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Controlling the adsorption geometry of porphyrin molecules on titania surfaces is an important step in the
rational design of molecular devices such as dye-sensitized solar cells. We employed X-ray Photoelectron
Spectroscopy (XPS) and Near-Edge X-Ray-Absorption Fine Structure (NEXAFS) spectroscopy to determine the
binding mode, the electronic structure and the adsorption geometry of carboxylic acid functionalized tetra-
phenylporphyrin molecules. Molecules with one (mono), two (cis and trans) and four (tetra) carboxylic acid
anchoring groups were adsorbed on rutile TiO,(110). XPS shows that the iminic nitrogen atoms at the macro-
cycle center are partially protonated after adsorption, and that the degree of protonation increases with the
number of ~-COOH functional groups in the molecule. NEXAFS measurements show that molecules with either
one or two groups in cis configuration adsorb with the macrocycle tilted away from the surface. In contrast,
molecules with two carboxylic-acid groups in trans configuration adsorb with what is probably a flat-lying, but
distorted macrocycle. Finally, molecules with four carboxylic-acid groups show no linear dichroism, indicating
an intermediate adsorption angle. Our results show how the number and position of the ~-COOH functional

groups determine the molecular adsorption geometry.

1. Introduction

The design of functional interfaces and nanoscale molecular archi-
tectures involves the attachment of complex molecular structures to
solid surfaces [1]. Porphyrins are ideal for the functionalization of
surfaces as they provide a robust molecular framework with strong
absorption in the visible region and good photostability. Furthermore,
changing functional groups or metal centers allows for tuning their
electronic structure, optical and magnetic properties, chemical re-
activity and employing anchoring groups for surface attachment [2].
Thus, porphyrins are key components in molecular materials with un-
ique electronic, magnetic and photophysical properties [3], including
chemical sensors [4], molecular catalysts [5], organic light-emitting
devices [6] and dye sensitized solar cells [7]. This latter application is
particularly important as it provides a flexible technology for low cost
generation of renewable energy with reasonable efficiency [8].

Dye-sensitized solar cells involve the attachment of typically

carboxylic acid functionalized porphyrins to TiO, surfaces. The overall
performance of the device depends on the details of the semiconductor/
organic molecule interface. Therefore, fundamental studies on the in-
teraction of porphyrins with TiO, surfaces are of great importance.
Consequently, there have been considerable recent efforts to study the
adsorption of carboxylic acid functionalized porphyrins on TiO, single
crystal surfaces. Tetraphenylporphyrin (without carboxylic-acid an-
choring groups) adsorbs on TiO»(110) at room temperature in a flat-
lying geometry with partial protonation of the iminic nitrogen atoms
[9,10]. Heating to 400K results in self-metalation of the porphyrin
molecules after incorporation of a titanyl group at the macrocycle
center [9,11]. Functionalization of tetraphenylporphyrin with one
carboxylic acid group results in covalent attachment of the molecule
and formation of a carboxylate bond with the TiO5(110) surface [12].
Furthermore, at monolayer coverages carboxylic acid-functionalized
tetraphenylporphyrin molecules adsorb with the macrocycle tilted
away from the surface on TiO, and Co304(111) [13,14]. Adding two
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Fig. 1. Molecular structure of the mono, di (cis and trans) and tetra carboxylic acid-functionalized tetraphenylporphyrins. mono: 5-mono(4-carboxyphenyl)-10,15,20-
(triphenyl) porphyrin, tetra: meso-tetra(4-carboxyphenyl) porphyrin, cis: 5,10-di-(4-carboxyphenyl) —15,20-(diphenyl) porphyrin, trans: 5,15-(di-4-carbox-

yphenyl) —10,20-(diphenyl) porphyrin.

functional groups in a cis configuration to Zn porphyrins results in a
tilted monolayer [15]. On the other hand, Zn tetraphenylporphyrin
with two carboxylic acid functional groups in a trans configuration
results in flat-lying molecules [16]. Finally, Cu tetraphenylporphyrin
with four functional groups also adsorbs in a flat-lying geometry at low
coverages [17]. In most of these investigations, the porphyrins are de-
posited by thermal evaporation in vacuum.

