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ABSTRACT: Using high-resolution synchrotron-radiation photo-
electron spectroscopy and near-edge X-ray-absorption fine
structure, we have investigated the adsorption of three phenyl-
boronic acid derivatives on rutile TiO,(110) at 300—700 K: 4-
acetylphenylboronic acid, 1,4-phenylenediboronic acid, and 2,4,6-
triphenylboroxine. Both 4-acetylphenylboronic acid and 1,4-
phenylenediboronic acid adsorb in a singly deprotonated
monodentate configuration at 300 K, which converts to a fully
deprotonated bidentate species at 550 K. 2,4,6-Triphenylboroxine
undergoes a ring-opening reaction upon adsorption on the surface
and forms the fully deprotonated bidentate species already at 300
K. In the case of 1,4-phenylenediboronic acid, the upward-pointing
boronic-acid groups polymerize into boronic anhydride chains
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upon heating starting at 350 K. For 2,4,6-triphenylboroxine, we find a slow boron—carbon bond cleavage over a wide temperature
range, resulting in a slow disappearance of the phenyl rings from the surface. For 4-acetylphenylboronic acid, we observe a loss of the
carbonyl group at 500—550 K. In addition, we observe the formation of trigonal boron oxide (B,O;) for all three molecules at

temperatures above 600 K.

B INTRODUCTION

Boronic acids are Lewis acids, and the boron atom is prone to
nucleophilic attacks. This is manifested, for instance, in the
formation of the anion R-B(OH);~ in aqueous solution by a
nucleophilic attack of the oxygen atom of a water molecule,
which subsequently loses a proton. In this reaction, the boron
atom not only becomes negatively charged, but it also changes
its local geometry from trigonal planar to tetrahedral. A
nucleophilic attack on the boron atom by oxygen is also a
reaction step in the well-known Suzuki coupling reaction,' in
which the organic moiety of an organoboronic acid is coupled
to the organic moiety of an organohalide. The Suzuki coupling
reaction is an important synthetic reaction, as it is scalable and
cost-effective, it allows for mild reaction conditions with
relatively cheap reagents, and organoboronic acids are less
toxic than the alternatives.”

Boronic acids are also known to form bonds with diols
through water elimination, creating new B—O—C bonds and
water. This can be used for sensing or separating sugars by
incorporating boromc acid groups into polymers or metal
organic frameworks*™® and allows boronic acids to be used as
anchors for, e.g, glycoproteins or enzymes on organic layers
in the same way that thiols can be used for gold surfaces'”"!
and silanes for oxide surfaces.'”"® Less is known about the

© XXXX American Chemical Society

WACS Publications A

interaction of boronic acids with metal oxide surfaces. The
interactions of other groups, such as carboxylic acids,
phosphonic acids, and silanes, with metal oxides have been
studied more frequently, and applications such as electronics,
solar cells, sensors, and anticorrosion coatings have been
demonstrated;'*™'" however, very few studies exist for
organoboronic acids.'#'%"?

In this paper, we present a systematic study of three
phenylboronic-acid derivatives, 4-acetylphenylboronic acid,
1,4-phenylenediboronic acid, and 2,4,6-triphenylboroxine,
deposited on rutile TiO,(110) under ultrahigh vacuum.
Evaporation is the cleanest way to deposit molecules in a
vacuum, but evaporating organoboronic acids comes with
challenges: As mentioned above, boronic acids are reactive
toward OH groups, including B—OH groups, making them
extremely susceptible to anhydride formation and oligomeriza-
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tion. This may be desirable, for example, when building two-
dimensional networks,”>~** but it is a major problem when
trying to evaporate the pure acid in a vacuum. We found that
4-acetylphenylboronic acid and 1,4-phenylenediboronic acid
can be successfully evaporated under ultrahigh vacuum,
without significant codeposition of the respective anhydride.
Phenylboronic acid, however, decomposes slowly under
evaporation conditions to 2,4,6-triphenylboroxine. We there-
fore decided to include 2,4,6-triphenylboroxine in our study to
investigate the effect of intentional (or accidental) deposition
of anhydrides during boronic acid deposition.

B EXPERIMENTAL SECTION

A small number of reference measurements were carried out at
our home lab in Erlangen, Germany, but unless stated
otherwise, all measurements were performed at the Materials
Science Beamline at Elettra-Sincrotrone in Trieste, Italy.

To minimize the anhydride formation during deposition, we
used a home-built evaporator with a very large (16 cm?)
graphite crucible, positioned as close as possible (3 cm) to the
TiO,(110) single-crystal surface. The molecules were sprinkled
as a thin layer across the flat 16 cm? surface of the crucible.
Compared to conventional evaporator setups, our specific
setup lowered the evaporation temperatures by roughly 100 K,
to 315, 350, and 310 K (+5 K) for 4-acetylphenylboronic acid,
1,4-phenylenediboronic acid, and 2,4,6-triphenylboroxine,
respectively, at deposition rates of about 0.05 ML/min.
Channels inside the copper block holding the graphite crucible
allowed us to heat and cool the crucible by passing hot or cold
air through the copper block.

Due to the low evaporation temperatures of our compounds,
we were unable to bake the load lock we used as a deposition
chamber. However, to minimize the background pressure of
water and any potential hydrocarbons (including anhydrides
from the evaporator), the load lock was pumped by a
cryopump (1500 L/s) during deposition, in addition to the
regular turbomolecular pump (260 L/s). For the transfer
between the load lock and the analysis chamber, which had a
base pressure of 2 X 107" mbar, we had to pass through the
preparation chamber, which was pumped by a turbomolecular
pump (210 L/s) in addition to a second cryopump
(1500 L/s).

Before depositing onto the rutile TiO,(110) single crystal,
we verified the cleanliness of the deposits by evaporating the
molecules directly into a Balzers QMA 400 mass spectrometer
in our home chamber in Erlangen (see Figure S1). As
mentioned above, our first test molecule, phenylboronic acid,
always decomposed at least partially into 2,4,6-triphenylbor-
oxine, but both 4-acetylphenylboronic acid and 1,4-phenyl-
enediboronic acid evaporated intact. As expected, 2,4,6-
triphenylboroxine also evaporated intact. The same batch of
the three molecules was then used for deposition at the
Materials Science Beamline.

1,4-Phenylenediboronic acid and 2,4,6-triphenylboroxine
were used as supplied. However, to avoid unwanted deposition
of anhydrides, it was necessary to recrystallize 4-acetylphe-
nylboronic acid in a mixture of isopropyl alcohol and deionized
water in a ratio of 1:10 creating fine, needlelike crystals, as can
be seen in Figure S2. We were unable to obtain fine needles for
phenylboronic acid; however, if one could obtain them,
evaporation of the intact acid might be possible.

Before each deposition, the S mm X 10 mm X 1 mm rutile
Ti0,(110) crystal (CrysTec GmbH Kiristalltechnologie) was

cleaned by several cycles of sputtering (30 min, Ar*, 1 kV, 2 X
107 mbar), and annealed at 800 K for 30 min, and the
expected (1 X 1) structure was confirmed by low-energy
electron diffraction (LEED). The crystal was midrange blue
after the experiments, indicating only moderate reduction. The
temperature of the crystal was measured by a K-type
thermocouple glued directly onto the side of the rutile single
crystal with Ceramabond 552 ceramic glue (Kager GmbH,
Germany). We know, from our vast experience, that this gives
much more accurate temperature measurements than setups
where the temperature of the crystal is measured indirectly, as,
for instance, the temperature of the tantalum boat the crystal is
mounted in.

