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A B S T R A C T

Binding of functionalized organic molecules to oxide surfaces is an important step in the rational design of molecular devices. In the present investigation, we used
synchrotron radiation photoelectron spectroscopy and near-edge X-ray absorption fine structure spectroscopy to determine the binding mode, electronic structure
and adsorption geometry of phenylphosphonic acid (PPA) on TiO2(110)–(1 × 1). We found that PPA multilayers desorb below 380 K leaving a compact PPA
monolayer adsorbed on the surface, which remains stable up to 780 K. In the 380–520 K temperature range, molecules are anchored to the surface via a single P–O–Ti
covalent bond (monodentate configuration). Furthermore, the phenyl ring is tilted ~45° with respect to the surface plane and it either forms 45° or is randomly
oriented with respect to [001] crystallographic direction. Raising the temperature above 520 K partially transforms the monodentate configuration to a mixed one-
and twofold deprotonated bidentate binding mode, presumably after surface hydroxyl groups leave the surface as water molecules. This change in molecular binding
does not alter the molecular electronic structure nor the adsorption geometry, which remain essentially unchanged.

1. Introduction

The design of new materials with applications in devices used for
the generation or storage of renewable energy is a central part of cur-
rent scientific research [1–3]. Many devices, such as photoelec-
trochemical and dye-sensitized solar cells are based on the interaction
of organic molecules with oxide surfaces. In many cases, the organic
molecule adsorption properties, such as bonding and molecular geo-
metry, influence device performance. Thus, a fundamental under-
standing of the adsorption of organic molecules on oxide surfaces is
required.

Organic molecules are tethered on oxide surfaces using various
anchoring groups such as carboxylic acids (–COOH), phosphonic acids
(–PO(OH)2) and amide groups (–NH–(C=O)–), among others [4]. Al-
though carboxylic acids are the most commonly used anchoring groups
[5], phosphonic acids show better chemical resistance and form more
stable and stronger bonds to oxide surfaces [4,5]. Therefore, there has
been new interest in the study of the adsorption of phosphonic acid-
functionalized molecules on oxide surfaces.

Recently, experimental and computational work was performed to
determine the adsorption configuration of phosphonic acid on TiO2

surfaces. Phosphonic acids can bind via one to three bonds to a sub-
strate, thus monodentate, bidentate or tridentate binding modes are

observed or calculated. For example, computational simulations show
that perylene derivatives adsorb on TiO2(110) substrates via a mono-
dentate bond [6]. On the other hand, a bidentate binding mode was
calculated for phosphonic acid molecules on the same substrate [7–9].
These differences can be understood, since the results are largely de-
pendent on the slab size and, in addition, since the binding energies for
different binding modes are quite similar [6]. Calculations combined
with 17O NMR and FTIR measurements determined that phenylpho-
sphonic acid molecules adsorb on anatase TiO2 support via a tridentate
bond [10]. The same binding configuration resulted from DRIFTS and
31P solid state MAS NMR measurements on phenylphosphonic acid
adsorbed on titania particles [11]. Other research groups could not
determine unequivocally the binding mode of the phosphonic acid-
functionalized molecules [12,13]. IR methods are challenging for ti-
tania substrates, since the relevant peaks overlap with substrate peaks
[1,14]. 31P solid NMR may also not be suitable, since important inter-
mediates cannot be resolved from each other [10,14]. Although 17O
NMR has shown to be suitable to perform qualitative and quantitative
studies on the adsorption of molecular species, single crystal surfaces
cannot be investigated applying this technique. On the contrary, X-ray
photoelectron spectroscopy (XPS) was found to be suitable to determine
the binding mode of phosphonic acid groups [1,15,16]. Wagstaffe et al.
[15] used synchrotron radiation XPS to study the adsorption of
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phenylphosphonic acid on anatase TiO2(101). From O 1s XP spectra
they propose a bidentate binding mode for low coverages (0.15 ML),
and mixed bidentate/monodentate binding modes for higher coverages
(0.85 ML).

