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ABSTRACT: We studied the adsorption geometry and
bonding of mono- and tetraphosphonic-acid-functionalized
tetraphenylporphyrin molecules on rutile TiO,(110) surfaces.
The investigation was carried out by means of X-ray
photoelectron spectroscopy and near edge X-ray absorption
fine structure (NEXAFS) measurements. We found that the
molecules bind covalently to the surface in a mixed
monodentate and bidentate mode implying deprotonation
of one or two phosphonate hydroxyl groups. Our NEXAFS
data suggest that molecules containing one functional
phosphonic acid group are on average tilted further away
from the surface than molecules with four functional groups.

The highest occupied electronic state of both molecules is in the band gap at 2.1 eV below the Fermi level. Our results
demonstrate that the number of functional phosphonic acid groups determine the adsorption geometry of

tetraphenylporphyrins.

B INTRODUCTION

Production of energy from renewable sources, driven by the
growing energy demand and global warming, is at the forefront
of current scientific research. As solar energy is the most
abundant renewable energy source, a number of photovoltaic
technologies have been developed to generate electric power
after the absorption of photons. Presently, the dominant
photovoltaic cells employed are based on silicon." However,
there are alternative developments with comparable or higher
efficiencies based on dye-sensitized solar cells (DSSCs)” and
perovskite solar cells.” DSSC-based photovoltaic devices have
been studied extensively,” because they offer a flexible
technology with a reasonable sunlight to electric power
conversion efficiency and low-cost production.5

DSSCs are based on light-harvesting sensitizer molecules
adsorbed on wide-band-gap semiconductors such as TiO,.
Porphyrin molecules are efficient sensitizers for DSSCs due to
the strong absorption in the visible region, good photostability,
and facile tuning of their electronic structure.® The molecules
can be attached to the TiO, surface using different anchoring
groups. The most commonly employed groups are carboxylic
acids; however, phosphonic acids are also used as an
alternative,” in particular, because of their strong bond to the
surface. The anchoring mode and adsorption geometry of the
molecules could limit charge transfer and charge recombina-
tion at the molecule/semiconductor interface and thus the
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overall light-to-electron conversion efficiency.”~"" Therefore, a
fundamental understanding of the molecular and electronic
structure of porphyrins adsorbed on TiO, surfaces is required.

The interaction of porphyrin molecules with metal and well-
defined oxide surfaces has been studied extensively.'””"
Furthermore, there are recent fundamental studies on the
adsorption of carboxylic-acid-functionalized porphyrins on
TiO, single-crystal surfaces but none on the adsorption of
phosphonic-acid-functionalized molecules. These studies show
that the adsorption geometry depends on the number and
position of the anchoring groups, and in some cases on the
molecular coverage.'®”" Porphyrins with one carboxylic acid
functional group bind covalently to TiO,(110) rutile surfaces
after the carboxylic acid group has deprotonated. Raising the
temperature to 600 K results in decomposition of the
anchorinég group while the macrocycle remains intact on the
surface.'® At low coverages, molecules with one carboxylic acid
functional group are flat-lying on TiO,(110)-2 X 1, whereas at
monolayer coverage they are upright standing.'” A similar
behavior is observed when Zn protoporphyrins are adsorbed
on TiO,(110) surfaces.'® The molecules bind covalently after
deprotonation of the carboxylic acid functional groups at room
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temperature. Also, at low coverages they adsorb with the
macrocycle largely parallel to the substrate, whereas at
monolayer coverage they reorient to an upright standing
adsorption geometry. Zn tetraphenyl porphyrins with two
carboxylic acid functional groups in a trans configuration
adsorb with the macrocycle parallel to the surface. In this case,
covalent bonds between the molecule and the surface are
formed only after annealing.'” Cu tetraphenyl porphyrins with
four carboxylic acid functional groups adsorb with the
macrocycle parallel to the TiO,(110) substrate in two
configurations that differ in the orientation with respect to
the bridging oxygen rows.””*'