Coverages are calculated using the C 1s and Ti 2p peak-area
ratios assuming a smooth overlayer. Multilayers of 1,4-
phenylenediboronic acid partially desorb and partially
polymerize (see Figure 9, presented later in this work), and
therefore do not form a reproducible monolayer. Because of
the uncertainty of how 2,4,6-triphenylboroxine binds to the
rutile TiO,(110) surface, we also did not want to use this as
our definition of one monolayer. Therefore, we used the C
1s:Ti 2p ratio of a saturated layer of 4-acetylphenylboronic acid
at 300 K as our monolayer definition for all three molecules. If
we compare with C 1s:Ti 2p ratios for other adsorbates on
rutile TiO,(110), for which we know the absolute coverage,
such as phenylphosphonic acid”’ and Zn(II)-tetraphenylpor-
phyrin,”™ we can estimate that our monolayer corresponds to
approximately 12.1 carbon atoms per two titanium-row atoms,
or 1.5 4-acetylphenylboronic acid molecules per two titanium-
row atoms.

A SPECS PHOIBOS 150 hemispherical energy analyzer was
used for both synchrotron-radiation photoelectron spectrosco-
py (SRPES) and near-edge X-ray-absorption fine structure
(NEXAFS) measurements. The data were measured as a
heating series from 300 to 700 K in 50 K steps, and the sample
was allowed to cool down to room temperature between each
annealing step before starting the measurements. Although we
never found evidence of beam damage, we always used
different spots on the sample for each temperature step. SRPES
spectra are normalized to the photocurrent of a gold mesh
within the beam to account for variations in photon flux over
time. We aligned the O 1s core-level spectra to the rutile
TiO,(110) O 1s substrate peak position at 530.0 eV, but since
the magnitude of this shift never exceeded 0.25 eV (usually
only 0.1 eV within a heating series), we decided not to align
the other core-level spectra.

The O Is signal of the adsorbed molecule overlaps with the
signal of the substrate (see Figure 6, presented later in this
work). It is therefore crucial to have the highest possible
surface sensitivity to minimize the relative intensity of the
substrate peak, as well as having the highest possible binding-
energy resolution, to better separate the adsorbate components
from the substrate components. We achieved this by using a
kinetic energy of 100 eV for the emitted photoelectrons and a
50/100 pm monochromator slit setting in combination with
the lowest-possible pass energy of 2 eV. All SRPES
measurements were done at a light incidence angle of 50°
and a photoelectron emission angle of 10° relative to the
surface normal, which is the same sample geometry used for
the B K-edge NEXAFS measurements.
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Figure 1. NEXAFS cleanup procedure’ used to separate the vertical NEXAFS and diagonal XPS features in the as-measured Auger-yield NEXAFS
spectral images. The example shown is the coarse-resolution B K-edge wide scan from Figure 2a of 0.3 ML 4-acetylphenylboronic acid on rutile
TiO,(110) after annealing at 450 K for 1 min, measured with polar and azimuthal E-field angles of 40° and 45°, respectively. The boron 7*
resonance is only barely visible as a very faint vertical line at 190 eV in the as-measured image, but becomes clearly visible after cleanup, illustrating
that this procedure enables access to systems previously inaccessible by Auger-yield NEXAFS. For visualization, a linear background is subtracted
from the NEXAFS spectrum and from the NEXAFS image in the middle column.

B METHODS

In NEXAFS, the 2-fold rotational symmetry of the rutile
TiO,(110) surface usually requires at least two different
azimuthal crystal orientations to determine the polar and
azimuthal orientation of adsorbed molecules. Unfortunately,
the sample holder used at the Materials Science Beamline does
not allow for azimuthal rotations inside the vacuum chamber,
and removing the sample from the vacuum chamber to
remount it would have been very time-consuming. We
therefore chose to mount the sample at an electric-field
azimuthal angle of 45°. Assuming that we are experimentally
averaging over four mirror domains on the surface (see the
Supporting Information), we become insensitive to the
azimuthal orientation of the molecule on the surface at an
electric-field azimuthal angle of 45°. This eliminates the need
to remount the sample to determine the polar angle of the
phenyl rings, saving a lot of time. We define an azimuthal
orientation of 0° as being parallel to the oxygen rows, as
determined by LEED. We also assume that the polarization of
the incoming light is 0.8.”

We wanted to measure B K-edge NEXAFS spectra at an
electric-field polar angle of 50°, because, at this angle, the 7*
intensity becomes independent of the molecular orientation,
and thus any observed change is caused by a change in
coverage or chemistry (see the Supporting Information for
more details). Unfortunately, we measured instead at an
electric-field polar angle of 40° (corresponding to a light
incidence angle of 50°). This means that, although we expect
chemical effects to dominate, we cannot exclude the possibility
that changes in molecular orientation may cause some intensity
variations.

Auger-yield NEXAFS spectra suffer from XPS features
traveling through the Auger regions, especially at monolayer
and submonolayer coverage. This can be seen in Figure 1,
where three intense diagonal XPS features (valence band, O 2s,
and Ti 3p) dominate the faint vertical 7* resonance at 190 eV.
We have developed a procedure that allows us to separate
diagonal and vertical features and thus separate XPS and
NEXAFS features.”® The procedure is based on describing the

two-dimensional Auger-yield NEXAFS images as three one-
dimensional spectra: XPS, Auger, and NEXAFS. An iterative
algorithm is used to extract the three spectra, allowing us to
remove the XPS contribution from the Auger image. After
cleanup, the three main XPS features are still visible as three
diagonal streaks of noise, but the improvement over the as-
measured image is extreme, and both the 7*- and 6*-NEXAFS
features are clearly visible. The before and after spectra in
Figure 1 clearly show how Auger-yield NEXAFS with this
procedure can be used for systems that were previously
inaccessible due to intense photoemission features.

After using the above procedure to remove photoemission
features, we noticed a modest increase in background intensity
in the B K-edge data at photon energies above 215 eV, where
we would expect a flat plateau. The increase is also present for
the clean TiO,(110) surface and must therefore be related to a
feature of the substrate, but we were not able to make a clear
assignment. Nevertheless, we correct for this by subtracting the
spectral image of the clean TiO,(110) surface from the
measured B K-edge images. Before subtraction, we scale the
spectral image of the clean surface to the intensity of the Ti 3p
peak traveling through the B K-edge images. After subtraction,
we use the photoemission cleanup procedure to remove any
remaining photoemission-feature remnants, caused by changes
to the photoemission features between the clean rutile
Ti0,(110) surface and the surface covered with molecules.

At the Materials Science Beamline, the optical elements are
contaminated by carbon, leading to a significant (~70%) drop
in photon flux at the C K-edge (see Figure S4). This can be
corrected for by using the photocurrent of a clean gold mesh,
but unfortunately, the gold mesh at the Materials Science
beamline is also contaminated by carbon. Instead, we measure
the photon flux for both the C K-edge and B K-edge as the
intensity variation of the Au 4f peak of a freshly sputtered and
annealed polycrystalline gold sample in the respective photon
energy ranges (see Figure S4).

The large drop in photon flux at the C K-edge can also
create second-order light artifacts,”® because the drop in first-
order light increases the relative intensity of the second-order
light. Compared to a previous measurement, the artifacts were
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Figure 2. B 1s (left) and B K-edge NEXAFS (right) spectra of the three boronic acid derivatives ((a) 4-acetylphenylboronic acid and 2,4,6-
triphenylboroxine and (b) 1,4-phenylenediboronic acid) on rutile TiO,(110) after annealing at the indicated temperatures for 1 min. For
visualization purposes, the XPS and NEXAFS spectra are normalized to the peak area and edge jump of the respective 300 K measurement. The
breaks in the B K-edge NEXAFS spectra at 189 and 198 eV indicate the transition from the fine energy resolution we used for the 7* region to the

coarse resolution we used everywhere else.
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less pronounced, but we still corrected for them (for details,
see the Supporting Information and ref 23).

