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ABSTRACT: We studied the coverage- and temperature-dependent proton
transfer and self-metalation reactions of tetraphenylporphyrin molecules
containing a carboxyl functional group (MCTPP) on rutile TiO2(110)
surfaces. Furthermore, we also determined changes in the molecular
geometric and electronic structures as a function of coverage and
temperature. The investigation was carried out by means of synchrotron
radiation X-ray photoelectron spectroscopy and near-edge X-ray absorption
fine structure measurements. We found that at a coverage of 0.2 ML, most
MCTPP molecules adsorb with the iminic nitrogen atoms protonated; at 0.5
ML, a decrease in the proportion of protonated molecules is observed; and at
a monolayer coverage, most molecules are not protonated. Raising the
temperature to above 500 K, where hydroxyl groups recombine to desorb as water, causes a decrease in the number of protonated
porphyrin molecules. In roughly the same temperature range, we start to observe the self-metalation of the free-base molecules,
which produces flat-lying titanyl porphyrin molecules on the TiO2(110) surface. This reaction is found to be coverage dependent:
For 0.2 ML, it starts above 450 K, and for 1.0 ML, temperatures above 650 K are needed. Metalation shifts the surface state located
in the semiconductor band gap to lower energies. Our results suggest that protonation and self-metalation depend on the proximity
of the macrocycle to the surface and show that metalation modifies the molecular occupied and vacant electronic states.

■ INTRODUCTION

Functional materials composed of organic films on metal oxide
substrates are of pivotal importance in prominent technologies
such as photovoltaics,1 molecular electronics,2 gas sensing,3

and molecular catalysis.4 Their behavior can be optimized,
modifying the structural and electronic properties of both the
oxide and the molecular film. Using porphyrin molecules as
building blocks of functional organic films provides a flexible
and robust means of tuning their structural and electronic
properties.5 Indeed, modifying the metal center and/or the
peripheral groups in the macrocycle allows for controlling the
chemical and electronic properties of the molecule.6

Furthermore, different anchoring groups can be easily
incorporated in the molecular structure, enabling covalent
bonding to different substrates.7 Therefore, some of the
emerging technologies in the field are based on the interaction
of porphyrin molecules with oxide surfaces, where dye-
sensitized solar cells serve as the principal example.8 These
devices are based on the adsorption of light-harvesting
porphyrin molecules on titania surfaces. The anchoring and
adsorption geometry of the molecules are critical points
limiting charge transfer and thus the overall light-to-electron
conversion efficiency.9 Therefore, extensive fundamental
research has been recently carried out to understand the

bonding and interaction of porphyrin molecules with TiO2
surfaces.
The ideal rutile TiO2(110) surface is composed of

alternating rows of twofold-coordinated O2− ions and
fivefold-coordinated Ti4+ ions, and it is the most thermody-
namically stable face of the oxide.10 This semiconducting
surface exhibits oxygen vacancies, which can be partly filled
after water adsorption to form hydroxyl species.11 At a very low
coverage, porphyrin molecules adsorb flat lying onto oxygen
vacancies due to the localized interaction between the
macrocycle and the vacancy.12,13 STM measurements show
that carboxyl-substituted Zn porphyrins are adsorbed with the
macrocycle parallel to the TiO2(110) surface at low cover-
ages.14 Furthermore, on the 2 × 1 reconstructed TiO2(110)
surface, flat-lying molecules co-exist with tilted molecules, and
the proportion of the latter increases with coverage.15

Increasing the molecular coverage is known to affect the
adsorption geometry of the molecule. NEXAFS measurements

Received: February 7, 2021
Revised: March 10, 2021
Published: March 23, 2021

Articlepubs.acs.org/JPCC

© 2021 American Chemical Society
6708

https://doi.org/10.1021/acs.jpcc.1c01133
J. Phys. Chem. C 2021, 125, 6708−6715

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 D

E
 B

U
E

N
O

S 
A

IR
E

S 
on

 J
ul

y 
12

, 2
02

1 
at

 2
2:

