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/Abstract: Metalation of anchored porphyrins is essential for
their functionality at hybrid interfaces. In this work, we have
studied the anchoring and metalation of a functionalized
porphyrin derivative, 5-(4-carboxyphenyl)-10,15,20-triphenyl-
porphyrin (MCTPP), on an atomically-defined CoO(100) film
under ultrahigh vacuum (UHV) conditions. We follow both
the anchoring to the oxide surface and the self-metalation
by surface Co?" ions via infrared reflection absorption spec-
troscopy (IRAS). At 150 K, MCTPP multilayer films adsorb mo-
lecularly on CoO(100) without anchoring to the surface.
Upon heating to 195 K, the first layer of porphyrin molecules
anchors via formation of a bridging surface carboxylate.
Above 460 K, the MCTPP multilayer desorbs and only the

-

anchored monolayer resides on the surface up to tempera-
tures of 600 K approximately. The orientation of anchored
MCTPP depends on the surface coverage. At low coverage,
the MCTPP adopts a nearly flat-lying geometry, whereas an
upright standing film is formed near the multilayer coverage.
Self-metalation of MCTPP depends critically on the surface
temperature, the coverage and on the molecular orientation.
At 150 K, metalation is largely suppressed, while the degree
of metalation increases with increasing temperature and
reaches a value of around 60% in the first monolayer at
450 K. At lower coverage higher metalation fractions (85 %
and above) are observed, similar as for increasing tempera-

ture.
/

Introduction

Porphyrins are functional molecules which are at the heart of
many emerging technologies." Because of their unique prop-
erties, they are key components in molecular materials and de-
vices, for example in molecular electronics,” chemical sen-
sors,®™ or in photovoltaics.”® In these applications, the por-
phyrin units are often attached to interfaces, in many cases to
semiconducting oxides.

As far as fundamental studies are concerned, the interaction
of porphyrins with surfaces was primarily investigated on
metal substrates so far.°'®¥ Surface science studies of porphyr-
ins on metals helped to understand fundamental steps in the
adsorption process and, in particular, the metalation reaction.
Metalation is among the most critical steps, as the metal ion
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incorporated in the porphyrin macrocycle governs the elec-
tronic, optical and, chemical properties of the complex.” >
More recently, the interaction of porphyrins with metal
oxide surfaces has attracted increased attention, mainly be-
cause of the relevance of porphyrin/oxide interfaces in applica-
tion. In recent studies interfacial reactions of functionalized
and non-functionalized tetraphenylporphyrins (TPPs) were in-
vestigated on MgO,*?¥ Ti0,,?*%73 C0,0,1*3*3% and Co0." It
was shown that the functionalization of the porphyrin mole-
cules and the defect density (steps, corners, edges) play a cru-
cial role in the self-metalation process on MgO nanoparti-
cles.”?? Flat-lying 2HTPP molecules readily metalate via an ion
exchange process at room temperature.?’*® Functionalized
porphyrins however, with one or four carboxylic acid groups,
adapt a more upright standing geometry, which suppresses
self-metalation.”"?* This behavior is also observed for function-
alized porphyrins on Co,0, and TiO, nanoparticles.”” On
TiO,(110), Kobl etal. found protonation of the first layer at
room temperature during the adsorption of 2HTPP.*! Only at
temperatures above 550 K all molecules metalate and form
TiOTPP. However, MCTPP is covalently bound to TiO,(110) with
co-adsorbed hydroxyls at room temperature and self-metala-
tion is strongly dependent on the temperature, the coverage
and tilting angle of the molecules.” Furthermore, strong de-
pendencies of number and position of the functional acid
group on the adsorption geometry on TiO,(110) were ob-
served.”?”3133 The authors studied carboxylic acid and phos-
phonic acid functionalized TPP molecules. The porphyrins car-
rying only one or two functional groups in cis conformation
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are tilted further away from the surface, whereas porphyrins
with four anchor groups or two in trans conformation bind in
a more flat-lying geometry.?%7:31-33

