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ARTICLE INFO ABSTRACT

Available online xxxx The adsorption of two carboxylic acids, benzoic acid (BA) and terephthalic acid (TPA), on a single crystal rutile
TiO,(110) substrate was studied using infrared reflection-absorption spectroscopy (IRRAS) in conjunction
with DFT calculations. On the basis of the high-quality IR data (in particular for the OH bands), various adsorbate
species with different geometries could be identified. The adsorption of both, BA and TPA, on TiO,(110) leads to
deprotonation of carboxylic acids and protonation of substrate O-atoms. At low coverage, the deprotonated BA
o molecule adsorbs on TiO,(110) in an upright, bidentate configuration, while the TPA molecule adopts a flat-
Benzoic acid . . . .
Titanium oxide lying geometry with both carboxylates bound to the surface in a monodentate geometry. At higher coverages,
DFT a transition from flat-lying to upright-oriented TPA molecules occurs. At saturation coverage, both BA and TPA
molecules undergo dimerization indicating the presence of pronounced attractive intermolecular interactions.
We propose that the BA dimers are stabilized by the interaction between adjacent phenyl rings, while the TPA
dimerization is attributed to the formation of double hydrogen bonds between adjacent apical carboxylic groups.
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1. Introduction

As a result of their catalytic, optical, and electronic properties, oxides
are used in many application fields. A particular important example is ti-
tanium oxide which is used in catalysis and photocatalysis [1,2], as
white pigment, in sun blockers, and also in solar technologies [3-5].
An important part of the Grdtzel-cell, a dye-sensitized device for the
conversion of sunlight into electrical energy (DSSC) first reported in
1991, is a mesoporous oxide layer (TiO,, SnO,, Zn0O) [3]. Since the
cross-section for photon absorption, the initial and crucial step in the
conversion of light into electrical energy, is fairly small in bulk oxide ma-
terials, organic dye molecules are used in the Gratzel-cell as photon an-
tennae. Photons absorbed by the organic molecule are converted into
electron-hole (e-h) pairs. In the next step, the e-h pairs are transferred
to the oxide where they are separated, and the conversion into electrical
energy takes place. Typically, these dyes contain an aromatic core and
are grafted to the TiO, surface via carboxylic acid groups reacting with
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the surfaces of the TiO, particles yielding carboxylates bound to the
substrate.

Titanium oxide exists in three different modifications: rutile, ana-
tase, and brookite. Only the first two are used in technical applications.
In the present work, we will focus on rutile, r-TiO,, and in particular on
its most stable (and thus most abundant) (110) surface. The chemical
properties of this best-studied oxide surface, r-TiO,(110), have been
reviewed in quite some detail previously [6]. The surface chemistry of
r-TiO,(110) substrates is rather complex. Different preparation condi-
tions, over-annealing or sputtering, leads to defects like oxygen vacan-
cies which strongly influence the surface chemical properties.
Whereas the fully oxidized surface is rather inert, at oxygen vacancies,
a number of reactions become possible, rendering a defective oxide sur-
face rather reactive [7].

In order to elucidate the chemical interaction of carboxylic groups
with the r-TiO, substrate, the crucial step for anchoring dye molecules
within a DSSC, we have undertaken a detailed investigation on the inter-
action of two simplest aromatic carboxylic acids, benzoic acid (BA) and
terephthalic acid (TPA, often also referred to as benzenedicarboxylic
acid (BDC)) with the rutile TiO,(110) surface.

The adsorption of BA and TPA molecules on TiO, substrates has been
extensively investigated in previous work. Guo et al. [8,9] studied the
BA/TiO,(110) model system by using scanning tunneling microscopy

Please cite this article as: M. Buchholz, et al,, Interaction of carboxylic acids with rutile TiO,(110): IR-investigations of terephthalic and benzoic
acid adsorbed on a single crystal substrate..., Surf. Sci. (2015), http://dx.doi.org/10.1016/j.susc.2015.08.006



http://dx.doi.org/10.1016/j.susc.2015.08.006
mailto:yuemin.wang@kit.edu
mailto:christof.woell@kit.edu
http://dx.doi.org/10.1016/j.susc.2015.08.006
http://www.sciencedirect.com/science/journal/00396028
www.elsevier.com/locate/susc
http://dx.doi.org/10.1016/j.susc.2015.08.006