B RESULTS AND DISCUSSION

B 1s XPS and B K-Edge NEXAFS. Figure 2 shows the B 1s
XPS and B K-edge NEXAFS spectra of the three boronic acid
derivatives deposited on the rutile TiO,(110) surface at 300 K
and annealed for 1 min at the indicated temperatures. It is
immediately apparent from Figure 2a that the B Is spectra of
4-acetylphenylboronic acid (top and middle) and 2,4,6-
triphenylboroxine (bottom) are almost completely identical.
They all show a single boron species at 191.3 eV, which is
stable up to 500—550 K. Above 550 K, this species is gradually
converted into a new boron species at 192.4 eV, and at 700 K
the reaction is mostly complete. The same reaction is visible in
the B K-edge NEXAFS spectra: Below 550 K, two to three 7*
resonances with decreasing intensities are visible in all three
heating series. Above 550 K, this is gradually converted to a
single 7* resonance at 193.7 eV. The two to three resonances
are consistent with what we would expect for the intact
boronic acids (see the Supporting Information). This indicates
that the observed signal originates from the intact molecules
and not from impurities.

At first glance, the B 1s XPS and B K-edge NEXAFS spectra
of 1,4-phenylenediboronic acid appear different from those of
the other two molecules (see Figure 2). However, when the B
1s spectra of 1,4-phenylenediboronic acid are plotted on top of
those of 4-acetylphenylboronic acid in Figure 3, the similarities
become readily apparent: Although the 1,4-phenylenedibor-
onic acid spectra are dominated by a single B 1s peak, most
likely from the unattenuated boronic acid group pointing away
from the surface, the attenuated boronic acid group under-
neath, binding to the rutile TiO,(110) surface, behaves almost
exactly like 4-acetylphenylboronic acid and thus also like 2,4,6-
triphenylboroxine.

This means that all three molecules, independent of
coverage, bind to the surface in an almost identical manner,
and their bonds must be quite strong to be stable on rutile
TiO,(110) up to S50 K, as shown in Figure 2. Keep in mind
that we only need 310—350 K to evaporate the bulk powders.
The coverage of the molecules on the rutile TiO,(110) surface,
calculated based on the C 1s:Ti 2p ratios (see Figure S7), does
suggest a slow gradual desorption (or loss of material) with
increasing temperature, but nothing like a typical first-order
desorption, which tends to be more abrupt.
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Figure 3. Comparison of the B 1s XPS spectra of 1.0 ML 4-
acetylphenylboronic acid and 1.3 ML 1,4-phenylenediboronic acid on
rutile TiO,(110) after annealing at the indicated temperatures for 1
min. The spectra of 1,4-phenylenediboronic acid are well-described by
an unattenuated boronic acid group pointing away from the surface
and a second, attenuated boronic acid group binding to the surface in
the same manner as 4-acetylphenylboronic acid. The strong
attenuation of the boronic acid group bonding to the surface of 1.3
ML 1,4-phenylenediboronic acid is consistent with the 85%
attenuation we observe for the Ti 2p substrate signal.

The obvious candidates for a strong covalent bond are the
boron and oxygen atoms of the boronic acid group. As
mentioned in the Introduction, the boron atom of boronic acid
is prone to nucleophilic attacks by oxygen, changing the
trigonal planar coordination of boronic acid to a tetrahedral
coordination. On the surface, the boron atom could react with
an oxygen row atom and form a strong bond to the surface.
This reaction would be clearly visible in B K-edge NEXAFS,
where tri§onal planar boron, such as in boric acid
(crystalline””*® or in water at pH $*’) or in the mineral
ludwigite (Mg213e3JrBOS),27 is expected to have z*- and o*-
resonances at about 195 and 210 eV, respectively, whereas
tetrahedrally coordinated boron, such as boric acid in water at
pH 13*’ or in the mineral danburite (CaB,Si,Oy),”” has only a
broad o*-resonance, at 198 eV, and no 7*-resonances. For all
temperatures and all coverages of all three molecules, we
observe strong B K-edge 7*-resonances, and we can therefore
exclude tetrahedrally coordinated boron as the primary
adsorbed species on the surface, indicating that the boron
atom is not bound to the surface and that the oxygen atoms of
the boronic acid group are the most-likely site of a strong
bond.

Possible On-Surface Species. Bronsted acids, such as
carboxylic®>" and phosphonic*****? acids, are known to fully
or partially deprotonate on rutile TiO,(110) and bind through
the deprotonated oxygen atoms to the titanium atoms of the

exposed titanium rows on rutile TiO,(110). Even weak
Bronsted acids, such as catechol®* bind in this manner.
When comparing the C 1s:Ti 2p ratio of the saturated
monolayer of 4-acetylphenylboronic acid on TiO,(110) with
previously measured C 1s:Ti 2p ratios for monolayers of
phenylphosphonic acid*® and Zn(II)-tetraphenylporphyrin*
(see the Experimental Section), we find that the saturation
coverage of 4-acetylphenylboronic acid corresponds to 1.5
boronic acid molecules per two titanjum-row atoms. This
packing density strongly suggests that most of the boronic acid
molecules in the saturated monolayer must be oriented
perpendicular to the titanium rows of the substrate, with
only one oxygen atom sitting on a titanium-row atom.

Density functional theory (DFT) calculations by O’Rourke
et al.*> of boronic acid (HB(OH),) on rutile TiO,(110) find
two stable adsorption geometries for isolated molecules: A
fully deprotonated bidentate species adsorbed along the
titanium rows, and a singly deprotonated monodentate species
adsorbed perpendicular to the titanium rows. The bidentate
species was found to be more stable, but only by 0.12 eV. The
maximum-possible coverage for the bidentate species is one
molecule per two titanium-row atoms, which is below our
observed saturation coverage for 4-acetylphenylboronic acid of
1.5 molecules per two titanium-row atoms. However, it is not
unreasonable for the monodentate species, which has the
smaller surface footprint, to become increasingly favored as
coverage increases. Our saturation coverage therefore strongly
suggests that the species on the surface are either purely
monodentate, or a 2:1 mixture of mono- and bidentate.

In the DFT calculations by O’Rourke et al,”” the B—OH
group of the monodentate forms a hydrogen bond to an
oxygen-row atom in the surface. At our observed saturation
coverage of 1.5 molecules per two titanium-row atoms, most of
the oxygen-row atoms are hydrogenated. However, by slightly
rotating the boronic-acid group and placing the oxygen atom of
the B—OH group between two surface Ti—OH groups, a
zigzag-style hydrogen bonding between the B—OH and Ti—
OH groups should be possible. We therefore think that the
monodentate adsorption structure from O’Rourke et al.* is
plausible, although the hydrogen bonding situation must be
different from their calculation.

Regardless of the binding motif, in both monodentate and
bidentate adsorption modes, the adsorbed molecule is partially
or fully deprotonated and Ti—OH groups are formed on the
surface. Experimentally, surface Ti—OH groups on rutile
Ti0,(110) are usually visible in the valence band as a peak at
about 11 eV.>**” In our data in Figure S8a, this feature is best
visible in the valence-band spectra of 0.3 ML 4-acetylphe-
nylboronic acid as a feature at 10.5 eV, which disappears above
500 K, consistent with the protons desorbing as water. For 1,4-
phenylenediboronic acid in Figure S8b, the Ti—OH feature is
not clearly visible, but this could be caused by the strong
attenuation of the 33 eV photoelectrons passing through the
molecular layer. For comparison, at a coverage of 1.0 ML the
Ti 2p signal of our TiO,(110) substrate is attenuated by 75%
at a kinetic energy of 100 eV.