Only few studies were carried out on cobalt oxide surfaces
so far. We studied the adsorption of 2HTPP and MCTPP on
Co;0,4(111), which showed clear impact of the functionality on
the tilting angles of the molecules at the surface within the
monolayer (note that self-metalation was not investigated in
this study).®?¥ However, self-metalation was observed for non-
functionalized 2HTPP on Co0;0,(111) and CoO(111) at room
temperature, very similar to MgO(100).%* This work suggests
that self-metalation on oxide surfaces is possible, but the reac-
tion is by no means a simple process. So far, the understanding
of these interfacial reactions on oxide surfaces is rather limited
at the molecular level. In particular, it would be important to
explore to what extent the metalation reaction is influenced
by the adsorption geometry, coverage, surface temperature or
the presence of surface hydroxyl groups at oxide surfaces. In
this context, cobalt oxides are of particular interest, as it is pos-
sible to prepare thin films of different surface terminations,
namely spinel- and rock-salt-type surfaces which introduces
the possibility to study these properties in dependency of the
surface structure. Both thermodynamic constraints and kinetic
barriers are expected to apply, which are more critical that
those observed on simple metal surfaces. The studies cited
above suggest that anchoring, molecular orientation, and met-
alation are closely interrelated. In order to better understand
self-metalation reactions on oxide surfaces, it is, therefore, es-
sential to perform surface science studies on atomically de-
fined oxides in UHV.

In this work, we applied time-resolved and temperature-pro-
grammed infrared reflection absorption spectroscopy (TR-IRAS,
TP-IRAS) to monitor both the anchoring reaction and the met-
alation reaction of a porphyrin on a well-defined cobalt oxide
surface. The chemical resolution of IRAS is sufficient to differ-
entiate between free, anchored and metalated porphyrins.
Specifically, we used the functionalized porphyrin derivative 5-
(4-carboxyphenyl)-10,15,20-triphenylporphyrin  (MCTPP) which
can bind covalently to an oxide surface via its carboxylic acid
functionality (see above). MCTPP was deposited by physical
vapor deposition (PVD) onto an atomically-defined CoO(100)
thin film prepared on an Ir(100) single crystal. The surface
structure of the oxide film has been characterized in detail in
previous studies by Heinz, Hammer and co-workers.®® The use
of thin oxide films instead of single crystals comes with two
important advantages. First, the signal intensity of the IR
bands is higher than that on bulk oxides and comparable to
those on metal surfaces.”’*® Secondly, the metal surface selec-
tion rule (MSSR) holds strictly for few nanometer thick oxide
films on metal single crystals, allowing us to determine the
molecular orientation in a straightforward fashion.®**% In this
work, we monitor the molecular orientation, the anchoring,
and the metalation as a function of coverage of MCTPP and
temperature by TR-IRAS and TP-IRAS. We show that there is
facile metalation even on a well-ordered oxide surface, howev-
er, the reaction depends critically on the surface temperature,
the tilting angle and coverage of the porphyrin.
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Results and Discussion

In this work, our primary aim is to differentiate by surface IR
spectroscopy between the free based porphyrin 5-(4-carboxy-
phenyl)-10,15,20-triphenylporphyrin (MCTPP) and its metalated
counterpart  5-(4-carboxyphenyl)-10,15,20-triphenylporphyrin
cobalt(ll) (CoMCTPP). To pinpoint the differences in the IR spec-
tra of both species, we compared the bulk IR spectra of
MCTPP and its metalated analogue. In Figure 1, we compare IR
spectra of the two bulk compounds recorded by attenuated
total reflection (ATR) FTIR measurements at 300 K. Characteris-
tic differences are observed, which allow us to identify the
metalated and non-metalated species. The detailed assignment
of the bands is discussed below. In addition, we show the IRAS
data for multilayers of MCTPP and CoMCTPP recorded after
PVD at 150 K onto CoO(100). Comparison between the ATR-
FTIR and IRAS spectra shows that the bands are identical
(apart from differences in intensity which arise from preferred
orientation and the MSSR). We conclude that both MCTPP and
CoMCTPP can be deposited by PVD without any indication of
decomposition.
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Figure 1. a) Top and side view of CoO(100) film on Ir(100) (left) and chemical
structure of MCTPP and CoMCTPP (right). Hydrogen atoms at the free-base
MCTPP are marked in green and the Co?* cation incorporated in the macro-
cycle of the COMCTPP is marked in yellow. b) Comparison of IRAS spectra ac-
quired at 150 K and the ATR-FTIR spectra of MCTPP and CoMCTPP.

