
water molecules located closer to the surfaces maintain their
positions for a longer time for both surfaces. The influence of
both surfaces on the water mobility almost disappeared at
approximately Z = 1.0 nm, whereas the reduction rate of the
relaxation time for a-quartz (100) was less steep than that for
sapphire (001). The relaxation times of water molecules at
Z-distances greater than 0.8 nm are less than 2 ps, indicating
that it is difficult to visualize a hydration structure formed by
such highly mobile water molecules with a short relaxation
time of less than 2 ps, with the current force sensitivity of the
AFM system.

3.3 Local structures of surface OH groups and hydrated water
molecules

To investigate the local hydration structures on the sapphire
(001) and the o-quartz (100) surfaces in detail, we extracted XY
and Z cross-sections from the 3D-Af images. The XY cross-section
extracted from the 3D-Af image of the sapphire (001) surface at Z
position S (Z = 0.03 nm) in Fig. 3b shows honeycomb structures
(Fig. 4a, red line). The superimposed model of the OH groups on
the sapphire (001) surface in Fig. 4a corresponds to the atomic-
scale honeycomb contrast of the surface OH groups. The Z cross-
section extracted from the 3D-Af image along the dotted line in
Fig. 4a shows three hydration layers (Fig. 4b, L1-L3), similar to
the averaged Af curve indicated in Fig. 3b. In Fig. 4b, the local Af
distributions are indicated by dotted lines, and the water mole-
cules in these areas are expected to be partially concentrated on
the surface OH groups.

The XY cross-section extracted from the 3D-Af image of
a-quartz (100) at Z position S (Z = 0.05 nm) in Fig. 3e reveals
elliptical lattices with bright spots (Fig. 4e, red dotted lines).
The periodic distances of the lattice contrasts are consistent
with the size of the a-quartz (100) unit cell. In addition, the
atomic-scale contrasts correspond to the hydrogen-bonded OH
groups, as indicated by the atomic models of the quartz (100)
surface in Fig. 4e. This result agrees with those of previous
DFT calculations'*®* and X-ray reflectivity measurements.”
Fig. 4f shows the Z cross-section extracted from the 3D-Af
image along the black dashed line in Fig. 4e. On the a-quartz
(100) surface, the Af distributions show a checkerboard and
vertically tilted patterns (Fig. 4f, L1 and L2), whereas a layered
distribution is observed on the sapphire (001) surface (Fig. 4b).
The vertically tilted structures in L2 were visualized even in
raw data without a filtering process (see Fig. S4 in the ESIY).
Although the peak-to-peak distances between L1 and L2 in
Fig. 3e and f are relatively separate (0.41 nm), hydrated water
molecules exist between L1 and L2 and fill this space by
forming tilted hydration structures. It is difficult to understand
such complicated local hydration structures with the laterally
averaged 1D-Af and p profiles shown in Fig. 3e and f. Thus,
three-dimensional analysis by 3D-AFM is necessary to under-
stand the atomic-scale local hydration structures in 3D real

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Local water density distributions on the sapphire (001) and the a-quartz (100) surfaces. (a, ¢, d, e, g and h) XY and (b and f) Z cross-sections
extracted from (a, b, ¢, e, f and g) 3D-Af images obtained using 3D-AFM and (d and h) 3D-p images calculated using MD simulations for (a—d) sap-
phire (001) and (e—h) a-quartz (100) surfaces, respectively. The XY cross-sections are extracted at positions (a and e) S and (c, d, g and h) L1 as indi-
cated in Fig. 3b, ¢, e and f. The Z cross-sections in b and f are extracted along the dotted line in a and e. The hexagonal structure in sapphire (001)
and the strongly hydrogen-bonded OH groups in a-quartz (100) are indicated by red lines or dotted lines in a, ¢, d, e, g and h.

space. To clarify the relationship between the arrangement of lated using MD simulations at the L1 layer with the results of
surface OH groups and the in-plane ordering of water mole- the 3D-AFM measurements for both surfaces. Fig. 4c and g
cules, we compared the distributions of water molecules calcu- show the XY cross-sections extracted from 3D-Af images at the
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L1 layer for each crystal surface, whereas Fig. 4d and h present
the XY cross-sections extracted from 3D-p images calculated
using MD simulations at position L1. The honeycomb-like
structure of sapphire (001) depicted in Fig. 4a is superimposed
in Fig. 4c and d, and the strongly hydrogen-bonded OH groups
of a-quartz (100) are superimposed in Fig. 4g and h (red
dotted lines). The black dots in Fig. 4d and h represent the
positions of oxygen (corresponding to the OH groups) on the
topmost surfaces of the crystals.