The discrepancies highlighted above could be resolved taking into
account two important parameters, which largely influence the ad-
sorption mode, that is, the molecular coverage [14–17] and the tem-
perature [18]. Thus, in this work we studied the binding mode and
adsorption geometry of a monolayer of phenylphosphonic acid on
TiO2(110) using synchrotron radiation XPS, UV photoelectron spec-
troscopy (UPS) and near edge X-ray absorption fine structure (NEXAFS)
as a function of temperature. Our results shed new light on the un-
derstanding of the binding modes of phosphonic acid functional groups
with oxide surfaces.

2. Experimental

All measurements were performed at the Materials Science beam-
line (MSB) at Elettra-Sincrotrone in Trieste, Italy. The end-station has a
base pressure of 2 × 10−10 mbar and is equipped with a SPECS
PHOIBOS 150 hemispherical energy analyzer. The crystal temperature
was measured with a K-type thermocouple attached to the sample plate
and not directly touching the crystal. Therefore, the measured values
during heating overestimate the actual sample temperature. However,
the given temperature values were reproducible during all the mea-
surements and were corrected using a reference measurement, with
thermocouples glued directly to the crystal that we performed in a
follow-up beamtime. The corrections applied assume a linear deviation
over the whole temperature range, yielding an estimated uncertainty of
50 K at the highest temperature of 780 K. Prior to each experiment, the
TiO2(110) crystal (CrysTec GmbH Kristalltechnologie) was cleaned by
several cycles of sputtering (Ar+, 1 kV, 2×10−6 mbar) and annealing
(800 – 850 K). After removing from the UHV chamber, the sample had a
light blue color. The expected (1 × 1) structure after vacuum annealing
was confirmed by LEED. Phenylphosphonic acid was deposited onto a
TiO2(110) single crystal by evaporation in ultrahigh vacuum (UHV)
using a Knudsen cell (Tevap = 130–140 °C), while the sample was kept
at room temperature.

The intensity of the photoelectron spectra was normalized to the
incident photon flux. The spectra were measured with photon energies
(energy resolutions in brackets) of 43 eV (0.19 eV) for the valence band,
230 eV (0.39 eV) for the P 2p region, 380 eV (0.50 eV) for the C 1s
region, 650 eV (0.50 eV) for the O 1s region and 650 eV (0.80 eV) for
the Ti 2p region. All peaks were aligned to lab-source x-ray photo-
electron spectroscopy measurements (Al Kα) performed at the MSB; this
resulted in the main carbon peak at 285.1 eV. We rule out significant
beam damage as successive measurements of the same spot did not
show any changes. The NEXAFS spectra at the C K-edge were taken
using C KLL Auger yield and while the NEXAFS spectra at the P L2,3-
edge were taken using P LMM Auger yield. The polarization of light
from the bending magnet beamline has not been measured but is be-
lieved to be 90% linear. The energy resolution was estimated to be
0.23 eV for the C K-edge and 0.15 eV for the P L2,3-edge. The usual
normalization to the photocurrent provided by the gold mesh was not
valid for carbon absorption spectra due to the contamination of the X-
ray optical elements of the beamline. Therefore, the C K-edge spectrum
was normalized by the intensity of the Ti 3p peak of the TiO2(110)
surface taken at the same photon energy range. This method is sensitive
to photoemission features travelling through the regions of the Auger
lines and we corrected for this using a clean-up procedure described
elsewhere [19].

3. Results and discussion

Fig. 1 shows C 1s, Ti 2p and P 2p XP spectra obtained after de-
positing a phenylphosphonic acid (PPA) multilayer (~2.7 monolayers)

on a freshly prepared TiO2(110)–(1 × 1) surface at room temperature,
followed by incremental annealing steps. Annealing of the PPA multi-
layer from 340 to 380 K results in an increase of the Ti 2p signal
(459.3 eV), while the C 1s (285.1 eV) and P 2p (133.6 eV) signals de-
crease, indicating multilayer desorption; notably, the P 2p signal shifts
to lower binding energy by 0.4 eV. The remaining coverage is assigned
to one monolayer, which corresponds to the saturated first layer of
adsorbed molecules. Subsequent annealing to higher temperatures does
not significantly modify the peak intensities and binding energy posi-
tions. This indicates that the monolayer film is stable up to 780 K.