In this work, we studied the molecular and electronic structure of
mono-, cis-, trans- and tetra-functionalized tetraphenylporphyrin (see
Fig. 1) adsorbed on TiO,(110) surfaces at the solid/liquid interface. We
employed X-ray photoelectron spectroscopy (XPS) and Near-Edge X-
Ray-Absorption Fine Structure (NEXAFS) measurements to determine
the binding mode, the adsorbate electronic structure, and the tilt angle
of the macrocycle ring. Our results show that the number and position
of carboxylic acid functional groups play an important role in the
molecular structure of porphyrins deposited at the solid/liquid interface
on oxide surfaces.

2. Experimental methods

All studies were carried out using a rutile TiO»(110) single crystal
(CrysTec GmbH). Carboxylic acid-functionalized porphyrins were ob-
tained from Porphyrin-Laboratories (5-mono(4-carboxyphenyl)-
10,15,20-(triphenyl) porphyrin and 5,10-di-(4-carboxyphenyl)-15,20-
(diphenyl) porphyrin), PorphyChem (5,15-(di-4-carboxyphenyl)-10,20-

(diphenyl) porphyrin) and TriPorTech GmbH (meso-tetra(4-carbox-
yphenyl) porphyrin) and used as received. Absolute ethanol of analy-
tical grade was used to prepare solutions. The TiO,(110) sample was
cleaned in UHV by several sputtering and annealing cycles. This re-
sulted in XP spectra showing only substrate-related peaks and the ex-
pected TiO5(110)-(1 x 1) LEED pattern [12]. The clean crystal was
transferred outside UHV and immediately immersed in a 0.1 mM por-
phyrin solution in ethanol for 1 min. After removal from the solution,
the sample was rinsed vigorously in a 25 ml stream of ethanol from a
syringe, dried using an argon jet and transferred back into UHV for
measurement. Although evaporation in vacuum is usually used to de-
posit porphyrin molecules here we could not use it as heating in va-
cuum resulted in decomposition of some of the molecules studied.
The synchrotron XPS and NEXAFS measurements were carried out
at the Brazilian Synchrotron Light Source (LNLS) using the Planar
Grating Monochromator (PGM) beamline for soft X-ray spectroscopy
(100-1500 eV). Experiments were carried out at the Photoemission End
Station with a base pressure of 2 x 10~ '° mbar. NEXAFS spectra were
obtained by measuring total electron yield (electron current from
sample to ground), corrected for photon flux (electron current from a
Au mesh to ground) measured simultaneously, and normalized to the
edge jump. Porphyrin coverages are based on the N 1s to Ti 2p ratios,
using as reference the 2HTPP monolayer on TiO,(110) left behind after
multilayer desorption [9]. Thus, one monolayer corresponds to the
amount of nitrogen equivalent to a flat-lying layer of 2HTPP on
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Fig. 2. N 1s, C 1s and valence-band XPS spectra of the clean TiO»(110) substrate and after the adsorption of mono, cis, trans and tetra carboxylic-acid-functionalized

tetraphenylporphyrin molecules.
Ti0,(110).

3. Results and discussion

We studied the adsorption of tetraphenylporphyrins containing one,
two (in a cis and trans configuration) and four carboxylic acid functional
groups on TiO5(110). Fig. 1 shows the structure of the molecules stu-
died. For simplicity, we refer to the tetraphenylporphyrin with one
functional group as mono, with two functional groups as either cis or
trans, depending on the configurational isomerism, and with four
functional groups as tetra.

Fig. 2 displays the N 1s, C 1s and valence band XPS spectra corre-
sponding to the clean TiO5(110) substrate and to 1.1 ML of mono,
1.3 ML of cis, 1.0 ML of trans and 1.0 ML of tetra tetraphenylporphyrin.
The N 1s spectra shows two signals at 398.0 and 400.0 eV, corre-
sponding to the iminic and aminic nitrogen atoms, respectively [18]. In
principle, the iminic-to-aminic intensity ratio should be 1:1 as shown by
the light color-filled curves. However, in order to obtain a successful fit
for the spectra in Fig. 2 a new dark color filled peak should be added at
approximately 400 eV. This results in an iminic-to-aminic ratio of 1:1.4
for mono, 1:2 for cis, 1:2 for trans, and 1:3.4 for tetra porphyrins. This
behavior has been previously ascribed to a protonation of the iminic
nitrogen atoms which gives a peak at around 400eV [9,10,12]. For
vacuum-deposited molecules the protons could be supplied by the de-
protonation of the carboxylic-acid groups or by hydroxyl groups al-
ready present on the surface. For our solution-deposited molecules the
protons could also originate from the solution.