For 0.4 ML 2,4,6-triphenylboroxine, we would not expect to
see the Ti—OH feature at 10.5 eV, and, although we do see
changes above 550 K close to this energy in Figure S8a, the
changes are smaller and seem to be mostly related to the
feature at 13.3 eV also observed in the 0.6 ML 14-
phenylenediboronic acid spectra. As protons desorb from
rutile TiO,(110) at 450—500 K as water, oxygen vacancies are
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Figure 4. Angular-dependent C K-edge NEXAFS spectra for an E-field azimuthal angle of 45° of the three boronic acid derivatives on rutile
TiO,(110) after annealing at 400 K for 1 min. The full NEXAFS spectrum (middle) has breaks at 283 and 287 eV, indicating the transition from
the fine energy resolution we used for the 7*-region to the coarse resolution we used everywhere else. The area of the fine resolution 7*-peaks
(left) changes as a function of the E-field polar angle and this change was used to extract the orbital polar angle relative to the surface normal
(right). The red line indicates the best fit to a 2-fold symmetric substrate with four mirror domains assuming a polarization of 0.8,” and the dashed
black lines indicate the calculated angular dependency if the orbital polar angle would vary by +5°.

formed in the oxygen rows.”**” When this happens, we expect formic acid®"*’ on rutile TiO,(110), and such a reaction has
the remaining B—OH groups of the molecule to deprotonate been considered in DFT calculations by Raghunath and Lin on
and fill the vacancies, converting the low-temperature singly boric acid (B(OH);) on rutile TiO,(110).*" The boronic acid
deprotonated monodentate into a high-temperature fully group has two protons, and therefore one oxygen vacancy is
deprotonated bidentate species. This behavior is similar to created per adsorbed molecule. This allows for different
that previously observed for phenylphosphonic acid*® and possible molecular orientations: If the oxygen vacancies are
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Figure 5. C 1s spectra of the three boronic acid derivatives on rutile TiO,(110) after annealing at the indicated temperatures for 1 min. 4-
acetylphenylboronic acid is shown both as measured (top left), and normalized and aligned to the phenyl ring C 1s component (top right), to
better show the changes in the carbonyl (C = O) group. 1,4-phenylenediboronic acid (bottom left) and 2,4,6-triphenylboroxine (bottom right) are
both shown as measured. The color scheme of all graphs corresponds to the same temperatures as indicated in the top left graph.

distributed evenly, with each adsorbed molecule adjacent to
one vacancy, the boronic acid group would most-likely be
oriented perpendicular to the titanium rows with one leg on a
titanium row and one leg in the oxygen vacancy of the oxygen
row. If instead the oxygen vacancies are unevenly distributed,
with the adsorbed molecules alternating between being
adjacent to two vacancies and no vacancies, the boronic acid
groups would most likely alternate between both legs on the
titanium rows, binding to no vacancies, and both legs in the
oxygen rows filling two vacancies. In this scenario, all
molecules would be parallel to the titanium rows. A mixture
of the two scenarios would also be possible, alternating
between perpendicular and parallel adsorption modes, creating
a T-stacked structure. In this structure, the molecules parallel
to the oxygen rows would alternate between both legs on the
titanium rows and both legs in the oxygen rows.

If the low-temperature adsorption structure is purely
monodentate, a coverage of 1.5 molecules per two titanium-
row atoms would mean that every fourth titanium-row atom is
left empty, and the average phenyl ring distance is 3.9 A. This
value is larger than the interlayer distance of graphene layers in
graphite of 3.4 A,* and also the 7—7 stacking distance found

in the crystal structure of 2,4,6-triphenylboroxine of 3.4 A***
or the phenyl ring distance in PTCDA of 3.7 A.**® The 7—x
stacking distance required to form a pure monodentate
structure with a saturation coverage of 1.5 molecules per two
titanium-row atoms is therefore quite reasonable compared to
other 7—7 stacked systems. However, T-type stacking is also
possible, both at low temperature, if we have a 2:1 mixture
between mono- and bidentate, and at high temperature, if we
have alternating perpendicular and parallel adsorption modes,
as mentioned above. However, T-stacked systems usually have
larger phenyl-ring spacing. In solid benzene, for instance, the
distance is 4.7 A, which is significantly larger than the average
phenyl-ring distance of 3.9 A in our saturated layer. Assuming a
typical 7—x stacking distance of 3.5 A and a typical T-type
stacking distance of 4.7 A, we can estimate the expected
average stacking distance in a 2:1 mixed mono- and bidentate
structure to be 4.3 A. This is still slightly larger than the
average phenyl-ring distance in our saturated layer of 4.0 A.
The average phenyl-ring distance in our saturated layer
therefore strongly suggests a predominantly z—7z stacked
structure.
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Figure 6. O 1s spectra of the three boronic acid derivatives ((a) 4-acetylphenylboronic acid and 2,4,6-triphenylboroxine and (b) 1,4-
phenylenediboronic acid) on rutile TiO,(110) after annealing at the indicated temperatures for 1 min. The O 1s spectra after subtraction of the
substrate contribution (right) are obtained from the as-measured O 1s spectra (left), where the substrate contribution with the shape of the clean
surface O 1s spectrum is indicated by a dashed green line. Slight changes in the substrate peak shape and position will cause artifacts at 530—529 eV
after substrate subtraction, which is best visible for 0.3 ML 4-acetylphenylboronic acid at 700 K. All spectra are aligned to the substrate contribution

at 530.00 eV.

C K-Edge NEXAFS. Figure 4 shows the angular-dependent
C K-edge NEXAFS spectra of the three molecules deposited
on rutile TiO,(110). It is immediately clear that the 7* regions
look very different for the three molecules. However, this is
consistent with our TD-DFT-predicted NEXAFS spectra of
the gas-phase molecules in Figure S6. The larger number of 7*
resonances at the C K-edge compared to the B K-edge is
caused by the slightly different C 1s binding energies of the
nonequivalent carbon atoms of the molecule. Because the
width of peaks in XPS (see Figure S) is wider than the width of
7* peaks in NEXAFS (see Figure 4), the effect of the
nonequivalent carbon atoms becomes more pronounced in the
NEXAFS spectra. The number of resonances we observe at the
C K-edge is therefore consistent with what is expected for
these molecules and is not a result of impurities.

As mentioned in the Experimental Section, we can use the
angular dependency of the #* resonances in C K-edge
NEXAFS to calculate the polar angle, relative to the surface
normal, of the orbital transition vector of the extended planar
system consisting of the boronic acid group, the phenyl ring
and the carbonyl group. This is done assuming a polarization
of 0.8°° and four mirror domains on the surface (see the
Supporting Information for more details).

It is clear from Figure 4 that all the individual 7* resonances
scale the same, consistent with all the relevant unoccupied
states lying in the same plane, as expected for an extended
planar system. This would not be the case if the boronic acid
group, the phenyl ring and the carbonyl group were rotated
relative to each other. Thus, we can use the integrated intensity
of all the 7* resonances to calculate the polar angle of the
molecules; the corresponding results are shown in Figure 4.