For sapphire (001), both AFM experiments and MD simu-
lations revealed the presence of uniform and non-uniform
local hydration structures, as shown in Fig. 4c and d. Uniform
ring-like local contrasts are partially observed, as indicated by
the arrows in Fig. 4c. This hexagonal hydration structure was
predicted using previous DFT calculations.'>'® The non-
uniform contrast in sapphire (001) is due to the higher
dynamics of the surface OH groups on sapphire (001).*> The
locality of these OH states on the sapphire (001) surface con-
tributes to the generation of irregularities in the atomic-scale
local contrast of the L1 hydration layer.

For a-quartz (100), the XY cross-sections in Fig. 4g and h
exhibit atomic-scale periodic structures, and the higher con-
trast regions are localized at positions that are not just above
the surface OH groups. The lower contrasts just above the OH

Sapphire (001) OH
"

a-quartz (100)
L1
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groups suggest a lower water density in the OH groups. This
result is consistent with that of a previous DFT study.'*

3.4 Relationship between force curves and hydration forces

A quantitative analysis of the force curves measured by
3D-AFM was performed to compare the hydration forces at the
adsorption sites of water molecules on the surfaces. Fig. 5a
and c are the averaged force curves for the sapphire (001) and
the a-quartz (001) surfaces with superimposed double-expo-
nential fittings. Fig. 5b and d show the XY cross-sections
obtained from the 3D-Af images similar to Fig. 4a and e. For
the sapphire (001) surfaces in Fig. 5b, atomic-scale sites from
(1) to (3) were determined. Sites (1) and (2) correspond to the
vertices of the hexagonal structure, whereas site (3) corres-
ponds to the center of the hexagonal structure. For the
a-quartz (100) surface in Fig. 5d, sites (1), (2), and (3) corres-
pond to the positions between the two strongly hydrogen-
bonded OH groups, the central position of the four OH
groups, and the position just above the strongly hydrogen-
bonded OH groups, respectively. Force curves were converted
from the Af curves using Sader’s method.** The averaged force
curves were obtained by averaging the force curves obtained at
sites (1)-(3) in Fig. 5b and d. For averaging the force curves,
three force curves were acquired at each of the sites (1)-(3)

Sapphire (001)
L1 L2 L3

ac’ c?® i % Moaom ! ‘
5 5L 1 o® o o° 03 =5} || — Sapphire (001)-(1)
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Fig. 5 Short-range force curves on sapphire (001) and a-quartz (100) surfaces. (a and c) Averaged force curves on sapphire (001) and a-quartz (100)
surfaces with superimposed double-exponential fittings. The inset atomic models depict the crystal structures of the OH groups on each surface.
The averaged force curves were calculated by averaging the force curves obtained at sites (1)—(3). In (a), sites (1) and (2) correspond to the vertices of
the hexagonal structure, whereas site (3) corresponds to the center of this structure. In (c), sites (1), (2), and (3) correspond to a position between
two strongly hydrogen-bonded OH groups, the central position of the four OH groups, and a position directly above the strongly hydrogen-bonded
OH groups, respectively. (b and d) XY cross-sections taken from the 3D-Af images (identical to the images in Fig. 4a and e) at position S in Fig. 3b
and e for each crystal. Similar to a and c, the atomic positions at sites (1)—(3) are indicated on the XY cross sections. (e and f) Short-range force
curves for each site on the sapphire (001) and a-quartz (100) surfaces after the subtraction of long-range interactions.
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indicated in Fig. 5b for sapphire (001), and five force curves
were acquired at each of the sites (1)-(3) indicated in Fig. 5d
for a-quartz (001). For clarity, the force curves were visualized
by adding offsets to the vertical axis (Fig. 5a and c). The force
curves include several types of tip-sample interactions such as
short-range repulsive forces against the surface, attractive van
der Waals force, solvation force (i.e., penetration of water or
solvation molecules in liquid) and electric double-layer
forces.”»**** Herein, the tip-surface interaction was approxi-
mated by fitting it to an exponential function, as described in
previous studies,'”**?*** and this function was subsequently
subtracted from the original force curves (Fig. 5e and f).