The left panel of Fig. 2 shows the corresponding high-resolution
O 1s XP spectra, which can be used to obtain information regarding the
binding mode of the molecule to the surface. Spectra were measured
using a photon energy of 650 eV, which corresponds to 120 eV kinetic
energy, enabling highly surface sensitive measurements.

As we will discuss in detail below, the O 1s spectra are composed of
a low binding energy peak at 530.4 eV, due to the substrate oxygen
atoms, and three higher binding energy peaks at 531.6, 532.7 and
533.8 eV, arising from the different binding configurations. Annealing
at 400 K for 1 min results in a decrease of the high binding energy
components and simultaneous increase of the substrate component,
which is attributed to multilayer desorption. In line with the tempera-
ture-dependent behavior of the C 1s, Ti 2p and P 2p spectra shown in
Fig. 1, the total intensity of the O 1s spectra remains constant with
further annealing steps. However, changes in the relative intensities of
the high binding energy components are observed. As we will see
below, they are due to changes in the binding mode with temperature.

It is useful to rationalize the relationship between the binding mode
and the XPS intensities of the different O 1s spectral components before
discussing the changes observed in Fig. 2. Phosphonic acids can be
covalently attached to oxide surfaces in different configurations as

Fig. 1. Ti 2p, C 1s and P 2p XP spectra of phenylphosphonic acid deposited on a
freshly prepared TiO2(110)–(1 × 1) followed by incremental annealing steps.
Clean surface spectra are shown for comparison. The excitation energy was
650 eV for Ti 2p, 380 eV for C 1s, and 230 eV for P 2p.
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illustrated in the scheme of the right panel of Fig. 2 [4,16]. Mono-
dentate configurations imply the formation of one P–O–Ti bond to the
surface, after deprotonation of a P–OH group and the formation of a
Ti–OH surface group. In the onefold deprotonated bidentate config-
uration, an additional P–O–Ti bond is formed from the P=O group,
resulting in two P–O–Ti bonds and one Ti–OH group. In the twofold
deprotonated bidentate configuration, both P–OH group are deproto-
nated resulting in two P–O–Ti and two Ti–OH bonds, with the P=O
bond still intact. Finally, in the tridentate configuration three P–O–Ti
bonds and two Ti–OH surface groups are formed.

According to literature, these different oxygen-containing species/
groups have different O 1s XPS binding energy positions. Overall, apart
from uniform shifts, the observed values are in good agreement
(±0.2 eV) with the values observed for various phosphonic acid-con-
taining compounds on different oxide surfaces. [15,16,20–24] Notably,
the peaks observed by Wagstaffe et al. [15] on anatase TiO2(101) show
the same separation but all are observed at 0.5 eV lower binding en-
ergy. From this agreement in peak separation, we make the following
assignment: the peak at 533.8 eV corresponds to P–OH, the one at
532.7 eV to P=O, and the peak at 531.6 eV to the overlapping signals

of P–O–Ti and Ti–OH. Noteworthy, in an earlier study using a lab-
source only three peaks could be resolved [25], which we attribute to a
lower energy resolution. The different binding configurations have
different relative O 1s XPS component intensities, as illustrated in the
schematic spectra in the right panel of Fig. 2. From high to low binding
energy, the intensity ratios of the O 1s components are 1:1:2 for
monodentate, 1:0:3 for onefold deprotonated bidentate, 0:1:4 for two-
fold deprotonated bidentate, and 0:0:5 for tridentate.

After these considerations, we can put the focus again on the
monolayer O 1s XP spectra in the temperature range from 430 to 610 K
in Fig. 2, and Table 1. The spectra in the 430–520 K range are identical
and can be fitted with the three components shown in the right panel of
Fig. 2, in addition to the substrate component at 530.4 eV [26]. The fit
in left panel of Fig. 2 results in a 1.0:1.0:2.1 intensity ratio for the P–OH
: P=O : (P–O–Ti + Ti–OH) components, indicating that the binding
mode of the phenylphosphonic acid monolayer in the 430–520 K range
is the dominated by the monodentate configuration.