26
:5

4 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniel+Wechsler"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Priscila+Vensaus"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nataliya+Tsud"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hans-Peter+Steinru%CC%88ck"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ole+Lytken"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Federico+J.+Williams"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Federico+J.+Williams"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.1c01133&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c01133?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c01133?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c01133?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c01133?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c01133?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jpccck/125/12?ref=pdf
https://pubs.acs.org/toc/jpccck/125/12?ref=pdf
https://pubs.acs.org/toc/jpccck/125/12?ref=pdf
https://pubs.acs.org/toc/jpccck/125/12?ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c01133?rel=cite-as&ref=PDF&jav=VoR
https://pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org/JPCC?ref=pdf


suggest that Zn protoporphyrins adsorbed on TiO2(110)
undergo a flat lying-to-tilted adsorption geometry transition as
the molecular coverage increases.16 The number and position
of phosphonic acid and carboxylic acid peripheral groups are
also known to modify the adsorption geometry of porphyrin
molecules on TiO2(110) surfaces.17,18 Free-base porphyrins
adsorbed on TiO2(110) and TiO2(110)-2 × 1 surfaces can
undergo reactions with co-deposited Ni metal atoms to form
metalloporphyrins.19,20 In addition, the molecule can also
experience different reactions with the TiO2(110) surface. The
iminic nitrogen atoms of free-base porphyrins are known to
protonate after adsorption at room temperature.21 Moreover,
increasing the temperature enables the self-metalation reaction
where a titanyl group is removed from the TiO2(110) surface
and inserted into the macrocycle.22,23 In our previous work, we
showed that the temperature onset for self-metalation of
carboxyl-substituted tetraphenyl porphyrins was dependent on
molecular coverage.24 This suggested an adsorption geometry
change from flat lying to tilted with coverage. Recently, we
showed that on some oxide surfaces, self-metalation can take
place even below room temperature.25

In this work, we investigated the interaction of 5-(4-
carboxyphenyl)-10,15,20-triphenylporphyrin (MCTPP, see
Scheme 1) molecules with the rutile TiO2(110) surface. We

studied the protonation and self-metalation reactions as a
function of coverage and temperature using X-ray photo-
electron spectroscopy (XPS). Furthermore, we determined the
position of the porphyrin electronic states with respect to the
semiconductor bands as a function of temperature. We
employed near-edge X-ray absorption fine structure (NEX-
AFS) measurements to estimate the molecular orientation as a
function of coverage and temperature. Our results highlight the
importance of molecular coverage and orientation in the
surface chemistry of porphyrin molecules.

■ METHODS
All measurements were performed at the Materials Science
beamline at Elettra Synchrotron in Trieste, Italy. Its end station
has a base pressure of 2 × 10−10 mbar and is equipped with an
SPECS Phoibos 150 hemispherical energy analyzer. The crystal
temperature was measured reproducibly with K-type thermo-
couples attached to the sample plate and not directly touching
the crystal. Therefore, the measured values during heating
overestimate the actual sample temperature. This was
corrected by measuring some temperature values with a
pyrometer and assuming a linear deviation over the whole
temperature range. Here, we note that this procedure could

result in an overestimation of the high temperature values. All
XP spectra were aligned to the Ti 2p3/2 peak of 459.0 eV (the
shifts required were less than 0.3 eV). Prior to each
experiment, the TiO2(110) crystal was cleaned by several
cycles of sputtering and annealing. The cleanliness was
checked with XPS. Besides small traces of carbon (<1% of a
monolayer), no impurities were found. MCTPP was deposited
by evaporation in UHV from a Knudsen cell, while the clean
TiO2(110) single-crystal sample was kept at room temperature.
To ensure that the deposited molecules were indeed intact 5-
(4-carboxyphenyl)-10,15,20-triphenylporphyrin molecules, we
confirmed the carbon-to-nitrogen-to-oxygen ratios of the
deposited multilayers. The C/N/O ratio of the deposited
multilayers was calculated from Al Kα XPS integrated signals
using tabulated atomic sensitivity factors. For coverage
calculations, a porphyrin monolayer reference was created by
heating at 600 K for 10 min to desorb multilayers; the
corresponding coverage is denoted as 1 ML (see Figure S1 in
the Supporting Information).
The photon flux at the N K-edge was recorded with a gold

mesh and found to be almost constant. In contrast, due to
carbon impurities on the gold mesh, the photon flux at the C
K-edge had to be measured by following the photoemission
intensity of the Ti 3p peak of the clean TiO2(110) surface as a
function of photon energy. With this method, the lowest
photon flux in the C K-edge region was found to be only 30%
of the highest flux in the same region, an effect caused by
carbon impurities on the X-ray optics. The C and N K-edges
were measured by following the C and N KLL Auger
intensities (250−270 and 360−385 eV, respectively) as a
function of photon energy. This method is sensitive to
photoemission features traveling through the regions of the
Auger lines, and we corrected this using a cleanup procedure
described elsewhere.26