Characteristic vibrations of MCTPP and CoMCTPP

Recently, we studied anchoring of MCTPP on Co,0,(111) and
compared the IRAS spectra with gas phase IR spectra calculat-
ed by density functional theory (DFT).®¥ Following this work
and the literature,***? we assigned the vibrational bands and
visualized the corresponding modes using the QVibeplot soft-
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ware.*¥ Details are given in Table S1 in the Supporting Infor-
mation. Furthermore, we added the time-resolved spectra re-
corded during uptake of MCTPP and CoMCTPP at 150 K in Fig-
ure S1 (Supporting Information). In this work, we will mainly
focus on three aspects: (i) The anchoring of MCTPP on the
cobalt oxide surface, (ii) the orientation of the porphyrin mole-
cules with respect to the surface, and (iii) metalation of the
porphin center of MCTPP induced by Co*" ions released from
the surface.

In Figure 1b, we compare IRAS of the multilayer and bulk
ATR-FTIR spectra for both MCTPP and CoMCTPP. Spectral re-
gions are highlighted which are of special interest for the fol-
lowing discussion. As mentioned above, IRAS and ATR-FTIR
spectra of the compounds are almost identical, indicating that
the two compounds can be deposited by PVD without decom-
position. All peaks observable are attributed to molecular
MCTPP and CoMCTPP, as summarized in the Supporting Infor-
mation (Table S1). Briefly, both molecules show out-of-plane
deformation modes of the porphin center (y,.,(porphin)) at
794-802 cm ™. In the region from 964 to 1005 cm™', the bands
are assigned to in-plane C-N deformation modes within the
porphin ring (8,,(porphin)). Between 1348 and 1473 cm™' vari-
ous vibrational modes are observed, which correspond to skel-
eton vibrations of the macrocycle. Furthermore, we observe a
broad feature at 1277-1296 cm™' and an even more intense
band at 1687-1700 cm™' with a shoulder at 1720-1734 cm™'.
These features are indicative of an intact carboxyl group and
are assigned to the v(C—0) and v(C=0) modes, respectively. In
comparison to CoMCTPP, the free-base porphyrin additionally
possesses two hydrogen atoms bound to nitrogen atoms in
the center of the porphin macrocycle. The corresponding v(N—
H) modes give rise to a band at 3310-3320 cm™".

Anchoring of MCTPP to CoO(100)

In the next step, we investigate the adsorption of MCTPP on
CoO(100) under isothermal conditions at 300 and 450 K.
Werner et al. observed anchoring of MCTPP on Co;0,(111) at
elevated temperatures via the formation of surface bound che-
lating carboxylates.*” Here, we study MCTPP on CoO(100),
which is also terminated by Co>™ and O* ions, but differs with
respect to the coordination environment and density.*¥ Specif-
ically, the density of surface Co?* ions is higher on CoO(100)
and, as a result, the carboxylate function can anchor in form of
a bridging carboxylate, the most stable adsorption geome-
try. ¥

In Figure 2a, we depict IRAS data recorded during PVD of
MCTPP at a sample temperature of 300 K. In addition, we show
the intensity of selected bands as a function of coverage. The
determination of surface coverage and the complete set of
time-resolved IR spectra (see Figure S1) is provided in the Sup-
porting Information. At low coverages, we observe four domi-
nating bands at 717, 800, 1411 and 1473 cm™'. The band at
800 cm ' is assigned to the y,,(porphin) mode. It grows line-
arly up to coverages of 0.4 ML, then decreases in intensity
with on-going deposition and, finally, increases in intensity
again at coverages above 1 ML (Figure 2a). The behavior re-
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flects a change in orientation of the porphin core as a function
of coverage and will be analyzed in detail below.