2 M. Buchholz et al. / Surface Science xxx (2015) XxX-XxX

(STM), electron stimulated desorption in ion angular distributions
(ESDIAD), and low energy electron diffraction (LEED). They reported
that BA adsorbs dissociatively on the TiO,(110) surface forming benzo-
ate species, which are bound via the bidentate carboxylate groups to the
five-fold coordinated Tis. atoms in an upright adsorption geometry.
They proposed that the attractive interaction between adjacent benzo-
ates results in the formation of T-shaped dimers along the [1-10] direc-
tion. Further multiple investigations [10-12] using x-ray absorption
spectroscopy (XAS), x-ray photoemission spectroscopy (XPS), and
STM have confirmed these findings.

The adsorption of TPA molecules on TiO,(110) has also been
studied by means of near-edge x-ray absorption fine structure
(NEXAFS) spectroscopy, STM, and noncontact atomic force micros-
copy (NC-AFM) [13-16]. On the basis of the experimental results,
the occurrence of two different adsorbate species was reported: at
low coverages (up to 0.30 ML), the TPA molecules were found to
adopt a disordered and flat-lying adsorption geometry, while at full
monolayer, a conversion from a flat-lying to an upright orientation
was detected (Fig. 1). In addition, the combined experimental and
theoretical studies revealed dimerization of TPA molecules at satura-
tion coverage [14-16].

Despite these efforts, more detailed information on the nature of the
chemical anchoring of BA and TPA molecules to the r-TiO,(110) sub-
strate is still lacking. This is mainly due to the fact that the experimental
methods used so far (see above) are rather insensitive both to the de-
protonation of BA and TPA molecules and also to the different configu-
rations of carboxylate groups (e.g. mono- vs. bidentates). Further
experimental and theoretical studies on BA/TiO, and TPA/TiO, systems
are thus required to clarify the following points: 1) molecular vs. disso-
ciative adsorption; 2) coverage-dependent adsorption structures; 3) or-
igin of the dimer formation.

Here, we investigate the adsorption of BA and TPA molecules on
TiO,(110) at different coverages by using infrared reflection-absorption
spectroscopy (IRRAS). Determining the frequencies of the hydroxyl and
carboxylate stretching bands with high resolution should allow for un-
ambiguous conclusions on the question whether carboxylic acid groups
are still intact or are deprotonated upon interaction with the substrate.
If the acid is deprotonated, a substrate hydroxyl species should be
formed, exhibiting a characteristic vibrational frequency clearly differ-
ent from vibrations of a carboxylic acid group. In addition, a close anal-
ysis of the IR data allows us to gain deeper insight into the adsorption
configuration (i.e. the occurrence of mono- and bidentate species) and
into the question whether dimers of BA and TPA adsorbate species are
present on TiO,(110). This question is particularly interesting in case
of TPA, since for an upright species (as proposed in previous works
[13-16]), one would assume the occurrence of both protonated and
deprotonated carboxylic acid groups.

[110]

In the past, the acquisition of high-resolution IRRAS data recorded at
gracing incidence for dielectric single crystals has only very rarely been
reported due to technical difficulties. In this work, high-quality IRRAS
data (showing, in particular, well-resolved substrate hydroxyl bands)
are reported which provide direct spectroscopic evidence for the forma-
tion of different coverage-dependent adsorption species after exposure
of the TiO,(110) surface to BA and TPA molecules. The assignment of
the experimentally observed vibrational bands is supported by DFT
calculations.

2. Experimental
2.1. IRRAS experiments

All IRRAS spectra presented here were recorded using a novel UHV-
FTIR apparatus (Prevac, Régow, Poland) [17] equipped with a state-of-
the-art FTIR spectrometer (Bruker Vertex 80v, Bruker Optics, Ettlingen,
Germany). The r-TiO,(110) single crystal (10 x 5 mm, MaTeck, Jiilich,
Germany) was prepared by a sequence of sputtering and annealing cy-
cles as described in Ref. [7]. The BA and TPA molecules (purchased from
Merck and Aldrich and used without further processing) were deposit-
ed on the substrate by employing a Knudsen cell evaporator in a dedi-
cated preparation chamber, which is connected via a distribution
chamber to the infrared chamber of the apparatus. The vapor pressure
of benzoic acid was sufficiently high to also obtain deposition for a
room temperature Knudsen cell. The thick layer was prepared by expos-
ing the cold substrate (140 K) to the molecular beam originating from
the Knudsen cell. In case of TPA, the vapor pressure is so small that
with a room temperature Knudsen cell only submonolayers could be
prepared. For higher coverages, the Knudsen cell containing TPA mole-
cules had to be heated to 433 K to obtain a flux sufficiently intense for
the preparation of TPA mono- and multilayers.