For 1.0 ML of 4-acetylphenylboronic acid at 400 K, this
yields a polar angle of 68° between the orbital transition vector
of the extended planar system and the surface normal, which is
equal to the polar angle between the phenyl-ring plane and the
surface plane. An angle of 90° thus corresponds to an upright-
standing molecule, and 0° to a flat-lying one. In the following,
we will refer to this angle as the adsorption angle of the
molecule. At a coverage of 0.3 ML, the adsorption angle of 4-
acetylphenylboronic acid decreases to 37°. This behavior is
often observed in 7—x stacked systems where molecules tilt
down more and more in an attempt to keep the optimal
distance between the phenyl rings.***’

For 1,4-phenylenediboronic acid, this behavior in Figure 4 is
less pronounced, with the adsorption angle decreasing from
52° to 44° as the coverage decreases from 1.3 to 0.6 ML; this is
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Figure 7. O 1s core-level spectra after substrate subtraction for (a) 4-acetylphenylboronic acid and 2,4,6-triphenylboroxine and (b) 1,4-
phenylenediboronic acid. The spectra are the same as depicted in Figure 6, but here only the 300—550 K temperature range is shown, and the
spectra within each series are plotted on top of each other to better visualize the trends.

most likely caused by flatter-lying multilayer molecules
decreasing the apparent adsorption angle at 1.3 ML.

2,4,6-Triphenylboroxine bucks this trend, with an adsorption
angle of 50° at 0.4 ML, which is more upright standing than
the other two molecules at similar coverage. To explain why,
we first need to understand how 2,4,6-triphenylboroxine binds
to rutile TiO,(110).

The B 1s XPS and B K-edge NEXAFS spectra in Figure 2a
strongly suggest that 2,4,6-triphenylboroxine forms a very
similar species compared to the other two boronic acid
derivatives on the surface. However, the intact 2,4,6-
triphenylboroxine molecule cannot bind to the surface in the
same manner as the other two boronic acid derivatives, unless
the boroxine ring undergoes a ring-opening reaction. This
could explain the low saturation coverage of 0.42 ML for 2,4,6-
triphenylboroxine, as a ring-opening reaction would likely
require a larger ensemble of adjacent sites. Because 2,4,6-
triphenylboroxine and phenylboronic acid have the same
appearance in the DFT-calculated B K-edge NEXAFS spectra
in Figure S6, there will be no telltale signs in B K-edge
NEXAFS that a ring opening reaction has taken place. It is
important to remember that the only difference between 2,4,6-
triphenylboroxine and phenylboronic acid is one water
molecule per monomer, and that, as discussed above, surface
Ti—OH groups on rutile TiO,(110) desorb as water above 450
K% Agsuming chemical equilibrium is reached, the

adsorbed species formed by boroxine on TiO,(110) should
therefore be identical to the species formed by adsorbing
phenylboronic acid and heating above 450 K to desorb water.
Consequently, we expect the species formed on rutile
TiO,(110) upon adsorption of 2,4,6-triphenylboroxine at
300 K to be a bidentate species, oriented either perpendicular
to the titanium rows with one leg on a titanium row and one
leg in an oxygen row, or parallel to the titanium rows
alternating between two legs on the titanium row and two legs
in the oxygen row, or a mixture of the two.

The slightly more upright-standing adsorption angle of
2,4,6-triphenylboroxine in C K-edge NEXAFS at 400 K,
compared to the other two boronic acid derivatives at
comparable coverages in Figure 4, therefore suggests that the
adsorption angle of the fully deprotonated bidentate species is
slightly more upright standing than for the singly deprotonated
bidentate.

O 1s XPS. A lot of information about the adsorbed species
is found in the O 1s core-level region, but accessing this
information is far from easy, due to the strong overlap of the
adsorbate and substrate signals in Figure 6. It is therefore
extremely important to have the best-possible surface
sensitivity, which we achieve by using a kinetic energy of the
emitted photoelectrons of about 100 eV, and the best-possible
energy resolution, which we achieve by a combination of a low
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Figure 9. Laboratory source Al Ka O 1s and B 1s spectra of multilayers of 1,4-phenylenediboronic acid, 2,4,6-triphenylboroxine, and 4-
acetylphenylboronic acid deposited on rutile TiO,(110) at 180 K to avoid coadsorption of water. When annealing multilayers of 1,4-
phenylenediboronic acid at 600 K for 1 min, we observe roughly half the molecules desorbing and the other half polymerizing. This is also reflected
in the B:O ratio, which changes from 0.54 (expected for the intact molecule) to 0.90 (close to full polymerization). The B:O ratio is normalized to
the B:O ratio of 2,4,6-triphenylboroxine, which is assumed to be 1. Spectra are aligned to the substrate oxygen position at 530.0 eV.

pass energy (2 €V) in the analyzer and narrow slits (50/100
um) for the photon beam.

An additional problem is that the O Is signal from the TiO,
substrate is broadened significantly by a strong surface
relaxation,” which can be lifted upon adsorption of molecules
such as formic acid”>** and phenylphosphonic acid.”> This can
narrow the O 1s peak of the substrate by up to 0.2 eV, making
it difficult to subtract the substrate contribution from the
measured O 1s spectra.”” Fortunately, we only observe a
modest (<0.1 eV) narrowing of the substrate O 1s peak upon
adsorption of the three boronic acid derivatives. This allows us
to fit and subtract the substrate contribution to the O 1s
spectra reasonably well using the full shape of the clean-surface
O 1s spectrum, while allowing for only a modest (<0.1 eV)
change in peak width.

Figure 6 shows the O 1s spectra for the three boronic acid
derivatives after deposition on rutile TiO,(110) at 300 K. The
left column shows the as-measured spectra with the fitted
substrate peaks marked by dashed green lines, and the right
column shows the adsorbate-related O 1s components
remaining after subtraction of the substrate peak.

For all three molecules, we will focus on the O 1s and also
the B 1s spectra in the 300—550 K temperature range to begin
with (see Figure 7). This is below the temperature where the
oxidized B 1s species at 192.4 eV begin to appear (see Figure
2).

2,4,6-Triphenylboroxine. As discussed above, we expect
the 2,4,6-triphenylboroxine molecule to undergo a ring-
opening reaction on the surface, resulting in the formation of
a fully deprotonated bidentate phenylboronic acid-like species.
When we look at the O 1s and B 1s spectra of 0.4 ML 2,4,6-
triphenylboroxine in the 300—550 K temperature range in
Figure 7a and Figure 2a, we do indeed observe a single O 1s
feature at 531.07 eV, consistent with the formation of two
equivalent Ti—O—B bonds, and a single B 1s feature at 191.1
eV.

The B 1s peak area in Figure 2a is constant between 300 and
550 K, but the O 1s peak area in Figure 7a appears to decrease
slightly. However, this slight apparent decrease could be
caused by very small changes in the shape of the substrate peak
(see Figure 6a), and we are therefore hesitant to consider this
decrease to be significant. The decrease in the C 1s peak area
in Figure 5, however, is very significant. This change could be
caused by cleaving the carbon—boron bond, which boronic
acids are prone to do.”* We can only guess on the mechanism,
but it could be a protolytic deboronation, where a hydrogen
atom, presumably provided by surface hydroxyl groups,
replaces the phenyl ring at the boronic acid group and the
phenyl ring desorbs as benzene. The other two boronic acid
derivatives also exhibit a small loss of carbon upon heating, as
can be seen in Figure S, but nowhere near as significant as
2,4,6-triphenylboroxine.
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In conclusion, 2,4,6-triphenylboroxine undergoes a ring-
opening reaction upon adsorption on rutile TiO,(110) already
at 300 K, forming a fully deprotonated bidentate-bonded
species (see Figure 8). Upon heating, a slow and steady loss of
carbon is observed, but the bond to the surface through the
boronic acid group remains unchanged.