■ RESULTS AND DISCUSSION
Figure 1a shows the N 1s XPS, and Figure 1b shows the
valence band spectra of the clean TiO2(110) surface and after
the adsorption of 0.2, 0.5, and 1 ML and multilayers of
MCTPP.
The N 1s multilayer spectrum shows the characteristic shape

for metal-free porphyrins with two peaks of equal intensity at
399.8 and 397.8 eV due to the aminic (−NH−) and the iminic
(N−) nitrogen atoms in the macrocycle, respectively (green
curves).22 Furthermore, the spectrum shows two barely visible
shake-up satellite peaks at a higher binding energy (magenta
curves). In the 0.2, 0.5, and 1 ML spectra, the high binding
energy component at 399.8 eV has a larger intensity, indicating
the presence of a new contribution at this binding energy. This
additional peak has been previously observed after the
adsorption of metal-free porphyrins on TiO2(110)

21,22 and
was assigned to protonated porphyrins formed after the iminic
nitrogen atoms capture protons. A possible proton source
could be the hydroxyl groups present on the TiO2(110)
surface. In the doubly protonated form (MCTPP2+), all
nitrogen atoms are equivalent and therefore give only one XPS
contribution at 399.8 eV, whereas in the monoprotonated form
(MCTPP+), 3 N atoms would give an XPS peak at 399.8 eV,
and 1 N atom would give a peak at 397.8 eV. Note that flat-
lying 2HTPP molecules at low coverages are fully protonated
after adsorption on TiO2(110).

22 For simplicity, we will
assume the doubly protonated form when discussing the
degree of protonation, although both forms are very likely

Scheme 1. Chemical Structure of 5-(4-Carboxyphenyl)-
10,15,20-triphenylporphyrin
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present. Interestingly, the proportion of protonated molecules
(red curve) in Figure 1a decreases with an increasing coverage.
To be more specific, the percentages of diacid molecules are
60, 27, and 9% for coverages of 0.2, 0.5, and 1 ML,
respectively. If we assume that capturing a proton requires
the macrocycle center to be in the proximity of the surface,
then the observed decrease in the degree of protonation with
an increasing molecular coverage could be due to a change in
the adsorption geometry of the molecule. Indeed, NEXAFS
measurements of carboxyl-substituted Zn protoporphyrin
adsorbed on TiO2(110) have shown flat-lying molecules at
low coverages and tilted molecules at monolayer coverages.16

This reported behavior is in line with our XPS data and with
the NEXAFS measurements discussed below.
The O 1s XPS spectra (see Figure S2 in the Supporting

Information) indicate that the carboxylic acid functional group
is completely deprotonated when adsorbing 1 ML of MCTPP
on the TiO2(110) surface, suggesting the formation of a
covalent carboxylate bond to the surface. At a submonolayer
coverage where the O 1s XPS spectra are largely dominated by
the substrate peak, the molecular contribution is hardly
distinguished, and thus no conclusion regarding bonding to
the surface can be drawn.
Figure 2a shows the C K-edge and Figure 2b the N K-edge

NEXAFS spectra for 0.2 and 1 ML and multilayers of MCTPP
deposited on TiO2(110). The spectra corresponding to 0.2 and
1 ML were measured at normal (0°) and grazing (80°) photon
incidence. Normal photon incidence implies that the electric
field of the horizontally polarized radiation is parallel to the
surface, whereas grazing photon incidence implies that the
electric field forms an angle of 80° with respect to the surface.
The C K-edge NEXAFS spectra show a first peak at 284.5

eV, which is attributed to an electronic transition from a C 1s
to a π* orbital of the porphyrin ring.27 The second peak at
285.6 eV is due to transitions from a C 1s to a π* orbital of the
phenyl rings with some contribution from the porphyrin ring.28

The 0.2 ML spectra show a π* transition at 287.5 eV that is
not present in the 1 ML and multilayer spectra. These last two

spectra show a small peak at 288.5 eV, which is not present in
the 0.2 ML spectra. Finally, the broad peaks from 292 to 305
eV are due to several electronic transitions from C 1s to
different σ* orbitals.28