In this work, we investigated the bonding modes and the
adsorption geometry of porphyrins functionalized with one or
four phosphonic acid anchoring groups on rutile TiO,(110).
Specifically, we studied the adsorption of S5-mono(4-
phosphonophenyl)-10,15,20-triphenyl porphyrin (MPTPP)
and meso-tetra(4-phosphonophenyl) porphyrin (TPPP) mol-
ecules (Figure 1). We used synchrotron radiation X-ray
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Figure 1. Molecular structure of the mono- and tetraphosphonic-acid-
functionalized porphyrin molecules. MPTPP: S-mono(4-phosphono-
phenyl)-10,15,20-triphenyl porphyrin and TPPP: meso-tetra(4-
phosphonophenyl) porphyrin.
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photoelectron spectroscopy (XPS) to determine the bonding
modes and the occupied molecular electronic states. We also
employed near edge X-ray absorption fine structure (NEX-
AFS) measurements to determine the molecular orientation.
Our results highlight the importance of the number of

functional groups on the molecular orientation of adsorbed
porphyrin molecules.

B EXPERIMENTAL METHODS

The synchrotron-based XPS and total-electron-yield NEXAFS
measurements were carried out at the Brazilian Synchrotron
Light Source (LNLS), Campinas, Brazil, using the Photo-
emission End Station of the planar grating monochromator
(PGM) beamline with a base pressure of 2 X-107'° mbar. All
spectra were normalized to the photon flux measured using a
gold mesh. The rutile TiO,(110) single crystals were cleaned
in vacuum by sputtering and annealing. The clean crystals were
then transferred into air and immediately brought into contact
with 0.1 mM MPTPP or TPPP solutions in ethanol for 1 min.
After removal from the solutions, the samples were rinsed
rigorously in a stream of 25 mL ethanol from a syringe. To
minimize the nonvolatile residue deposited on the TiO,(110)
crystal as the ethanol used for rinsing evaporates, as much
ethanol as possible was blown off the sample using an argon jet
before the remaining thin film of ethanol was allowed to
evaporate from the sample. Thereafter, the samples were
immediately transferred back into UHV. Here, we note that
exposure of TiO,(110) surfaces to air should result in the
adsorption of carboxylic acids present in air in parts per
billion.”> However, we expect these adsorbates to be replaced
by porphyrin molecules in solution. Porphyrin coverages are
based on the N 1s to Ti 2p ratios, using a free base 5,10,15,20-
tetraphenyl porphyrin (2HTPP) monolayer, obtained by
multilayer desorption, as reference. Thus, one monolayer
corresponds to the amount of nitrogen equivalent to a flat-
lying layer of 2HTPP on TiO,(110).”

B RESULTS AND DISCUSSION

The N 1s, P 2p, and O 1s spectra obtained by synchrotron-
based XPS after adsorption of 0.9 ML of MPTPP and 0.7 ML
of TPPP on TiO,(110) are shown in Figure 2. N 1s was
measured with a photon energy of 500 eV, P 2p with 270 eV
and O 1s with 650 eV. The N 1s spectra show the
characteristic two peaks of metal-free porphyrins at 400.0
and 398.0 eV, due to the aminic (—NH—) and the iminic (=
N-) nitrogen atoms in the macrocycle.”* In principle, we
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Figure 2. N 1s, P 2p, and O 1s synchrotron-based XPS spectra measured after the adsorption of 0.9 ML MPTPP and 0.7 ML TPPP on rutile

Ti0,(110).
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expect peaks of equal intensities. However, the aminic
component is slightly larger. This has been previously assigned
to protonated porphyrin diacid molecules, formed after the
iminic nitrogen atoms capture protons from hydroxyl groups
present on the surface.”>** Smaller effects, on the order of
10%, have also been observed in multilayers, due to the shake-
up satellite of the iminic nitrogen atoms overlapping with the
main peak of the aminic nitrogen atoms.