Annealing to 580 to 610 K changes the intensity of the different
components in the O 1s spectra. Overall, the high binding energy
shoulder (P–OH + P=O) decreases, while the P–O–Ti/Ti–OH peak

Fig. 2. Left panel: High resolution O 1 s XPS spectra of phenylphosphonic acid deposited on TiO2(110)–(1 × 1), followed by incremental annealing steps using a
photon energy of 650 eV. Right panel: Schematic sketch of the different binding configurations of phosphonic acids to oxide surfaces with the corresponding
schematic XP spectra.
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remains constant and the substrate intensity increases. Despite de-
creasing, the relative contributions of P–OH and P=O remain very si-
milar, yielding a ratio of 1.3:1.0:5.8 for the P–OH : P=O :
(P–O–Ti + Ti–OH) components. There are two possible explanations
for this behavior. (1) Considering an equal mixture of onefold and
twofold deprotonated bidentate species, would give a ratio of 1:1:7,
which roughly agrees with the observed ratio. (2) Alternatively, an
equal mixture of monodentate and tridentate species would also yield a
ratio of 1:1:7. The intensity ratio of 1.3:1.0:5.8 can thus be rationalized
as follows: It is know from literature that in this temperature range,
–OH groups present at defect sites on the surface form water and desorb
from the surface [27–29]. This would result in a decrease of the Ti–OH
contribution to the O 1s spectra. Furthermore, the substrate signal is
expected to increase as –OH groups leave the surface, which is indeed
observed. Hence, this could free surface sites and thus be the driving
force for the formation of bidentate species or in general species with a
higher binding order. Thus, for both processes, some surface hydroxyl
groups desorb as water, freeing up required surface sites and reducing
the ratio from the expected 1:1:7 to the value observed (1.3:1.0:5.8).
We favor the assignment as mixed bidentate layer, as will be outlined
below.

The bidentate binding modes have already been proposed for si-
milar molecules on TiO2(110) [8,9]. Pang et al. [8] deposited methyl
phosphonate onto TiO2(110). From DFT calculations, they propose that
the monodentate and the onefold deprotonated bidentate species relax
towards a twofold deprotonated bidentate species. Skibinski et al. [9]
investigated phenylphosphonic acid on TiO2(110) by DFT calculations
and reported a bridged twofold deprotonated bidentate species. The
phenyl ring of this species is tilted with respect to the surface.

The formation of a tridentate species cannot be fully ruled out from
our data, but is considered less likely: Theoretical calculations by
Luschtinetz et al. show that phosphonic acids do not prefer to bind in a
tridentate configuration on ideal rutile TiO2(110) surfaces [7]. This is
attributed to the fact that this configuration three oxygen atoms in the
phosphonic acid group bind to three different surface Ti atoms. On the
ideal surface, the rows of Ti atoms are separated by elevated O atoms
rows which sterically hinder the formation of the third bond [7]. No-
tably, the situation could be different at defect sites on the surface. On
the other hand, the authors also claim that both bidentate species are
energetically favoured, and have similar stability, which supports the
approximate 1:1 ratio of both species.

In the above discussion, we showed that the binding of phosphonic
acid monolayers to TiO2(110) changes with temperature. Between 430
and 520 K, we observe a monodentate species. Annealing to higher
temperatures transforms the monodentate species into a mixed bi-
dentate species, possibly as surface hydroxyl groups partially desorb as
water freeing up the required surface sites. To determine how the
molecular electronic structure is affected by these changes, we mea-
sured valence band photoemission spectra with 43 eV photon energy.
Fig. 3 shows data for the clean substrate, the phenylphosphonic acid
multilayer (300 K), the monolayer of monodentate species (380–460 K)
and the mixed bidentate (or monodentate plus tridentate) species
(540–780 K). The bottom spectrum of clean TiO2(110)–(1 × 1) shows a
broad O 2p band from 3 to 9 eV and a peak at ~1 eV, which has been
identified as defect state (for a detailed discussion see literature)