The high-resolution IR spectra reported here were taken with a base
pressure in the IR chamber of 1 - 10~ % mbar. A gracing angle of inci-
dence angle of 80° was used. For each set of data, 2048 scans with a res-
olution of 4 cm™! were accumulated. Background correction was
carried out by subtracting a reference spectrum recorded using the
same parameters for the clean substrate immediately before deposition
of the molecular adsorbates.

IR-reflectivity and -absorbance calculations were performed by
using the equations derived by Hansen et al. [18,19] and by Mielczarski
et al. [20], as described in detail in Ref. [21].

2.2. DFT calculations

All quantum chemical calculations have been performed with the
plane wave code VASP [22,23]. The TiO,(110) surface was treated in
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Fig. 1. Ball-stick model for the adsorption of terephthalic acid on rutile TiO,(110). Left panel: flat-lying configuration, right panel: upright configuration [13,16]. Color code: oxygen

(TPA) = red, carbon = grey, hydrogen = white, oxygen (TiO,) = red, titanium = light grey.
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the same way as in Ref. [7], i.e. a 6 x 2 surface cell was used. Along the z-
direction four Ti layers and the corresponding O layers were taken into
account. The total extension in z-direction amounted to 25 A, which cor-
responds to a vacuum layer of 12 A. This fairly large vacuum layer thick-
ness is necessary to make sure that the adsorbed molecules do not
interact with the next slab.

In all calculations, the gradient corrected PBE functional [24] was
used in connection with the projector augmented wave potentials
PAWSs [23,25] and an energy cutoff of 400 eV. Starting from the bulk
structure, the positions of the ions of the upper two O—Ti—O layers
were optimized. Then the deprotonated carboxylic acid was positioned
in such a way on the surface that the two O ions of the carboxylate group
were bound to surface Tis. ions. In the subsequent structure optimiza-
tion, the atoms of the organic molecule as well as the two Ti adsorption
sites and all surface O,. ions were considered. The vibrational frequen-
cies were calculated numerically; here, two displacements of all of the
atoms of the organic molecule as well as the two Ti adsorption sites in
each direction were considered.

3. Results
3.1. Adsorption of benzoic acid on rutile TiO»(110)

Fig. 2 displays the IRRAS data recorded after adsorption of benzoic
acid (BA) on r-TiO,(110) at different temperatures. For the spectra ob-
tained at room temperature (curves A, B), only two absorbance bands
were observed at the low-frequency region, one positive at 1498 cm ™!
and one negative at 1426 cm™ . The spectrum obtained after BA adsorp-
tion at 140 K (curve C) is more complex. A large number of bands are
observed at 1701, 1602, 1585 cm™', 1495, 1455, 1425, 1327, and
1301 cm™'. Among them, the 1701 cm™ ! band is the dominating one.
The intensity of these peaks is increasing with increasing dosage, reveal-
ing the formation of BA multilayer at 140 K, while at room temperature,
only the monolayer adsorption of BA on TiO,(110) is observed. Based

Absorbance

1800 1700 1600 1500 1400 1300 1200
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Fig. 2. IRRA spectra of benzoic acid (BA) on rutile TiO,(110) at different coverages.
(A) submonolayer, (B) full monolayer, (C) multilayer.

on the IR data reported for BA in condensed phase [26], the multilayer-
related IR bands can be assigned to the different vibrational modes. All
the frequencies and mode assignments are summarized in Table 1. Note
that the phenyl ring modes are described in terms of Wilson notation
[27].

For the monolayer adsorption of BA, the two dominating bands at
1426 and 1498 cm™! are characteristic for the carboxylate species
formed via deprotonation of BA and are assigned to the symmetric
15(0CO) and asymmetric v,5(OCO) stretching vibrations, respectively.
In addition, the small frequency splitting of 72 cm™ ! reveals that BA is
bound to the surface via a bidentate carboxylate group, as supported
by DFT calculations shown below. The dissociative adsorption of
benzoic acid on TiO,(110) is further supported by the absence of a
v(C=0) band around 1700 cm™ ! originating from the molecular ad-
sorption of BA.