The N K-edge NEXAFS spectra show peaks at 398.5 and
400.5 eV, which are assigned to transitions from the iminic N
1s and the aminic N 1s to the lowest lying π* orbital from the
porphyrin ring, respectively.29 These peaks are followed by
three π* transitions in the 1 ML and multilayer spectra and
two π* transitions in the 0.2 ML spectrum. Finally, the spectra
contain broad peaks above 408 eV due to electronic transitions
to σ* orbitals.29

Note that all the transitions observed in the 1 ML C and N
K-edges NEXAFS spectra are also present in the corresponding
multilayer spectra. However, the spectrum corresponding to
0.2 ML shows some differences most likely related to the

Figure 1. (a) N 1s XPS and (b) valence band spectra of the clean TiO2(110) surface and after deposition of 0.2, 0.5, and 1 ML and multilayers of
MCTPP.

Figure 2. (a) C K-edge and (b) N K-edge NEXAFS spectra measured
at normal and grazing photon incidence angles for 0.2 and 1 ML of
MCTPP adsorbed on TiO2(110).
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fraction of protonated molecules also observed in XPS, see
Figure 1a. The change in the intensity ratios of the first two π*
resonances in the N K-edge spectra are consistent with the
change observed in XPS, but the strong resonance at 402.3 eV
could be related to a new electronic transition specific for the
protonated molecule.
The intensity of the NEXAFS features depends on the

orientation of the molecular transition dipole moment relative
to the electric field of the incoming radiation. When the
electric field vector is parallel to the transition dipole moment,
the maximum intensity is observed. On the other hand, when
the electric field vector is perpendicular to the transition dipole
moment, the transition is forbidden. Therefore, the depend-
ence of the absorption intensity on the photon incidence angle
gives information about the average molecular orientation.30 In
order to extract information regarding the adsorption geometry
in twofold-symmetry substrates, it is necessary to measure the
absorption intensity as a function of both the polar and
azimuthal photon incidence angles.18,30 Here, we measured the
NEXAFS spectra as a function of the polar angle for one
azimuthal orientation preventing us from extracting precise
adsorption angles. However, we know that carboxylic acid and
phosphonic acid mono-functionalized tetraphenylporphyrin
molecules exhibit no azimuthal dependence when adsorbed
on TiO2(110).

17,18 Therefore, if we assume that MCTPP
molecules adsorbed on TiO2(110) are not aligned in any
particular azimuthal direction, then we can speculate on the
molecular orientation. Under this hypothesis, we note that in
both the C and N K-edge NEXAFS spectra corresponding to
0.2 ML, the π* transitions into the macrocycle molecular
orbitals are very intense at grazing angles (red spectra) and
almost vanish at normal incidence (black spectra). This
indicates that the macrocycle is flat-lying at 0.2 ML in line with
room-temperature STM measurements for Zn-MCTPP on
TiO2(110) that show flat-flying molecules at low coverages.14

The behavior at a 1 ML coverage is quite different. In this case,
the spectra displayed in Figure 2a,b show no linear dichroism,
that is, neither the π* nor the σ* resonances are a function of
the polar incidence angle. This observation indicates either a
disordered monolayer or a monolayer consisting of tilted
molecules at the angle in which there is no dependence with
the photon polar incidence angle (54.7°).30 Recently, we have
used angle-resolved photoelectron spectroscopy to study the
growth of Co-MCTPP on TiO2(110), and we found that
monolayer deposition results in a disordered layer that grows
in three dimensions.31 Thus, the NEXAFS measurements
corresponding to the MCTPP monolayer could indicate a
disordered monolayer. Hence, under the assumption of no
preferred azimuthal orientation, our NEXAFS data suggest that
as we go from low coverages to monolayer coverages, the
number of molecules with the macrocycle tilted away from the
surface increases as there is a transition from flat-lying
molecules to a disordered layer. This is in line with the
adsorption geometry transition from mostly flat lying to mostly
upright standing observed in the past for carboxylic acid-
functionalized porphyrin molecules adsorbed on oxide
surfaces.16,32