The C 1s spectra, in Fig. 2, exhibit two main contributions: the small
peak at high binding energy has contributions from covalently-an-
chored carboxylate groups at 288.7 eV and intact carboxylic acid at
289.1 eV [19]. The main peak at 284.8 eV corresponds to all remaining
carbon atoms, without oxygen neighbors. In between the two peaks
there is an additional small contribution from a shake-up satellite ex-
pected at 287.9eV [12]. The broadening of the carboxylate peak to-
wards higher binding energies for the tetra molecule could indicate the
presence of intact carboxylic acid functional groups. However, we
should bear in mind that depositing molecules from ethanolic solutions
could also result in the co-deposition of carboxylic acids [20] and
ethoxy groups [21] which would also broaden the C 1s XPS peak to-
wards higher binding energy and give overlapping signals in the O 1s
XPS spectra which is thus not presented.

Reference valence-band spectrum of the TiO,(110) substrate in
Fig. 2 (right panel) shows a broad O 2p band from 3 to 9 eV and a well-
defined Ti 3d defect state at 0.8 eV [22,23]. Following adsorption of the
carboxylic acid-functionalized porphyrins, the defect state decreases in
intensity and new electronic states appear at 10.2, 11.0, 13.8 and
17.6 eV below the Fermi level. The intensity decrease observed in the
band gap state could be due to a healing of surface defects after ex-
posing the crystal to solution in addition to the attenuation caused by
the adsorbates. The band at 11.0 eV is due to a hydroxyl 3o state [24]
and could originate from deprotonation of the carboxylic acid func-
tional groups and/or protons from solution. The other features at 10.2,
13.8 and 17.6 eV are related to molecular states [10]. Finally, the shape
of the O 2p band changes after adsorption suggesting the presence of
further molecular electronic states overlapping with this band [25].

Figs. 3-5 show N K-edge NEXAFS spectra of the mono, cis, trans and
tetra carboxylic acid-functionalized tetraphenylporphyrin adsorbed on
TiO5(110), using different incidence angles. For normal incidence, the
electric field of the incoming radiation is parallel to the surface (a = 0°,
see Fig. 6) and therefore macrocycles adsorbed normal to the surface
will result in maximum 5t* transition intensity [26]. On the contrary, for
grazing incidence the electric field of the incoming radiation is normal
to the surface (a = 90°, see Fig. 6) and macrocycles adsorbed parallel to
the surface will yield maximum nt* transition intensity [26]. Spectra
were also acquired for different azimuthal angles (¢) between the
electric field of the incoming radiation and the [001] crystallographic
direction along the bridging oxygen rows (see Fig. 6).

The NEXAFS spectra corresponding to the four molecules studied
show the same electronic transitions labelled a-g in Figs. 3-5. This in-
dicates that the unoccupied molecular electronic structure of the por-
phyrin ring is not influenced much by the number and position of the
carboxylic acid functional groups. The N K-edge NEXAFS spectra show
a well-defined peak a (398.4eV) followed by peaks b (400.4eV), ¢
(401.7 eV), d (402.8 €V) and e (403.8 eV), corresponding to electronic
transitions from the iminic N 1s and the aminic N 1s states to different
7t* molecular orbitals in the porphyrin ring [27,28]. The broad peaks f
(~ 408eV) and g (~ 417 eV) are due to transitions into different o*
molecular orbitals [27]. The precise assignment of these electronic
transitions can be found elsewhere [27]. The overall shape and position
of the peaks agree very well with the spectra corresponding to free base
tetraphenylporphyrins adsorbed on different substrates [27,29,30].
This confirms that the molecules adsorb on TiO5(110) retaining the
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Fig. 3. N K-edge NEXAFS spectra of cis por-
phyrins adsorbed on TiO»(110), measured
using different incidence angles. The left panel
shows spectra measured with an electric-field
azimuthal angle (¢) of 0°, whereas the right
panel corresponds to an azimuthal angle of 90°,