The P 2p spectra show the expected spin-orbit-split doublet
of a single species, with the P 2p;/, component at 133.4 eV and
the P 2p,,, component at 134.3 eV, in agreement with
phosphorous in phosphonic acid adsorbed on TiO,.”” Both O
1s spectra show a large signal at 530.3 eV, due to the substrate
oxide peak, and a high-binding-energy shoulder, caused by the
oxygen atoms of the phosphonate group. This shoulder can be
fitted with three additional peaks of identical shape. These
three peaks have previously been ascribed to P-OH and P=0
of intact Ehosphonic acid at 533.9 and 532.7 eV,
respectively,”® " in addition to linking oxygen atoms (P—
O-Ti) and surface hydroxyl groups (Ti—OH) overlapping at
5314 eV.””’" This later contribution can be seen after
exposure of TiO,(110) to water vapour.” Figure 3 illustrates
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Figure 3. Bonding modes of phosphonic-acid-functionalized mole-
cules on oxide surface together with their expected schematically
sketched O 1s XPS spectra.

schematically how the ratios between these three components
are expected to change depending on the binding motif of the
phosphonic acid linker group.”” > The ratios we observe,
from high to low binding energies, are 0.4:1:2.2 for MPTPP
and for TPPP, which is in agreement with a mixture of 40%
monodentate and 60% bidentate and a loss of protons to the
solution. This assignment is, however, only tentative, especially
for the four-fold functionalized TPPP molecule. For TPPP, a
non-flat-lying adsorption geometry would result in at least two
of the phosphonic acid groups pointing away from the surface,
which are therefore not involved in chemical bonding.

Furthermore, these groups could be deprotonated (with a
counter ion). In addition, the low attenuation length at the 100
eV kinetic energy of the O 1s photoelectrons would result in a
larger damping of the signal from the groups forming the bond
to the surface. All this combined makes the unambiguous
determination of the binding mode by XPS not possible.

The binding mode of phosphonic acid functional groups on
TiO, depends on the surface coverage and on the structure of
the underlying substrate.”***”** For instance, on anatase
TiO,(101) the tridentate mode does not form,* and thus
phenyl and alkyl phosphonic acid adsorb at low coverage in a
bidentate mode and at high coverage in a mixed monodentate
and bidentate mode.””** On anatase TiO,(001), however, the
bidentate and tridentate modes are both stable.*® The situation
is also different on rutile TiO,(110), where methyl phosphonic
acid is adsorbed in a bidentate mode at 0.5 ML.” The
tridentate adsorption mode is typically assigned on the basis of
the disappearance of the —P=0 IR signal.”’ However, IR
alone should not be used to determine the binding mode as
adsorption on TiO, results in a considerable shift of the —P=
O stretching frequency to a lower wave number overlapping
with other signals. Thus, its disappearance cannot be used to
assign a particular binding mode.”® Indeed, density functional
theory (DFT) calculations show that the tridentate mode is
energetically unfavorable on both rutile TiO,(110) and anatase
TiO,(101) because of the molecular strain induced by the
distance between the Ti rows.”**>*' This suggests that the
tridentate mode should not be present in our experiments,
which supports our assignment of a mixture of 40%
monodentate and 60% bidentate for the MPTPP layer. As
discussed above, for TPPP the assignment is only valid if the
molecule is flat-lying.

Figure 4 shows the N K-edge NEXAFS spectra for different
photon incidence angles after deposition from solution of
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Figure 4. 0.9 ML MPTPP and 0.7 ML TPPP N K-edge NEXAFS
spectra measured at different angles between the crystal surface
normal and the photon propagation direction.

MPTPP (left panel) and TPPP (right panel) on TiO,(110).
All the spectra were recorded with the electric field vector
aligned along the [001] direction. The photon incidence angle,
@, was varied between 0° (normal incidence) and 70° (grazing
incidence), varying the polar angle of the electric field vector
with respect to the surface normal between 90° (normal
incidence) and 20° (grazing incidence).

The N K-edge NEXAFS spectra show seven peaks labeled
a—g. The peaks at 398.5 (a), 400.5 (b), 401.7 (c), 402.7 (d),
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and 403.7 (e) eV are assigned to transitions from the iminic N
1s and the aminic N 1s to different #* orbitals in the porphyrin
ring.** Furthermore, the spectra contain two broad peaks at
approximately 408 (f) and 417 (g) eV due to transitions to o*
orbitals.”” Finally, the spectra display a peak at 399.3 (a’) €V,
which is not present in the free-base porphyrin without the
functional groups, and we therefore suggest that it is due to 7*
transitions in the protonated molecules present on the surface.