Figure 1b shows the valence band spectra measured as a
function of molecular coverage using a photon energy of 43
eV. The top spectrum corresponding to the clean TiO2(110)
rutile surface shows a broad O 2p band from 3.4 to 10 eV
below the Fermi level, in excellent agreement with previous
reports.33 Furthermore, the spectrum also shows a band-gap

state about 0.9 eV below the Fermi level, which has been
assigned to the presence of oxygen vacancies or titanium
interstitials.34 The bottom spectrum corresponds to MCTPP
multilayers on TiO2(110). It only shows the occupied
molecular states of MCTPP since substrate electrons are
fully attenuated by the thick molecular film. The spectrum
shows at least five peaks due to emission from one or several
molecular orbitals each. The HOMO is in the band gap of the
substrate, 2.2 eV below the Fermi level. It corresponds to a
molecular orbital with a high electronic density at the
macrocycle.35 The following state at 4.4 eV corresponds to a
molecular orbital with a high electronic density in the phenyl
groups.35 While these states can be seen in the spectra for 1
and 0.5 ML, only the HOMO band is clearly visible in the 0.2
ML spectrum because the other states overlap with the
substrate bands in this case. We note that the HOMO state is
shifted to lower binding energy values in the 0.2 and 0.5 ML
spectra respective to the positions in the 1 ML spectrum. This
could be due to the different adsorption geometry and the
resulting variation in the degree of protonation for these two
coverages. Finally, we note that the intensity of the band-gap
state is quenched as the coverage increases. We attribute this to
the attenuation of the photoelectrons by the overlying
molecular layer.
The N 1s XPS spectra were measured after the adsorption of

0.2 (Figure 3a), 0.5 (Figure 3b), and 1 ML (Figure 3c) of
MCTPP on TiO2(110) as a function of temperature. As
previously reported for free-base porphyrin molecules,
increasing the temperature results in self-metalation, as
indicated by the progressive appearance of a new XPS signal

Figure 3. N 1s XPS spectra measured after adsorption of (a) 0.2, (b)
0.5, and (c) 1 ML of MCTPP molecules on TiO2(110) as a function
of temperature. Note that the spectra were measured after annealing
at the specified temperature for 10 min and cooling to 300 K.
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at 398.3 eV (fitted in blue).22−24 It is proposed that in this
chemical reaction, a titanyl group from the surface is inserted
into the macrocycle center, releasing two hydrogen atoms and
making all four nitrogen atoms equivalent. Our data provides
clear evidence that raising the temperature increases the degree
of MCTPP self-metalation. Notably, we find that as the initial
molecular coverage increases, a higher temperature is needed
to enable the self-metalation reaction. This behavior is evident
from Figure 4a, which shows the percentage of self-metalated
molecules as a function of temperature for the three different
initial coverages.
Figure 4a shows that the temperature-induced self-metal-

ation of 0.2 and 0.5 ML starts at around 400−500 K. However,
the self-metalation reaction of 1 ML of MCTPP molecules can
only proceed above 650 K. We propose that the reason for this
temperature difference is that at higher coverages, molecules
form a compact layer with the macrocycle away from the
surface. Before the reaction can proceed, the macrocycle needs
to get into closer proximity with the surface. Figure 4b shows
that the surface coverage of an initial 1 ML MCTPP layer
(red) starts decreasing at ∼600 K. This observation is in
agreement with the coverage reduction observed for MCTPP
adsorbed on TiO2 nanoparticles above 573 K.36 It implies that
some molecules are desorbing or that the molecular monolayer

is dewetting. In either case, the effect would be to create space
near MCTPP molecules, enabling the macrocycle to move in
closer proximity to the surface, enabling self-metalation (see
Figure 5a,b below). We note that the MCTPP adsorbed on
TiO2 nanoparticles suffers from decarboxylation above 623 K
and that the loss of the functional group does not drive self-
metalation.36

Figure 4c shows the effect of temperature in the fraction of
protonated molecules (note that the fraction was calculated
with respect to the number of free-base molecules). At 1 ML,
the degree of protonated molecules is always below 0.1 and
remains essentially constant with temperature. However, at 0.2
and 0.5 ML, there is a clear decrease in the proportion of
protonated molecules above 500 K. Notably, at 500 K, there is
water desorption from the recombination of surface hydroxyl
groups on TiO2(110).

37 This should drive the chemical
equilibrium of the protonation reaction toward the free-base
molecule, decreasing the fraction of protonated molecules as
observed.
Figure 5a shows the C K-edge and Figure 5b the N K-edge

NEXAFS spectra of 0.2 and 1 ML of MCTPP adsorbed on
TiO2(110) and annealed to 670 K (0.2 ML) and to 830 K (1
ML) to induce self-metalation for grazing (red) and normal
(black) photon incidence. Due to the different degree of

Figure 4. (a) Fraction of self-metalated molecules, (b) molecular coverage, and (c) fraction of protonated molecules as a function of temperature
corresponding to an initial adsorption of 0.2, 0.5, and 1 ML MCTPP on TiO2(110).