0.6 ML 1,4-Phenylenediboronic Acid. The O 1s spectra
of 0.6 ML 1,4-phenylenediboronic acid in the 300—550 K
temperature range in Figure 7 show a low binding energy
component at about 531 eV, which remains mostly unchanged
upon heating, and a high binding energy component at about
533 eV, which decreases with increasing temperature and shifts
to lower binding energies until a stable plateau is reached at
500—550 K. Interestingly, in the same temperature range the B
1s spectrum remains completely constant (see Figure 2). The
decreasing oxygen-to-boron ratio in Figure 8, and the shift to
lower O 1s binding energies is consistent with the anhydride
formation, which we observe when desorbing multilayers of
1,4-phenylenediboronic acid (see Figure 9). Assuming no
polymerization at 300 K, we can estimate the degree of
polymerization at 550 K based on the decreasing oxygen-to-
boron ratio from Figure 8 (see the Supporting Information for
more details). This approach yields a polymerization degree of
71%, meaning that 71% of the boronic acid groups (B(OH),)
are fully polymerized.

At 550 K, we expect the hydroxyl groups to have desorbed as
water, creating a fully deprotonated bidentate-bonded species,
identical to that formed by the adsorption and ring opening of
2,4,6-triphenylboroxine. The only difference should be the
additional upward-pointing and partially polymerized boronic
acid group of 1,4-phenylenediboronic acid. As expected, we
can nicely describe the spectrum at 550 K in Figure 8 with
three peaks, representing intact upward-pointing boronic acid
(B—OH) at 532.15 eV, upward-pointing boronic anhydride
(B—O-B) at 532.03 eV, and the two Ti—O—B bonds of the
fully deprotonated bidentate-bonded species at 531.07 eV.

The Ti—O—B peak is identical in shape (peak width and
Gaussian-to-Lorentzian ratio) and position to that of adsorbed
2,4,6-triphenylboroxine, and, given the challenges involved
with accurately subtracting the substrate contribution from the
O 1s signal in Figure 6, we see that the peak area of this low-
binding-energy peak for 1,4-phenylenediboronic acid (1220)
and 2,4,6-triphenylboroxine (770) in Figure 8 scales well with
the coverage ratio of 0.6:0.4.

As mentioned above, we can use the decreasing oxygen-to-
boron ratio from Figure 8 to estimate a polymerization degree
of 71% at 550 K. This means that out of 100 boronic acid (B—
OH) groups, 71 will have polymerized, creating 35.5 boronic
anhydride (B—O—B) groups. We therefore force the peaks at
532.15 and 532.03 eV, representing intact upward-pointing
boronic acid (B—OH) and upward-pointing boronic anhydride
(B—O-B), to have a peak ratio of 29:35.5, consistent with the
polymerization degree of 71%. The boronic anhydride (B—O—
B) peak is forced to have the same shape as the Ti—O—B peak,
but the intact boronic acid (B—OH) peak is forced to the same
wider shape as in the 1.4 ML spectra, where the shape is easier
to determine (see Figure 8).

The position of the boronic anhydride (B—O—B) peak at
532.03 eV is close to the positions of both the multilayers of
2,4,6-triphenylboroxine and the remaining layers after
annealing multilayers of 1,4-phenylenediboronic acid at 600
K, which are both found at 532.2 eV in Figure 9. The position
of the intact upward-pointing boronic acid (B—OH) at 532.15

eV in Figure 9 is shifted to lower binding energies compared to
the multilayers of 1,4-phenylenediboronic acid at 532.9 eV.
This could be due to differences in the hydrogen-bonding
environment between multilayers of intact acid compared to
upright-standing acid groups at the surface surrounded by
anhydride groups. In general, we observe that we have to allow
the intact acid peak to shift between the different species on
the surface (see Figure 8).

We have argued that the density of the saturated monolayer
strongly suggests that the monodentate adsorption mode
dominates at 300 K. However, a bidentate adsorption mode
could dominate at lower coverage. If we had a bidentate-
bonded species at 300 K, we would expect two Ti—O—B
groups to remain on the surface after heating and two Ti—OH
groups to disappear. This behavior would only be consistent
with our spectra if the Ti—OH groups had to have an O 1s
binding energy of about $31.94 eV (see Figure S9). This would
be unusually high for hydroxyl groups on rutile TiO,(110),
which typically have binding energies of 531.1-531.6
oV 23323535

If instead we had a monodentate-bonded species at 300 K,
we would expect one Ti—O—B group, which would remain on
the surface after heating, one B—OH group, which would
convert into a Ti—O—B group upon heating, and one Ti—OH
group, which would disappear. This would be consistent with
our spectra if the Ti—OH group has an O 1s binding energy of
531.16 eV (see Figure S9), which is where one would expect to
find surface hydroxyl groups on rutile TiO,(110). This is
therefore the fit we have included in Figure 8.

The fit in Figure 8 also introduces a B—OH group at the
surface with a binding energy of 532.18 eV. We did not
determine the position of this species from this fit, because of
the overlap with the B—OH groups pointing to the vacuum
interface. Instead, we determined the position from the
spectrum of 1.0 ML 4-acetylphenylboronic acid (discussed in
detail below), which has no B—OH groups at the vacuum
interface.

In conclusion, 0.6 ML of 1,4-phenylenediboronic acid
adsorbs at 300 K in a singly deprotonated monodentate
configuration with an intact boronic-acid group pointing up
away from the surface. At 550 K, the protons have desorbed as
water, and the monodentate species has converted to a fully
deprotonated bidentate species. In addition, most of the
upward-pointing boronic-acid groups have polymerized.

1.3 ML 1,4-Phenylenediboronic Acid. The behavior of
the O 1s and B 1s spectra of 1.3 ML 1,4-phenylenediboronic
acid in the 300—550 K temperature range shows many
similarities to the lower coverage, as is evident from Figures 2
and 7. The O Is spectra have a prominent peak at 533 eV, that
slightly decreases in intensity and shifts to lower binding
energies upon heating, while the B 1s spectra remain
unchanged. This behavior suggests that we have the same
polymerization of the upward-pointing acid groups at the
vacuum interface that we see at low coverage, but to a lesser
extent. Based on the oxygen:boron ratio in Figure 8, we
estimate a degree of polymerization of 31% at 550 K,
corresponding to a boronic acid (B—OH) to boronic
anhydride (B—O—B) ratio of 69:15.5. The higher degree of
polymerization at lower coverages could be a result of a higher
degree of flexibility in the adsorption structure at lower
coverage, allowing the upward-pointing boronic acid groups at
the vacuum interface to adopt a configuration more susceptible
to anhydride formation.
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Figure 10. Hydrogen bonding within the 0.3 ML of 4-acetylphenylboronic acid layer at 300 K. Shifting the carbonyl (C=0) peak to higher
binding energies and the surface hydroxyl (Ti—OH) peak to lower binding energies, consistent with hydrogen bonding between the two groups,

significantly improves the quality of the fit.

At 300 K, we therefore assign the main O 1s peak at 532.41
eV to the upward-pointing acid groups at the vacuum interface.
Using the peak shapes and positions from the 0.4 ML 2,4,6-
triphenylboroxine and 0.6 ML 1,4-phenylenediboronic acid
spectra (B—OH (bottom) at 532.18 eV, Ti—O—B at 531.07 eV
and Ti—OH at 531.16 eV), we can describe the small low-
binding-energy shoulder at 531 eV as the same singly
deprotonated monodentate configuration we observed for 0.6
ML. The 68% decrease in intensity of these peaks in Figure 8,
from 710 at 0.6 ML to 230 at 1.3 ML, roughly scales with the
65% increased attenuation of the Ti 2p core level (not shown)
caused by the increased thickness of the molecular layer. At
550 K, the small low-binding energy shoulder remains mostly
unchanged, but this is consistent with our observations at 0.6
ML, where one B—OH group converts into a Ti—O—B group
and one Ti—OH group is lost through desorption of water.