At coverages above 0.4 ML, additional bands are observed
at 966, 980, 1001, 1073, 1603 and 3065cm™'. Here, the
di,(porphin) mode at 966 cm ™" is the most intense of the three
in-plane deformations between 966 and 1001 cm™'. The peak
at 1411 cm " is attributed to v,(0-C-O) mode of a surface-anch-
ored carboxylate.*** However, the antisymmetric stretching
mode v,(0-C-O), typically exhibiting an absorption band at
around 1540 cm™', is not detectable."** " The absence of this
band is explained by the MSSR, which allows detection of per-
pendicular components of the dynamic dipole moment only.*”
We conclude that the MCTPP is bound in a bridging geometry.
The same adsorption geometry has been proposed for smaller
molecules anchored via carboxylic acid groups on
Co0(100)."8* Note that the formation of a bridging carboxyl-
ate is possible on CoO(100),#8%>" as the Co®>"-Co®" distance
is only 3.0 AB%>? In contrast, chelating bidentate carboxylates
are formed on Co;0,(111)B* where the Co’"-Co?" distance is
larger (5.7 A) and does not permit the formation of a bridging
structure.’>*? The adsorption geometries for both, bridging
and chelating bidentate carboxylates can be found in the Sup-
porting Information (see Figure S3).

Above 1.0 ML, we observe additional bands attributed to
multilayer species of MCTPP (see Table S1). In particular, we ob-
serve the two bands of the free acid, that is, the v(C—O) band
at 1277 cm™' and the v(C=0) band at 1694-1733 cm~". These
bands grow only after saturation of the v,(O-C-O) feature, that
is, at the point when the porphyrins do not interact directly
with the CoO(100) surface anymore.

Next, we investigate the deposition of MCTPP onto
CoO(100) at 450 K. The corresponding spectra are shown in
Figure 2b. First, we observe that the v(C—0) and v(C=0) band
of the free carboxylic acid are absent. This observation indi-
cates that there is only an anchored monolayer of MCTPP pres-
ent at this temperature. All IR bands observed in this experi-
ment are summarized in Table S1. At coverages below 0.2 ML,
we observe only a small peak centered at 715cm™', a sharp
Yoop(POrphin) band at 797 cm™" and a broad v,(0-C-O) peak at
1399 cm™, with a prominent shoulder at 1349 cm™'. With in-
creasing coverage, the vy,,,(porphin) band decreases in intensi-
ty and additional IR signals are observed at 964, 1004, 1076,
1599, 3065 and 3310 cm™'. Noteworthy, the d;,(porphin) vibra-
tion at 1004cm™' is more prominent than d,(porphin) at
964 cm™'. This observation is in sharp contrast to the isother-
mal adsorption experiment at 150 K (Figure 1b) and 300 K (Fig-
ure 2a).

Previously, we reported that changes in the wavenumber
region of §;,(porphin) bands are indicative for metalation reac-
tions.?” Comparison of the IR spectra of MCTPP and CoMCTPP
shows that the metalated complex shows a dominant band at
1002-1005 cm™' whereas the dominant band for the non-
metalated complex is located at 964-966 cm™'. Noteworthy,
the spectra of MCTPP on CoO(100) acquired at 450 K exhibit
also an intense §,,(porphin) band at 1004 cm™'. Furthermore,
we observe an intense band at 1349 cm™', which overlaps with
the broad v,(O-C-O) band (Figure 2b). This feature is also as-
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Figure 2. IRAS spectra recorded during the uptake of MCTPP on CoO(100) (a) at 300 K and (b) at 450 K. In the lower panels, we show the integrated peak
areas of selected absorption bands and schematic representations of the molecular films.

cribed to the metalated porphyrin. Finally, the v(N—H) stretch-
ing band at 3310 cm™' is indicative of the free-base porphyrin.
In the spectra of MCTPP on CoO(100) acquired at 450 K, the
band appears as a very weak and broadened feature only. All
these observations suggest that the MCTPP is at least partially
metalated to form CoMCTPP upon deposition at 450 K.

Additionally, we can obtain information on the binding
motif and adsorption geometry of MCTPP, similar as for deposi-
tion at 300 K. Appearance of the strong v,(O-C-O) band at
1399 cm™' indicates the formation of a bridging surface car-
boxylate. The fact that the intensity of y,,,(porphin) is highest
at coverages between 0.2 and 0.4 ML and decreases thereafter
indicates, once again, reorientation of the anchored porphyrin
as a function of coverage (note that the y,(porphin) mode is
polarized perpendicular to the molecular plane). We conclude
that MCTPP anchors to the CoO(100) surface in a tilted adsorp-
tion geometry at submonolayer coverage, whereas a largely
upright standing geometry is adopted upon completion of the
monolayer.