relative to the oxygen rows ([001] crystal-
lographic direction), see Fig. 6.
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electronic structure of the porphyrin ring. Here we should note that, in
the case of the tetra molecule, a new peak appears as a high photon
energy shoulder of peak a. A precise assignment of this transition would
require calculations of the electronic structure of tetra molecules on
TiO,(110). However, we should note that the same shoulder was ob-
served in the N-K edge NEXAFS spectra of the same tetraphenyl por-
phyrin but functionalized with four phosphonic acid groups suggesting
that it could be due to the molecular symmetry [31].

The spectra corresponding to cis molecules in Fig. 3 show that the
398.4eV m* transition intensity decreases as the electric field angle
increases. This suggests that cis molecules adsorb with the macrocycle
standing upright. On the contrary, trans molecules show the opposite
behavior in Fig. 4, the n* transition intensity increases with increasing
the electric field angle, suggesting that trans molecules are flat lying. In
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both cases, the spectra show no azimuthal dependence, indicating ei-
ther a 45° orientation with respect to the [001] direction or that there is
no preferred orientation in the plane of the monolayer. Here we should
note that exposing the TiO»(110) surface to air results in the adsorption
of carboxylic acids (which are later displaced by the porphyrin mole-
cules) preserving the surface crystallographic structure [20]. Further-
more, depositing multilayers of ethanol on TiO5(110) and then an-
nealing to room temperature results in a surface covered with ethoxy
groups whilst maintaining the surface crystallographic structure [21].
These investigations suggest that after our surface treatment in etha-
nolic solutions the surface crystallographic structure should be pre-
served.

The N K-edge spectra of mono and tetra molecules in Fig. 5 were,
unfortunately, measured only with an azimuthal angle of 0°. Strictly
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¢ =90°5 :cde

trans

a

T T
410 420
photon energy (eV)

T
390 400 430

Fig. 4. N K-edge NEXAFS spectra of trans porphyrins adsorbed on TiO,(110) measured using different incidence angles. The left panel shows spectra measured with
an azimuthal angle (¢) of 0° whereas the right panel corresponds to an azimuthal angle of 90° (see Fig. 6).
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Fig. 5. N K-edge NEXAFS spectra of mono (left) and tetra (right) porphyrins adsorbed on TiO5(110) measured using different incidence angles and an azimuthal angle
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Fig. 6. The photon electric field vector (E)) forms a polar angle a with the
surface plane and its surface component forms and azimuthal angle ¢ with the
[001] crystallographic direction along the oxygen rows. The molecular transi-
tion dipole moment is a vector (?) perpendicular to the aromatic ring and is
characterized by a polar angle § with respect to the surface and an azimuthal
angle y with respect to the [001] crystallographic direction.

speaking, a single azimuthal angle measurement is not sufficient to
estimate the tilt angle in two-fold symmetric surfaces. However, since
we saw no azimuthal dependency in the spectra corresponding to the cis
and trans molecules, we assume no azimuthal dependency in the mono
and tetra molecules. The mt* transition intensity of the mono molecules
decreases with increasing the electric field angle suggesting that mono
molecules are upright standing. Finally, the spectra corresponding to
tetra molecules show no linear dichroism suggesting an intermediate
adsorption angle.

The mt* transition intensity depends on the square of the scalar
product of the electrical field vector E and the transition dipole mo-
ment vector ? [32]. For two-fold symmetric substrates, the intensity of
aromatic 1s — t* transitions is [33]:

L (a, 8, ¢, 7)
= P(sin?asin?§ + cos?a cos? & (cos?p cos?y + sin? ¢ sin?y))+
+ (1 — P)cos?5(sin? ¢ cos?y + cos? ¢ sin’y) 6]

where P is the degree of polarization (P = 1 for perfectly linearly po-
larized light), a is the angle between the electrical field vector E and
the surface and ¢ is the azimuthal rotation of E in the surface plane.
The orientation of the molecule is characterized by the angle § between

the transition dipole moment T and the surface, and the angle y, which
corresponds to the azimuthal rotation of the transition dipole moment
in the surface plane. For two-fold symmetry substrates, one expects four
adsorption domains, due to the substrate mirror planes perpendicular to
the surface along the [001] and the [110] azimuthal directions. Given
that NEXAFS spectroscopy averages over the four domains, the ob-
served intensity is equal to the sum of the intensities corresponding to
@, v, (8, -v), (-8,y) and (-3,-y).