Importantly, the observation of OH bands (Fig. 3) provides direct ev-
idence for the deprotonation of benzoic acid on TiO,(110). For
submonolayer adsorption (Fig. 3A-C), two OH bands at 3700 and
3622 cm™ ! were detected, while at saturation coverage (Fig. 3D), only
the 3700 cm ™! band is visible. A closer analysis of the IR data will be
given in the Section 4.

3.2. Adsorption of terephthalic acid on rutile TiO»(110)

Fig. 4 shows the IRRAS data recorded after terephthalic acid (TPA)
adsorption at room temperature on the rutile TiO,(110) at different
coverages. At low coverage (Fig. 4A, B), we find two C—O stretching vi-
brations at 1412 and 1635 cm™'. Upon increasing the TPA dose, the IR
spectra show new bands at 1427, 1498, and 1760 cm™! (Fig. 4C),
which differ substantially from the data at low coverages. At full mono-
layer, a new band appears at 1690 cm™ . Further exposure to TPA leads
to the appearance of a number of IR bands at 1713, 1682, 1576, 1511,
1422, 1320, and 1290 cm™ ! (Fig. 4E). They are characteristic for the for-
mation of multilayer TPA, in good agreement with the data seen in the
corresponding IR spectra of solid TPA [28]. The mode assignments of
the observed IR bands are summarized in Table 1 and will be further
discussed in Section 4.

Important results are shown in the hydroxyl region of the IR spectra
(Fig.5). The vibrations in this region allow to determine if the TPA is still
protonated or deprotonated on the surface. At low coverage, one single
OH band was observed at 3700 cm ™! (Fig. 5B). With increasing the TPA
coverage, two new OH bands show up at 3621 and 3582 cm ™! (Fig. 5C).
At full monolayer (Fig. 5D) the intensity of the 3582 cm™ ! band is clear-
ly decreased, while the OH bands at 3700 and 3622 cm ™ ! remain nearly
unchanged in intensity. The observation of different OH bands indicates

Table 1

Frequencies [cm~'] and mode assignments for submonolayer (subML), full monolayer
(ML), and multilayer (MultiL) adsorption of BA and TPA molecules on TiO,(110). For com-
parison, the results of DFT calculations are also shown (v: stretching; 6: in-plane bending).

BA TPA Assignments”
DFT MultiL? ML DFT  MultiL®* ML subML
1701 1732 1713 1760 v(C=0)
1682 1690 »(C=0)
1602 1603 D(CC)ying 82
1585 1568 1576 (CC)ring: 8
1495 1481 1511 V(CC)ying + 5(CH), 19
1452 1498 1441 1498 1635  v,5(0CO)
1455 1422 8(CH) + (CC)ying 19
1425
1409 1426 1363 1427 1412  v4(0CO)
1383
1358 1327 1327 1320 V(CC)ring + B(CH), 14
1299 1301 1290 5(COH) + 1(C—0)

@ The assignments of multilayer-related modes are based on the IR data of solid BA [26]
and TPA [28].
b The vibrational modes of phenyl rings are described in terms of Wilson notation [27].
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Fig. 3. Hydroxyl region of IRRA spectra of benzoic acid (BA) on rutile TiO(110). The sub-
strate was exposed to different amounts of BA at room temperature: (A) 0.09 L, (B) 0.18 L,
(C)0.36 L, and (D) 1.44 L.

the presence of various TPA species depending on the coverage, as
discussed in detail in Section 4.

3.3. DFT calculations

In all calculations, adsorption of the deprotonated carboxylic acids in
an upright position was assumed. For the remaining proton, the adsorp-
tion at O, and O3, sites was investigated. The binding to O, was found
to be 2.5 eV more stable than to Os.. The calculated OH frequencies are
3795 cm™~ ! for O, and 3614 cm™ ! for O, respectively. The difference
between the two OH frequencies amounts to 181 cm ™ .. For the numer-
ical calculations of the OH frequencies, only the movements of the in-
volved O and H atoms have been considered. In particular for the
more flexible O, position, this approximation can cause an uncertainty
in the frequency.