The intensity of the N 1s to #* transitions depends on the
orientation of the electric field vector of the polarized radiation
relative to the transition dipole moment. Hence, information
on the molecular orientation can be deduced from the angular
dependence of the 7* peaks.” For aromatic rings, the N 1s to
m* transition is polarized perpendicular to the molecular plane,
and thus maximum intensity is observed when the electric field
vector is perpendicular to the molecular plane. The opposite is
true for N 1s to o transitions: maximum intensity is observed
when the electric field vector is parallel to the molecular plane.
Figure 4 shows that for MPTPP the z* intensity increases and
the o* intensity decreases as the photon incidence angle
decreases, suggesting an upright standing macrocycle. The
opposite behavior is observed for TPPP, where the 7* intensity
decreases and the o* intensity increases as the photon
incidence angle decreases, which suggests an adsorption
geometry with the macrocycle closer to the surface.

Figure 5 shows the quantitative analysis of the angular
dependence of the 7* resonance at 398.5 eV, for MPTPP (red)
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Figure S. Angular dependence of the 7* transitions of the nitrogen K-
edge of MPTPP and TPPP on TiO,(110). The solid lines represent
the fits for the range of azimuthal orientations producing a good fit to
the data. This yields upper and lower limits on the polar angles of the
molecules of 75° + 15° for MPTPP and 50° + 15° for TPPP. The
dashed red line corresponds to an azimuthal angle of 70° and a polar
angle of 90°.

and TPPP (blue) adsorbed on TiO,(110), based on the
spectra in Figure 4. Ideally, for two-fold symmetry substrates
such as TiO,(110), angle-resolved NEXAFS should be
recorded using at least two different azimuthal incidence
angles. However, the data in Figure 4 were acquired at only
one azimuthal incidence angle. This imposes some limitations
concerning the unequivocal determination of the polar and
azimuthal orientation of the molecule. Nevertheless, it is
possible to determine upper and lower limits on the polar
angles of the molecules, by fitting the data for all possible
azimuthal orientations and extracting only those producing an
acceptable fit to the measured data. If the molecules are not
aligned along the surface normal and the high-symmetry

direction of the substrate, then one gets four domains which
were used to fit the data. The angular dependence of MPTPP
can only be fitted for azimuthal angles between 0° and 60°,
yielding polar angles ranging from 60° to 90°. Increasing the
azimuthal angle beyond 60° results in a significantly worse fit
to the measured data, as illustrated by the dashed red line in
Figure S corresponding to an azimuthal angle of 70° and a
polar angle of 90°. TPPP can be fitted for any azimuthal angle,
resulting in polar angles between 35° and 65°. This means that,
despite having only measured at one azimuthal angle, we are
still able to give a range of possible polar angles for the two
molecules: 75° + 15° for MPTPP and 50° + 15° for TPPP.
The angle of 75° deduced for MPTPP is in good agreement
with the reported angles (65—80°) for phenyl phosphonic acid
on indium oxide,* zinc oxide,”” and anatase TiO,(101)
surfaces.”” This suggests that MPTPP could grow in islands of
upright-standing molecules at a coverage of 0.9 ML, where the
surface could still accommodate all molecules in a flat-lying
geometry. For TPPP, the range of possible angles include 35°,
which is the angle observed for flat-lying tetraphenyl porphyrin
molecules because of their saddle-shape distortion, with two
opposing pyrrole rings pointing upward and the other two
down toward the surface.”® The distorted structure deduced
from DFT can be found elsewhere.*” It is thus entirely possible
that TPPP at 0.7 ML adsorbs in a flat-lying configuration with
all four phosphonic acid groups bonded to the surface. Such a
flat-lying configuration would also explain the absence of intact
phosphonic acid groups in the O 1s spectrum. Notably, the
valence band spectra discussed below also suggest that the
TPPP macrocycle could be interacting with the surface, in line
with a flat-lying adsorption geometry.

Figure 6 shows the P L, ; edge NEXAFS spectra of MPTPP
and TPPP on TiO,(110). The spectra show peaks at 133.5 (a),

P-L,, edge
Cc

MPTPP

T T T 71
130 135 140 145 150
photon energy (eV)

Figure 6. P L, ; edge NEXAFS spectra of 0.9 ML MPTPP and 0.7 ML
TPPP adsorbed on TiO,(110).