[30–34]. The multilayer spectrum shows distinct molecular states at
17.5, 13.9, 9.7 and 4.5 eV, with the O 2p band of the substrate strongly
being damped. A detailed assignment of these peaks cannot be provided
without calculations, in particular, since each of the peaks is composed
of several molecular levels. The spectra corresponding to the mono-
dentate and mixed bidentate (or mono- and tridentate) monolayer are
very similar. The molecular states at 17.5, 13.9 and 9.7 eV are well
pronounced, and the much less damped O 2p band broadens towards
low binding energy due to its overlap with the molecular state at 4.5 eV.
Finally, the defect state at ~1 eV is still present in the monolayer
spectra but with a lower relative intensity.

The right panel of Fig. 3 shows the NEXAFS P L2,3-edge spectra of a
monolayer of PPA annealed at 380 and 780 K. The spectra are nearly
identical to the spectra measured after the adsorption of phosphonic
acid functionalized porphyrin molecules on rutile TiO2(110) surfaces
[16]. However, it shows small differences with the reference spectra of
pure phenylphosphonic acid [35]. This indicates that the electronic
environment of the P atom changes upon adsorption on the TiO2(110)
surface in line with the formation of a covalent bond discussed above.

The VB spectra discussed above provide information regarding the
occupied electronic states, whereas the unoccupied electronic states can
be assessed using NEXAFS data. Fig. 4 shows the C K-edge NEXAFS
spectra of PPA on TiO2(110) annealed to 380 K for 1 min, which forms a
monodentate monolayer as discussed above. Measurements were per-
formed using two different azimuthal angles, 0° and 90°, with respect to
the [001] crystallographic direction and five different polar angles,
with respect to the surface normal. Note that a polar angle of 0° implies
normal photon incidence (electric field vector parallel to the surface)
and a polar angle of 80° implies grazing photon incidence (electric field
vector close to perpendicular to the surface). The NEXAFS spectra in
Fig. 4 show five well-defined peaks due to electronic transitions from
the C 1s core level to different unoccupied molecular orbitals. The low
photon energy peak at 284.9 eV (a) is assigned to a π* resonance. The
peak at 288.6 eV (c) is due to a mixture of Rydberg and eCH σ*
transitions [15], whereas the peaks at 290.7 (d) and 293.2 eV (e) are
due to σ* resonances. The small feature present at 286.9 eV (b) in all

Table 1
O 1s peak positions of substrate and adsorbate signals (with an error of
±0.1 eV), and their relative contributions to the total signal.

P–OH P=O Ti–OH / P–O–Ti TiO2

Binding Energy 533.8 eV 532.7 eV 531.6 eV 530.4 eV
FWHM 1.19 eV 1.19 eV 1.19 eV 1.18 eV
Contribution to O 1s signal:
430–520 K 15% 15% 31% 39%
580–610 K 7% 5.5% 32% 55.5%

Fig. 3. The left panel shows valence band spectra of TiO2(110) and a monolayer
of PPA prepared on TiO2(110) followed by incremental annealing steps. In the
right panel NEXAFS P L2,3-edge spectra of a monolayer of PPA annealed at 380
and 780 K.

J. Köbl, et al. Surface Science 698 (2020) 121612

4



the spectra has been previously observed after the adsorption of phe-
nylphosphonic acid on rutile surfaces and was assumed to be substrate-
related [15]. Here, we should mention that the above spectra display
the same transitions as those observed when PPA is adsorbed on anatase
TiO2 surfaces [15].

C K-edge NEXAFS measurements were also carried out after an-
nealing to 650 or 780 K, for a mixed bidentate monolayer; see Fig. 5.
Overall, the spectra are very similar to that of the monodentate
monolayer in Fig. 4. This is in complete agreement with the VB data and
shows that the changes in the binding mode do not have a significant
influence on the unoccupied electronic structure.