As expected, the adsorbed carboxylic groups of BA and TPA show
similar vibrational frequencies. We observed the symmetric stretching
1(0CO) at 1383 cm™ ! for BA and 1363 cm™ ! for TPA. For the asymmet-
ric stretching v,5(0CO), higher frequencies of 1452 cm~' (BA) and
1441 cm™! (TPA) were obtained. BA shows an additional vibration
with contributions of the COO™ group at 1409 cm™ . In our calculations,
the carbonyl stretching vibration v(C=0) of the COOH group in TPA is
found at 1730 cm~! and the bending mode of the COH group at
1327 cm™ .

A dianionic form of TPA was energetically 2.5 eV less favorable than
the monoionic one. For the dianionic configuration, the first frequencies
below the C—H stretching bands are ring vibrations starting at
1600 cm™ !, the asymmetric stretching mode v,,(OCO) of the upper
COO~ group is found at 1470 cm~ . The bands at 1405 cm™ ' and
1344 cm™ ! are linear combinations of the symmetric v5(OCO) of both
carboxylate groups.

4. Discussion

To gain deeper insight into the adsorption geometry of BA and TPA
onTiO,(110), a detailed analysis of the interaction between the incident

Absorbance
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1200

Fig. 4. IRRA spectra of terephthalic acid (TPA) on rutile TiO, (110) at different coverages.
(A, B) submonolayer, (C, D) monolayer, (E) multilayer.

light and adsorbate-related vibrations is required. When applying IRRAS
to characterize molecular adsorbates on metal surfaces, the so-called
surface selection rule has to be considered: Only vibrational modes
with a transition dipole moment (TDM) orientated perpendicular to
the surface can be excited by p-polarized light resulting in a reduction
in reflectivity (positive absorbance bands). In contrast to metal surfaces,
for dielectrics (oxides), the situation is much more complex. Both s- and
p-polarized components of the incident light can couple to adsorbate
vibrations (Fig. 6). The sign of the vibrational signals on dielectric
materials can be explained by the reflectivity calculations described
in Refs. [18-21,29]. The s-polarized light is oriented parallel to the sur-
face and perpendicular to the incidence direction (Fig. 6A). The absor-
bance bands excited by s-polarized light (Es) are always negative. For
p-polarized light, it is more complicated, the electric field can be orien-
tated parallel to the surface (tangential p-polarized light E,, ;) and nor-
mal to the surface (normal p-polarized light E, ). The IRRAS bands
excited by p-polarized light can be negative or positive depending on
the incidence angle © and the refractive index n of the substrate (see
Fig. 6B). The E;, , component couples only to vibrations with a compo-
nent of the TDM perpendicular to the surface. The component of the
TDM parallel to the surface can be excited either by Es or by E,,; compo-
nent, depending on the azimuth orientation.

Since the carboxylate-related IRRAS bands are either negative (in-
crease in reflectivity) or positive (decrease in reflectivity), we have cal-
culated the reflectivity differences (AR = Rq — R;) between the clean
(Ro) and adsorbate-covered (R,) r-TiO,(110) substrates as a function
of incidence angle © for both 1426 cm™ ! and 1498 cm ™! frequencies.
They show the similar AR curves (Fig. 6B). For an incidence of 80°, like
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Fig. 5. Hydroxy!l region of IRRA spectra of terephthalic acid (TPA) on rutile TiO, (110) with increasing coverages. (A, B) submonolayer, (C, D) monolayer.
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Fig. 6. A) Orientation of the s- and p-polarized components for the incident light along [001] (left) and [110] azimuth (right). B) Left panel: Calculated reflectivity differences (AR = Ry —
R,) between the clean (Rp) and BA covered (R,) r-TiO,(110) substrates as a function of incidence angle for p-polarized (x- and z-component (dashed lines) and sum (solid line)) and for s-
polarized (bold solid line) light at 1425 cm ™. The following optical constants were used [29]: refractive index n; = 2.4, extinction coefficient ks = 0, n, = 1.5397, k, = 0.0083, thickness of
the adsorbate d, = 0.575 nm, n; = 1, k; = 0. Right panel: The transition dipole moment vectors of asymmetric and symmetric carboxylate vibrations.
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in our experiment, the reflectivity difference of Es and E, , is negative,
whereas it is positive for the E, component. As shown in Fig. 2, the
sign of the v,5(0C0O) mode at 1498 cm™ ! is positive. This vibration can
only be excited by the E,; component via coupling to the TDM parallel
to the surface, while the intense negative v5(0CO) band at 1426 cm™!
results essentially from the interaction with E , via coupling to the
TDM perpendicular to the surface.