Fig. 7 shows the normalized intensity of the 398.4 eV xt* transition
as a function of the electric field angle a for the cis-, trans-, mono- and
tetra-functionalized tetraphenylporphyrin molecules adsorbed on
TiO5(110). As discussed above, the intensities of cis and mono decrease
with increasing the electric field angle, the intensities of trans increases
and the intensity of tetra remains constant. In order to estimate ad-
sorption angles, the data in Fig. 7 was fitted with Eq. (1) considering the
four mirror domains discussed above and simultaneously fitting both
polar (8) and azimuthal (y) angles. This resulted in polar angles of
8 = 25° (molecular tilt angle of 65° from the surface) for cis molecules
and 8 = 45° for trans molecules and azimuthal angles of 45° for both
molecules. Note that an azimuthal angle of 45° is also compatible with
random azimuthal adsorption angles. Also, we should note that flat-
lying tetraphenylporphyrin molecules could give an apparent NEXAFS
tilt angle of ~35° to ~45°, because the macrocycle ring could distorted
with a saddle-shape or inverted geometry [34]. Thus, the NEXAFS data
suggests that cis molecules adsorb with the macrocycle tilted away from
the surface and trans molecules adsorb with the macrocycle closer to
the surface.

As mentioned above, the spectra corresponding to mono and tetra
molecules were only measured for one azimuthal angle ¢ = 0°, which is
not sufficient to fit the data unambiguously in two-fold symmetric
surfaces. Nevertheless, because we observe no azimuthal dependency
for the cis and trans molecules, we assume no azimuthal dependence for
the mono and tetra molecules. That is, we assume an azimuthal ad-
sorption angle of 45° (or random azimuthal orientation, as the two si-
tuations cannot be distinguished). This results in a macrocycle tilted 66°
with respect to the surface for mono molecules. The tilt angle estimated
for mono molecules is essentially the same as the value of 65° estimated
for cis molecules. For tetra molecules, the w* transition intensity is in-
dependent of the electric field angle, which indicates that either the
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Fig. 7. Normalized st* transition intensity as a function of the incoming radiation electric field angle for the cis, trans, mono and tetra functionalized tetra-
phenylporphyrins adsorbed on TiO,(110). Full lines correspond to fittings using Eq. (1) taking into account the four mirror domains expected in two-fold symmetry

substrates.

molecules are randomly oriented, all adsorbed with an angle of 54.7°,
or a combination of upright standing and flat-lying. Given that 2
—COOH groups in cis positions result in tilted molecules and that 2
—COOH groups in trans positions results in approximately flat-lying
molecules, it is tempting to assume that tetra molecules could arbitrarily
behave like cis or trans molecules which could result in a layer com-
posed of a mixture of upright standing and flat lying molecules.
Notably, our spectroscopic data does not yield a complete atomic de-
scription of porphyrin binding to the surface, for this density functional
theory calculations would need to be undertaken.

4. Conclusions

Adsorption of carboxylic acid-functionalized tetraphenylporphyrin
molecules on TiO,(110) surfaces at the solid/liquid interface results in
partial protonation of the iminic nitrogen atoms at the macrocycle. The
spectroscopic signature of the molecules indicates that molecules retain
their electronic structure after adsorption. The number and position of
carboxylic acid functional groups control the molecular adsorption
geometry. Porphyrins with one -COOH functional group or two in a cis
configuration adsorb with the macrocycle tilted away from the surface
plane. On the contrary, two —COOH functional groups in a trans con-
figuration result in more flat-lying molecules. Finally, molecules with
four —COOH functional groups adsorb with an intermediate average
adsorption angle.
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