The force curves for sapphire (001) in Fig. 5a reveal an
attractive force at Z-distances of less than 0.5 nm and a strong
repulsive force closer to the surface, whereas the force curves
for a-quartz (100) in Fig. 5¢ show monotonic increase profiles.
These long-range interactions are explained by the surface
charges of the Si tip and both sapphire (001) and o-quartz
(100) surfaces (see Table 1 in the ESIf). For the short-range
forces of sapphire (001) in Fig. 5e, the force peaks at position
L1 in all force curves show higher values of 0.22-0.31 nN.
Force peaks were also observed at positions L2 and L3;
however, the related peak values were lower than those at posi-
tion L1. For the short-range force curves of a-quartz (100) in
Fig. 5f, the force curves at sites (1) and (2) showed higher
values at position L1, whereas a much weaker force was
measured at the slightly shifted Z position at site (3). This be-
havior reflects that the hydration structure on the a-quartz
(100) surface is much more site-dependent than that on the
sapphire (001) surface, as shown in Fig. 4b and f. In addition,
the peak force values for penetrating the L1-L3 hydration
layers on sapphire (001) exceed those observed for a-quartz
(100). In particular, the force required to penetrate the
L1 hydration layer on sapphire (001) is approximately twice
that required for quartz (100).

4 Discussion

4.1 Relationship between surface OH groups and their
hydration structures

In this study, we compared the 3D hydration structures on sap-
phire (001) and a-quartz (100) surfaces using 3D-AFM. For sap-
phire (001), although the L1 layer was partially structured as a
ring-like shape because of the AI-O-H at the surface,">"®*>
the overall L1 hydration layer was not uniform in the XY-plane
(Fig. 4c), possibly because of the imperfect honeycomb
arrangement of the vertically oriented OH groups on the sap-
phire (001) surface. Given that the OH groups serve as primary
adsorption sites for water molecules, even a minor structural
deviation of the states of the OH groups could alter the hydro-
gen-bonding network, disrupting the in-plane water density
distributions from an ideal honeycomb structure. For a-quartz
(100), the L1 layer exhibits a uniform structure in the XY plane.
3D-AFM experiments revealed that a higher force was necess-
ary to penetrate the L1 layer at site (1) (Fig. 5f). This site is

This journal is © The Royal Society of Chemistry 2023
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associated with the location of the weakly hydrogen-bonded
OH groups on the surface. Thus, water molecules were stably
adsorbed onto the surface OH groups on this site. The above
results indicate that the hydration structures on oxide surfaces
are influenced not only by the lateral periodicity of the surface
OH groups, as previously proposed,>®?” but also by their
spatial density distributions and hydrogen-bonding strengths.

4.2 Affinity of oxide surfaces for water molecules

When calculating the hydration forces of water molecules on
each surface from the force peak values necessary for penetrat-
ing the L1 layer on each surface, we found that the force peak
of L1 on sapphire (001) and o-quartz (100) were 0.31 nN
(Fig. 5e) and 0.15 nN (Fig. 5f), respectively. Considering the ideal
situation of in-liquid AFM measurements using a water molecule
tip, as proposed in the solvent tip approximation model,*” these
force peaks are interpreted as the force required to displace a
water molecule directly interacting with the surface OH groups
(i.e., the hydration force of a water molecule on a surface). These
findings qualitatively suggest that the sapphire (001) surface has
higher affinity for water than the a-quartz (100) surface. It is
reasonable to assume that the AFM tip has a certain radius of
curvature and is expected to interact with the water molecules
surrounding the tip apex during AFM experiments.>**® Thus,
strictly speaking, the absolute magnitude of the interaction
between the OH groups and water molecules determined from
the 3D-AFM data could be overestimated because of the vari-
ations in water density distributions just under the tip apex.
Therefore, a comprehensive discussion of the hydration forces
based on 3D-AFM data requires careful verification of the
number of water molecules interacting with the tip. This verifica-
tion should be conducted in combination with both AFM
simulation®**¥° and theoretical modeling.>!

5 Conclusion

We successfully visualized the 3D hydration structures of non-
cleavable sapphire (001) and o-quartz (100) oxide surfaces
using 3D-AFM, showing that these hydration structures are
affected by the spatial density distributions and hydrogen-
bonding strengths of the surface OH groups. Quantitative ana-
lysis of the force curves suggested that the hydration force of
the water molecules was higher at sites where these molecules
strongly interacted with the surface OH groups. These insights
improve our understanding of the affinities of Al,O; and SiO,
for water molecules. Furthermore, this study contributes to the
application of 3D-AFM in exploring atomic-scale hydration
structures on various surfaces, and hence, to a wide range of
solid-liquid interfacial research fields.
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