The angular dependence of the π* resonance intensity gives in-
formation regarding the molecular orientation of the phenyl ring.
Maximum intensity is observed when the electric field of the radiation
is perpendicular to the phenyl ring; on the other hand no intensity is
observed, when the electric field is parallel to the ring [36]. Fig. 6
shows the area of the π* transition as a function of polar incidence
angle for both azimuthal angles, for a monolayer of monodentate
(380 K) and mixed bidentate (spectra at 650 and 780 K). After nor-
malizing to the edge jump, the data was fitted using the π* intensity
dependence on polar angle for twofold symmetry substrates considering
the four molecular domains arising from the two possible azimuthal
angles and polar tilt angles of the phenyl ring [16,37]. Fitting yields a
polar tilt angle of 45° with an azimuthal angle of 42° for the mono-
dentate monolayer (380 K) and a polar tilt angle of 44° with an azi-
muthal angle of 45° for the mixed bidentate (or mono- and tridentate)
monolayer (650–780 K). The fitting procedure was performed following
the procedure from Ref. [37] In line with the unchanged electronic
structure, the molecular orientation does not change (within the margin
of error) when a monodentate monolayer of phenylphosphonic acid is
annealed to form a mixed bidentate layer. Notably, for the onefold
deprotonated bidentate, a polar tilt angle of ~40° is estimated from
Fig. 8 in Ref. [9]. For comparison, we note that 0.85 ML of phenyl-
phosphonic acid adsorbs on anatase TiO2(101) surfaces at room tem-
perature with a phenyl ring tilted 65° with respect to the surface plane

Fig. 4. NEXAFS C K-edge spectra of a PPA monolayer annealed to 380 K for
different polar angles and for two different azimuthal angles of the incoming
radiation. Normal incidence corresponds to 0° incidence angle and grazing in-
cidence to 80°. The left panel shows the spectra for 0° azimuthal and the right
panel for 90° azimuthal with respect to the [001] direction.

Fig. 5. NEXAFS C K-edge spectra of a PPA monolayer annealed to 780 or 650 K
for different polar angles and for the different azimuthal angles of the incoming
radiation respectively. Normal incidence corresponds to 0° incidence angle and
grazing incidence to 80°. The left panel shows the spectra for 0° azimuthal and
the right panel for 90° azimuthal with respect to the [001] direction.

Fig. 6. Intensity of the π* transition as a function of incidence polar angle for
PPA monolayers annealed to 380 and 780/650 K and two azimuthal angles.
Data was taken from Figs. 4 and 5. Full lines are fittings using the equation for
twofold substrates taking into account four possible molecules domains. The
dashed lines are additional fit curves with a polar angle of ±5° in comparison to
the red fit curve. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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[15]. Thus, similar to the present study, the molecules are neither flat
lying nor fully standing up, but slightly tilted. Finally, we should
mention that a 45° azimuthal angle on twofold symmetry substrates
could indicate that either the molecules form 45° with respect to the
[001] crystallographic direct or that the azimuthal orientation of the
molecules is random. This latter case could be due to the rotation of the
phenyl ring with respect to the phosphorous atom.

4. Conclusions

Phenylphosphonic acid multilayers desorb from rutile TiO2(110)
surfaces at around 380 K leaving a compact monolayer film that re-
mains stable up to 780 K. Two different binding configurations are
observed as a function of temperature. In the 430–520 K temperature
range, molecules are attached to the surface via a single P–O–Ti che-
mical bond (monodentate configuration). Increasing the temperature
results in the formation of two coexisting bidentate species, which are
presumably formed when surface sites become available after the des-
orption of hydroxyl groups as water and after sufficient thermal energy
is provided to overcome the activation barrier. Both monolayers possess
essentially the same electronic structure with molecules tilted 45° with
respect to the surface and with either a random azimuthal orientation
or a 45° one. Our results indicate that phosphonic acid functional
groups bind to TiO2(110) surfaces forming strongly bond bidentate
configurations.
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