In conclusion, upon heating to 550 K, the degree of
polymerization of the upward-pointing acid groups at the
vacuum interface is lower at a coverage of 1.3 ML compared to
0.6 ML. The functional groups directly at the surface are
strongly attenuated at 1.3 ML, but can be described by the
same binding modes that we observed at 0.6 ML.

1.0 ML 4-Acetylphenylboronic Acid. For 4-acetylphe-
nylboronic acid, the carbonyl (C=0) group is lost between
500—550 K, as can be seen in Figure S, which is most likely a
decomposition analogous to that of acetophenone, where the
molecule decomposes into carbon monoxide and toluene.*®
For acetophenone, this decomposition occurs at 900 K,
significantly higher than the 500—550 K observed here, but the
boronic acid group as well as the presence of the surface could
significantly lower the activation energy barrier.

The loss of the carbonyl group at 500—550 K overlaps with
the desorption of protons as water and the appearance of the
oxidized boron species at 550—600 K in Figure 2. This
behavior makes any identification of the adsorbed species in
this temperature range very difficult, so we will focus only on
the adsorbed species at 300 K.

If 4-acetylphenylboronic acid adsorbs in the same singly
deprotonated monodentate configuration as 1,4-phenylenedi-
boronic acid, we should be able to describe our measured O 1s

spectra with three components located close to the rutile
Ti0,(110) surface (B—OH, Ti—O—B, and Ti—OH) and a
fourth component potentially pointing into the vacuum (C=
O). The carbonyl group (C=O0) could therefore appear more
intense in the O 1s spectrum than the other three groups
because it is not attenuated by the phenyl ring of the molecule.

Indeed, if we look at the O 1s spectrum of 1.0 ML of 4-
acetylphenylboronic acid at 300—450 K in Figure 8, it is nicely
described by three peaks in a 1:1:1 ratio at the expected
positions of boronic acid (B—OH) at 532.18 eV, Ti—O—B at
531.07 eV, and surface hydroxyl groups (Ti—OH) at 531.16
eV, in addition to a fourth more intense peak at $531.22 eV,
which we assign to the upward-pointing carbonyl groups (C=
0O). The O 1s peak position of the carbonyl group of
multilayers of pure 4-acetylphenylboronic acid is at 531.8 eV
(see Figure 9). This peak position is significantly higher than
what we observe for the monolayer, but it might change due to
hydrogen bonding. For phthalic acid, for example, the splitting
in the O 1s region between the hydroxyl (C—OH) and
carbonyl (C=O0) oxygen atoms of the carboxylic acid group
decreases from 1.9 eV in the gas phase®” to 1.1 €V in the
condensed phase,”® because the hydroxyl (C—OH) groups
form hydrogen bonds to the carbonyl (C=0) groups. The
same trend is observed for gas phase and multilayer spectra of
formic acid®>® or acrylic acid.°”®" This means that we can
expect hydrogen bonding to shift hydroxyl groups to lower
binding energies and carbonyl groups to higher binding
energies. We therefore assign the lower binding energy of
531.22 eV observed for the carbonyl group in the monolayer,
compared to the multilayer, to an absence of hydrogen
bonding in the upward-pointing carbonyl groups of the
saturated monolayer.

0.3 ML 4-Acetylphenylboronic Acid. At a coverage of
0.3 ML, the O 1s spectra of 4-acetylphenylboronic acid in
Figure 7a look quite different from the spectra of the full
monolayer, that is, the intense peak of the carbonyl group
(C=0) at 531.22 eV is missing. This observation suggests a
change in orientation of the molecule, moving the carbonyl
group closer to the surface, and thereby causing the
attenuation of the carbonyl group to become similar to that
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Figure 11. Ti 2p region of the three boronic acid derivatives on rutile TiO,(110) at 300 K (left) and 550 K (right) after normalization and linear-
background subtraction. The Ti** shoulder does not change upon adsorption of the molecules at 300 K, indicating that the number of small
polarons in the surface-near region is not affected by the adsorption of the molecules. At 550 K, the Ti** shoulder does not change for 4-
acetylphenylboronic acid, but it slightly increases for 2,4,6-triphenylboroxine and 1,4-phenylenediboronic acid.

of the other three functional groups (B—OH, Ti—O—B, and
Ti—OH). This orientation is consistent with our C K-edge
NEXAFS spectra in Figure 4, which indicate that the phenyl
ring polar angle decreases from 68° at 1.0 ML to 37° at 0.3
ML, thus becoming more flat lying. A driving force for this
reorientation could be hydrogen bonding between the
carbonyl groups and either the boronic acid groups (B—OH)
of a neighboring molecule or the surface hydroxyl groups (Ti—
OH). This conclusion is supported by the C 1s spectra in
Figure 5, where the different binding energy position of the
carbonyl signal clearly indicates a different chemical environ-
ment of the carbonyl group at low coverage.

As can be seen in Figure 10, the O 1s spectrum of 0.3 ML of
4-acetylphenylboronic acid is described reasonably well by four
peaks in a 1:1:1:1 ratio at the same binding energy positions as
for the full monolayer, consistent with identical attenuation of
the carbonyl group and the other three functional groups.
However, the fit improves significantly if the binding energy
position of the carbonyl group in Figure 10 is allowed to
increase from 531.22 to 531.55 eV and the binding energy
position of the surface hydroxyl groups (Ti—OH) is allowed to
decrease from 531.16 to 530.83 eV. As discussed above for the
multilayer and gas-phase spectra of carboxylic acids, the
magnitude and direction of these shifts are entirely consistent
with what would be expected if hydrogen bonds were formed
between the surface hydroxyl groups (Ti—OH) and the
carbonyl groups (C = O) of the molecule.

Because of the uncertainties of the substrate peak
subtraction, we are not confident to conclude hydrogen
bonding based on the O 1s fits alone. However, the position of
the carbonyl group in the C 1Is region and the phenyl ring
orientation in C K-edge NEXAFS both suggests hydrogen
bonding. In addition, the change in orientation is also visible in
the C 1s region in Figure S10, where the apparent ratio of
phenyl (Cpy,) and methyl (—CHj;) carbon to carbonyl (C=0)
carbon changes from 7.4 to 10.3 as the coverage is decreased
from 1.0 to 0.3 ML, consistent with the carbonyl group being
attenuated by the phenyl ring at low coverage. The nominal
ratio of phenyl and methyl carbon to carbonyl carbon in 4-
acetylphenylboronic acid is 7, but the observed ratio can be
affected by factors such as photoelectron diffraction and
orientation of the molecule. The attenuation of the carbonyl
group becomes even more apparent when comparing the peak-

area ratio of carbonyl carbon to boron in Figure 8 and Figure
S10, which decreases by 40% as the coverage is decreased from
1.0 to 0.3 ML. We would therefore expect an identical decrease
in the carbonyl oxygen:boron ratio. Indeed, if we compare the
carbonyl oxygen:boron peak-area ratio obtained from our fits
in Figure 8, we find a 51% decrease, which is a very reasonable
agreement. We are only able to make these direct comparisons,
because we measure all core levels with very similar kinetic
energies (90—120 eV) of the emitted photoelectrons.

In conclusion, 4-acetylphenylboronic acid adsorbs at 300 K
in the same singly deprotonated monodentate configuration as
1,4-phenylenediboronic acid. In the full monolayer, the
carbonyl groups point away from the surface, but at low
coverage, they bend down toward the surface, most likely
forming hydrogen bonds with hydroxyl groups on the surface.