Figure 5. (a) C and (b) N K-edges NEXAFS spectra at 670 and at 830 K corresponding to 0.2 and 1 ML of MCTPP molecules adsorbed on
TiO2(110), respectively, at grazing (red) and normal (black) photon incidence.
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metalation for 0.2 ML (100%) at 670 K and 1 ML (50%) at
830 K, the corresponding NEXAFS spectra exhibit slight
differences in relation to the room-temperature spectra (Figure
2a,b). Notwithstanding, the spectra display well-defined π* and
σ* resonances. Note that the 0.2 ML N K-edge spectra show
the same main features as those measured for titanyl
tetraphenyl porphyrin adsorbed on Ag(111);38 however,
there are small differences as adsorption on Ag(111) distorts
the macrocycle. For 0.2 ML, both the C K-edge and N K-edge
spectra at 670 K show the same angular dependence as the RT
spectra: the π* resonances originating at the macrocycle have a
maximum intensity at grazing incidence, whereas the σ*
transitions have a higher intensity at normal incidence. If we
assume no preferential azimuthal orientation, then this implies
that at 0.2 ML, the adsorption geometry of self-metalated
MCTPP remains with the macrocycle mostly parallel to the
surface when the temperature is increased to 670 K. A similar
angular dependence is observed in the 830 K C and N K-edge
NEXAFS spectra, corresponding to an initial 1 ML coverage.
The π* resonances originating in the macrocycle in both the C
K-edge and N K-edge spectra show a pronounced increase
when the incidence angle changes from normal to grazing,
suggesting a flat-lying macrocycle. This indicates that the
compact and disordered monolayer at room temperature
changes to a flat-lying metalated layer at 830 K. Recall that at
this temperature, some MCTPP molecules desorbed (Figure
4b), thus creating space for tilted molecules in the otherwise
compact layer to move closer to the surface. This is in line with
the interpretation of the XPS data discussed above, suggesting
that self-metalation requires the macrocycle to be near the
surface to proceed successfully.
The self-metalation reaction changes the molecular elec-

tronic states. The valence band spectra as a function of
temperature for initial coverages of 0.2 (Figure 6a), 0.5 (Figure
6b), and 1 ML (Figure 6c) were measured with a 43 eV
photon energy. As the temperature increases and the self-
metalation reaction takes place, the position of the HOMO
shifts to a lower binding energy as indicated by the blue line.
At a high temperature, the HOMO is located at 1.76 eV below
the Fermi level for all coverages. This suggests that the
insertion of the titanyl group into the macrocycle shifts the
HOMO to lower binding energies in agreement with predicted
and observed changes when metalating free-base porphyrin
molecules.6,39 Finally, we note that in the 1 ML spectra, the
oxygen defect state located at 0.9 eV below the Fermi level
reappears around 750 K. This could be due to the generation
of new oxygen vacancies40 or to the reduction of surface
coverage observed at this temperature (see Figure 4b), which
should diminish the attenuation of the substrate signals.

■ CONCLUSIONS
MCTPP molecules adsorb with the macrocycle mostly parallel
to the surface at low coverages. This adsorption geometry
enables protonation of the iminic nitrogen atoms probably by
surface hydroxyl groups. Raising the temperature to 500 K,
where water desorption from the recombination of surface
hydroxyl groups takes place, causes a decrease in the
proportion of protonated molecules. At the same temperature,
self-metalation begins to occur, where a titanyl group is
inserted into the macrocycle center. The fully metalated layer
remains flat lying on the surface as the temperature is raised to
670 K. Increasing the molecular coverage at room temperature
decreases the degree of protonation. Furthermore, it is

necessary to decrease the molecular coverage, by raising the
temperature, for the self-metalation reaction to occur. We
propose that the self-metalation reaction takes place after the
macrocycle moves closer to the surface as NEXAFS indicates a
more flat-lying geometry after raising the temperature. Self-
metalation causes a change in the molecular electronic
structure, shifting the highest occupied molecular orbital closer
to the Fermi edge. Hence, our results show that self-metalation
is coverage dependent and that an adsorption configuration
with the macrocycle in the proximity to the surface is required
for the reaction to take place.
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