Based on the above analysis of the IR data, we conclude that the BA
molecule adsorbs dissociatively on the TiO,(110) surface. The resulting
benzoate is proposed to be a bidentate species bound to surface Tis
atoms in an upright geometry. This conclusion is nicely corroborated
by our DFT calculations and is consistent with the STM observation [8,
9]. The proton removed from the BA is transferred to a substrate O-
atom, as evidenced by the OH band observed at 3700 cm™! (Fig. 3). In
accord with the theoretical calculations, this vibration is assigned to
an H-atom bound to a surface bridging O- site. The frequency of this
OHy,; species is rather similar to that of hydroxyls formed on the same
surface after exposure to atomic hydrogen [30] or after H,O dissociation
at surface O vacancies [31,32].

For submonolayer adsorption of BA, another OH band at slightly
lower frequencies was detected at 3622 cm™ ! (Fig. 3A-C). We can first
rule out an assignment to hydroxyl group in BA molecule because of
the lack of a v(C=0) band around 1700 cm ™' being characteristic for
molecularly adsorbed BA. Furthermore, this band cannot be attributed
to an OH species formed at surface Os. sites. The Oz, atom is
coordinatively saturated and is rather inactive for the interaction with
hydrogen, in line with our DFT calculations. The 3622 cm~' band
might originate from the surface OHy, groups which are influenced by
the modified local electronic structures (e.g. in the presence of subsur-
face defects) and/or by the weak interaction with adjacent benzoates.
Further experimental and theoretical investigations are required to
identify this isolated hydroxyl species.

Interestingly, at full monolayer coverage, the OH band at 3622 cm™
disappears whereas the 3700 cm ™! band is still visible (Fig. 3D). This
finding implies a change in the adsorption geometry of the benzoate
species. Indeed, previous STM studies [8,9] revealed that dimerized ben-
zoate species are formed at saturation coverage. The dimerization of
benzoates is attributed to the attractive interaction between the phenyl
rings along the [110] direction, where one phenyl ring is rotated around
the molecular axis by 90°, thus allowing the interaction of hydrogen
atoms with the m orbital of the neighboring benzoate. In this case, the
benzoate species are stabilized by attractive intermolecular interaction
forming T-shaped dimers across bridging O, rows.

We focus now on the interaction of terephthalic acid (TPA) with
TiO,(110). At low coverage, the adsorption of TPA undergoes deproton-
ation forming carboxylate species, as confirmed by the observation of
two IR bands at 1412 cm™! (v5(0C0)) and 1635 cm™ ! (1,5(0CO)).
The position of the v,5(OCO) mode, together with the relatively large
frequency splitting (223 cm™!) of the symmetric and asymmetric car-
boxylate stretch vibrations, suggests the presence of a monodentate
configuration [33,34]. Furthermore, at low coverage, the spectra
(Fig. 4A, B) do not show any v(C=0) bands at higher frequencies
resulting from carbonyl in the carboxylic group. This finding reveals
that both carboxylic groups in TPA are deprotonated giving rise to two
carboxylate species per TPA. Importantly, an OH band was observed at
3700 cm™ ! which is attributed to substrate hydroxyls formed through
hydrogen transfer from TPA to bridging O, sites, as discussed above
for the case of BA (Fig. 3).

Overall, the identification of monodentate carboxylate (instead of a
bidentate one), together with the formation of OH species at surface
0, sites, provides direct spectroscopic evidence for a flat-lying adsorp-
tion geometry of the dissociatively adsorbed TPA on TiO,(110), in excel-
lent agreement with results obtained from NEXAFS and NC-AFM as well
as from DFT calculations [13,16]. At low coverages, the adsorption of
TPA on TiO,(110) occurs via deprotonation of both carboxyl groups

1

forming carboxylates bound to the surface Tis, sites in a monodentate
fashion (see Fig. 1). Based on the flat-lying adsorption geometry, both
15(0CO) and v,5(0CO) vibrations involve a main component of the
TDM perpendicular to the surface, which couples to the p-polarized
E, . light. As a consequence, the corresponding IRRAS bands should be
negative, as confirmed by the present IR spectra shown in Fig. 4A, B.