Much of the above analysis is based on fitting the O 1s core
levels after subtraction of the substrate contribution. However,
when analyzing these data, it is always important to keep the
uncertainties introduced by the subtraction of the substrate in
mind, which particularly affect the low-binding energy
shoulders, since small errors in the substrate peak position
will cause significant changes in the low-binding energy
shoulder. This, in turn, can make peaks appear to be more
asymmetric than they actually are. For 2,4,6-triphenylboroxine,
for example, the fit to the experimental data averaged from
300—550 K could be improved by adding a B—O—B species at
532.03 eV to the asymmetric signal after substrate subtraction.
A second species would indicate an incomplete ring-opening
reaction, but given the uncertainty of the substrate subtraction,
we simply cannot make any reliable statements about such
minority species. In general, we are unable to identify any
minority species on the surface, for example, boronic acid
dimers formed by B—O-B bond formation between
neighboring boronic acid groups.”'

Polarons. Rutile TiO, is known to form small polarons
when the crystal is reduced.”””®° Such reduction can occur
through surface or bulk oxygen vacancies, titanium interstitials
or impurities within the crystal. This effectively injects an
excess electron into the crystal, which locally distorts the
crystal lattice around a single titanium atom, reducing the
titanium atom from Ti*' to Ti** and creating a new band gap
state with Ti 3d" character and a Ti** shoulder in the Ti 2p
core-level region. For the rutile TiO,(110) surface, these small
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polarons are concentrated in the second layer below the
surface and can strongly interact with and affect the adsorption
of molecules, such as oxygen,“ carbon monoxide,*”®® NO,*®
water,®”’® and formic,”" acetic,”’ and phosphonic23 acids.

The Ti 3d" bandgap state at 1 eV is clearly visible in our
valence-band spectra in Figure S8. Unfortunately, the photon
beam at the low photon energy of the valence-band
measurements (43 eV) became broader than we expected,
causing the beam to extend over the edge of the crystal at some
positions, thereby resulting in a loss of total intensity. We have
corrected for this by normalizing all valence band spectra to
their total integrated area. This means that we can compare the
spectra qualitatively, but we are reluctant to draw conclusions
based on quantitative changes in peak areas, such as the Ti 3d'
bandgap state.

Fortunately, the Ti 2p spectra in Figure 11 are unaffected by
this, and there the Ti** low-binding-energy shoulder remains
unchanged upon adsorption of our three boronic acid
derivatives at room temperature. This is in contrast to
formic,”" acetic,”" and phosphonic23 acids, which have been
shown to strongly affect the concentration of small polarons in
the near-surface region. An important factor could be the
pronounced relaxation of the near-surface region of the rutile
TiO,(110) substrate upon adsorption of the molecules. Since
polarons induce local lattice distortions,®>”* the stabilities of
polarons will be affected by lattice distortions. The strong
relaxation of the clean rutile TiO,(110) surface is one of the
factors stabilizing small polarons in the second layer,”””"* and
the re-relaxation of the lattice back to its bulk positions could
explain the disappearance of small polarons from the near-
surface region, as suggested by the data for the adsorption of
phenylphosphonic acid.”* This re-relaxation of the lattice back
to the original bulk parameters is also visible in the O 1s region
as a narrowing of the substrate O 1s contribution.”” The fact
that we do not see the same narrowing of the substrate
contribution in the O 1s region is an indication that we do not
have the same re-relaxation of the surface as observed for
phenylphosphonic acid. This could be one explanation for why
the concentration of polarons we observe in the near-surface
region remains unchanged upon adsorption of our three
boronic acid derivatives at room temperature.

We observe a change in the adsorption binding mode from
monodentate to bidentate upon desorption of surface OH
groups. For phenylphosphonic acid, the high-temperature
adsorption mode massively increased the Ti’* signal™® We
observe that the Ti** shoulder of 4-acetylphenylboronic acid in
Figure 11 does not change upon annealing to 550 K, but there
is a slight increase in the Ti** signal for 2,4,6-triphenylboroxine
and 1,4-phenylenediboronic acid. This indicates a slight
increase in the surface-near polaron concentration, but this is
significantly less pronounced than the changes observed for
phenylphosphonic acid”® and clearly indicates only a weak
influence of phenylboronic acid derivatives on the surface-near
polaron concentration.

In conclusion, the adsorption of our three boronic acid
derivatives has no significant effect on the concentration of
polarons in the near-surface region at room temperature and
after annealing to 550 K.

B,0; Formation above 550 K. Above 550 K a new
oxidized boron species appears in the B 1s spectra in Figure 2
at 1924 eV for all three boronic acid derivatives. This
observation suggests boron with an additional bond to oxygen.
However, if we were to form tetrahedrally coordinated boron

(with three oxygen and one carbon bond), we would lose the
planar nature of the boron group and therefore the #*
resonances in B K-edge NEXAFS. However, we still observe a
clear 7* resonance at 193.8 eV, indicating a planar trigonal
rather than tetrahedral boron geometry,2 22 which is only
possible if we break the carbon—boron bond when forming the
additional bond to oxygen.

The B 1s, O 1s, and B #* peak positions at 192.4, 531.3, and
193.7 eV are in decent agreement with the literature values for
trigonal planar B,O; of 192—194,2%757¢ §32.5-533.6,7>"7
and 194 €V,”" 7% respectively. We therefore suggest that the
reaction at 600—700 K is a cleavage of the carbon—boron bond
and the formation of boron oxide.

We do observe a gradual decrease in carbon coverage on the
surface with increasing temperature in Figure S, but for none of
the three molecules do we observe an abrupt decrease in
carbon coverage at 600—700 K. This observation suggests that
after the carbon—boron bond cleavage carbon remains on the
surface in some form, possibly as some sort of carbonaceous
network.

B CONCLUSIONS

We successfully deposited intact 4-acetylphenylboronic acid,
1,4-phenylenediboronic acid, and 2,4,6-triphenylboroxine on
rutile TiO,(110). We find that both 4-acetylphenylboronic
acid and 1,4-phenylenediboronic acid adsorb in a singly
deprotonated monodentate configuration at 300—400 K, while
2,4,6-triphenylboroxine undergoes a ring-opening reaction
already at 300 K, forming a fully deprotonated bidentate-
bonded species.

Based on the angular dependency in C K-edge NEXAFS and
the attenuations of the B Is, C 1s, and O 1s core levels, we find
that 4-acetylphenylboronic acid to be relatively upright
standing in the full monolayer, but more flat lying at lower
coverage, and we suggest that the same is true for 1,4-
phenylenediboronic acid. For 4-acetylphenylboronic acid, one
of the driving forces for the change in orientation could be the
formation of hydrogen bonds between the carbonyl group
(C=0) of the molecule and hydroxyl groups (Ti—OH) on
the surface at low coverage.

At elevated temperatures, above 500 K, protons desorb from
the rutile TiO,(110) surface as water, creating oxygen
vacancies, and 1,4-phenylenediboronic acid converts from a
monodentate to a fully deprotonated bidentate species. In
addition, the upward-pointing boronic-acid groups polymerize
into chains of boronic anhydride. For 4-acetylphenylboronic
acid, we expect the same conversion from monodentate to fully
deprotonated bidentate above 500 K, but the loss of the
carbonyl (C=0) group between 500—550 K complicates the
interpretation of the O 1s spectrum.

Above 550 K, the B 1s, O 1s, and B 7% peak positions
suggest cleavage of the carbon—boron bond and the formation
of trigonal planar B,O;.

In contrast to the adsorption of carboxylic”' and phosphonic
acids,”® we find that the concentration of surface-near small
polarons, as observed in the Ti 2p region, is not affected by the
adsorption of the three boronic acid derivatives.
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