134.5 (b), 138.5 (c), and 148.5 (d) eV. The peaks at 133.5 and
134.5 eV are due to transitions from 2p;,, and 2p,,, into the
first unoccupied antibonding state with 3s character. The peak
at 138.5 eV corresponds to a transition into an antibonding
state with mixed character, and the peak at 145.8 eV to a
transition into an antibonding state with 3d character.”® These
peaks are observed for a broad range of inorganic and organic
phosphorous containing compounds, and their relative
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positions and intensities depend on the local electronic
environment of the P atom.”™*’ Therefore, the P L, edge
NEXAFS spectra can be used for the speciation of P-
containing organic compounds. Notably, the spectra in Figure
6 differ from the reference spectrum of phenyl phosphonic acid
as this latter one has extra peaks at 136.5 and 137.4 eV.** This
indicates that the electronic environment in the P atom
changes when the molecule binds to the surface, which is in
line with the phosphonic acid deprotonation and with the
formation of new —Ti—O—P— bonds as suggested by XPS.
It is also important to determine whether the number of
phosphonic acid functional groups causes a change in the
electronic structure of the adsorbed molecules. Figure 7 shows

valence band
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Figure 7. Valence-band photoemission spectra corresponding to the

clean TiO,(110) rutile surface (bottom) and to MPTPP (blue) and
TPPP (red) adsorbed on TiO,(110).

the valence band spectra measured at the synchrotron using a
photon energy of 100 eV. The bottom spectrum corresponding
to the clean TiO,(110) rutile surface shows a broad O 2p band
from 3.4 to 10 eV, in excellent agreement with previous
reports.”’ Furthermore, the spectrum also shows a band-gap
state about 0.9 eV below the Fermi level, which has been
assigned to a Ti®* defect state due to the presence of oxygen
vacancies.”’ The blue and red spectra correspond to MPTPP
and TPPP adsorbed on TiO,(110), respectively. The spectra
show four clearly resolved peaks at 2.1, 10.5, 13.7, and 17.6 €V,
due to photoemission from different molecular orbitals.
Furthermore, the change in the shape of the O 2p bands
observed in both spectra suggests that there are other
molecular electronic states overlapping with the substrate
band. The highest occupied molecular orbital (HOMO) is
located in the band gap at 2.1 eV below the Fermi level and
corresponds to an electronic state with high electronic density
at the macrocycle.”> Notably, we also observe this state after
adsorption of the same molecule replacing the phosphonic acid
group with a carboxylic acid group. Finally, the Ti** defect
state of the substrate at 0.9 eV is attenuated, but still present
after adsorption of the molecules.

Finally, we should note that for MPTPP the HOMO peak
(blue spectrum in Figure 7) is a very well-defined sharp peak,
whereas for TPPP is a broader peak. Tentatively, one could
attribute the broadening to an interaction of the HOMO with
the substrate. Given that this electronic state has the largest
electronic density at the macrocycle, the different shapes
observed in the valence band are in line with upright standing

MPTPP molecules and flat-lying TPPP molecules as suggested
by the NEXAFS data discussed above.

B CONCLUSIONS

Phosphonic-acid-functionalized tetraphenyl-porphyrin mole-
cules adsorb from solution on rutile TiO,(110) single-crystal
surfaces in a mixed monodentate and bidentate bonding
configuration. Molecules with one phosphonic acid functional
group adsorb with the macrocycle tilted 75° + 15° with respect
to the surface, consistent with a mostly upright-standing
bidentate anchoring mode. Increasing the number of
phosphonic acid groups to four results in a decrease in the
macrocycle tilt angle to 50° + 15°. Notably, the uncertainty
arising from our limited data set includes an angle of 35°,
which would be in line with a flat-lying macrocycle, exhibiting
the saddle-shape deformation observed for flat-lying tetra-
phenyl porphyrin molecules. The HOMOs of MPTPP and
TPPP are located in the band gap at 2.1 eV below the Fermi
level, and the broadening observed in the TPPP HOMO is
compatible with a macrocycle interacting with the substrate.
Our results highlight the importance of the number of
anchoring groups on the properties of adsorbed porphyrin
molecules and are relevant in the design of molecular devices
based on porphyrins adsorbed on oxide surfaces.
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