Upon increasing the TPA doses, the IR spectra change dramatically,
indicating that the adsorption configuration of TPA molecules is cover-
age dependent. As shown in Fig. 4C, for higher coverages, the
monodentate-related IR bands have disappeared completely. As in
case of BA (see above), the new bands at 1427 and 1498 cm™ ! are char-
acteristic for a bidentate carboxylate and are assigned to vs(OCO) and
1,5(0CO), respectively. The sign of the v,(0CO) band is negative where-
as the v,4(0CO) one is positive. A closer analysis based on the reflectivity
calculations displayed in Fig. 6B reveals a transition from flat-lying to
upright configurations of TPA molecules on TiO,(110), where TPA is
bound to the surface Tis. sites via a single bidentate carboxylate
(Fig. 1). This configuration involves a “free” apical carboxylic group
pointing away from the substrate, as supported by the observation of
an additional v(C=0) band at 1760 cm™ ' (Fig. 4C). In accord with our
DFT calculation and the IR data for carboxylic acid monomers in Ar ma-
trix [35], this band is assigned to carboxyl group in the top carboxylic
acid. Simultaneously, in the OH stretching region a new band shows
up at 3582 cm~ ' (Fig. 5C). This vibration is characteristic for the OH
group in the top carboxylic acid [35]. On the basis of the present IR re-
sults, the presence of TPA in a dianionic configuration, where the
upper carboxylic group is also deprotonated, can be definitively ruled
out. This conclusion is further supported by our DFT calculations. Inter-
estingly, we see again an OH band at 3621 cm™ !, which in an analogous
way is tentatively attributed to an additional surface hydroxyl species
formed at bridging oxygen sites, as discussed above for the BA/
TiO,(110) system.

For TPA adsorption at full monolayer, the adsorbed carboxylate
group remains in a bidenatate fashion as demonstrated by the same
C—O stretching vibrations observed in Fig. 4D. However, a new carbon-
yl v(C=0) vibration is detected at 1690 cm™~"' (Fig. 4D), while the OH
band at 3582 cm™! shows a clear decrease in intensity (Fig. 5D).
These findings reveal a significant modification in the apical carboxylic
group.

Recently, combined STM and DFT calculations [14-16] suggested
that at saturation coverage, TPA molecules undergo dimerization on
TiO,(110) via attractive intermolecular interactions within the mono-
layer. The TPA dimers prefer to adopt a plane-to-plane configuration
with a C; local symmetry, where the BTA dimer is stabilized by the for-
mation of double hydrogen bonds between the hydroxyl and carbonyl
oxygen of both apical carboxylic groups. The dimerization is accompa-
nied by mutual inclination and rotation of the adjacent TPA molecules
in order to reduce repulsive interactions between the phenyl rings
[16]. As a consequence, it is expected that both carbonyl v(C=0) and
OH stretching vibrations shift to lower frequencies. Indeed, at full
monolayer, the intensity of the OH band at 3582 cm™ ! is significantly
decreased. Note that due to broadening and intensity problems, the
red-shifted OH band in the TPA dimers was not detected in the present
IR spectra. The new carbonyl band at 1690 cm ™! (Fig. 5D) exhibits a
red-shift by 70 cm™" with respect to the one for the free carboxylic
group. This band is characteristic for the carbonyl species in a cyclic
dimer with double hydrogen bonds [36].

5. Conclusions

The adsorption of BA and TPA molecules on TiO,(110) at room tem-
perature was studied systematically by IRRAS and DFT calculations. The
high-quality IR data, in particular the observation of substrate hydroxyl
bands, provide direct spectroscopic evidence for the formation of differ-
ent adsorption configurations of BA and TPA depending on the coverage.
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It was found that both molecules adsorb dissociatively on TiO,(110) via
deprotonation forming hydroxyls at bridging O, sites and carboxylate
groups bound to the surface Tis. sites. At low coverages, the isolated
benzoate adopts a bidentate fashion in an upright geometry, while the
dissociatively adsorbed TPA molecule is bound to TiO,(110) via both
monodentate carboxylates in a flat-lying configuration. Further increas-
ing the coverage of TPA leads to a conversion from flat-lying to upright-
oriented molecules. At full monolayer adsorption of BA and TPA, dimer-
ization occurs for both molecules due to attractive intermolecular inter-
actions within the monolayer. The formation of BA dimers results from
the interaction between adjacent phenyl rings, while the TPA dimers are
stabilized by the formation of double hydrogen bonds between neigh-
boring apical carboxylic groups.
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