Molecular orientation

In order to derive quantitative information on the tilting angle
between the molecular plane and the CoO(100) surface, we
apply the procedure previously proposed for adsorption of
MCTPP on C0,0,(111).% A detailed description of the analysis
procedure is provided in the Supporting Information. In brief,
we calculated the tilting angle o, from the IR spectrum at a
reference coverage of 0.8 ML. All other tilting angles o, were
calculated with respect to this reference value from the most
intense Yq.,(porphin) mode only. The procedure prevents
errors due to inaccurate peak integration of very small features
(see discussion in ref.*). In Figure 3a, the calculated tilting
angle a, and the integrated peak area of y,.,(porphin) are
shown as a function of the surface coverage for the adsorption
experiments at 300 and 450 K.

For MCTPP adsorption at 450 K and in the limit of small cov-
erage, we find rather large tilting angles between 60°-70° (+
8°), which decrease rapidly to a value of 30°-40° (£+15°) at
0.15 ML. Above this coverage, the tilting angles increase and
reach a value of 75° (£2°) at full monolayer coverage. For
MCTPP adsorption at 300 K, the tilting angle could only be de-
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degree of metalation during deposition of MCTPP at 300 and 450 K.

termined for coverages above 0.15 ML because of the very low
intensity and larger width of the bands. Qualitatively, we ob-
serve a similar behavior. The tilting angle increases with cover-
age and reaches a value of 63° (£4°) near completion of the
monolayer. In the multilayer region, a, decreases and reaches
a value of 53° (+2°) at the end of the deposition. This value is
close to the magic angle of 54.7° expected for randomly ori-
ented molecules in the multilayer.

Our data suggests that the coverage dependent orientation
is similar to what was previously observed for MCTPP on
C050,(111).%Y Here, Werner et al. reported a minimum tilting
angle of 25° (£15°) at low coverage and a maximum tilting
angle of 77° (£5°) at monolayer coverage. Similar values were
also suggested for MCTPP on TiO,(110).%¢ Here, Fernandez
et al. determined a tilting angle of 66° for MCTPP by Near-
Edge X-Ray-Absorption Fine Structure (NEXAFS) measurements
of TPP molecules, with different numbers of carboxylic anchor
groups.” In summary, the MCTPP tends to lie flat at low cov-
erage and reorients to form a nearly upright standing layer at
monolayer coverage. The multilayer grown on top of the first
anchored layer is nearly randomly oriented. Noteworthy, the
tilting angles in the monolayer grown at 450 K is larger than
for the layer grown at 300 K. This observation suggests that
the degree of ordering and the packing density increases with
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increasing growth temperature. The origin of the larger tilting
angles for very small coverages at 450 K is not clear. We pro-
pose that the effect is due to adsorption of MCTPP at defects
sites of the oxide film. In fact, the CoO film consists of individu-
al grains with deeper boundaries in between. It is likely that
some of the initially deposited MCTPP is trapped in these grain
boundaries and adopts a larger tilting angle here.

Self-metalation of MCTPP on CoO(100)

To determine the degree of self-metalation in the isothermal
adsorption experiments, we used the integrated band intensi-
ties of &, (porphin) at 964-966 cm™' and 1001-1004 cm™',
which are characteristic for MCTPP and CoMCTPP, respectively
(see Figure 1b). Details of the evaluation procedure are given
in the Supporting Information. Briefly, we calculated the
amount of metalated MCTPP using the integrated peak areas
of d;,(porphin) referenced to the ATR-FTIR spectra of the bulk
spectra (to account for the different dynamic dipole moments
of the bands). With this approach, we can determine the
degree of metalation during the adsorption process from the
relative intensity of the &;(porphin) bands at 964-966 cm™'
and 1001-1004 cm™". The calculated fraction of metalated por-
phyrin is shown in Figure 3b as a function of surface coverage

© 2020 The Authors. Published by Wiley-VCH GmbH
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for deposition at 300 K and 450 K. For deposition at 300 K, we
find that the fraction of metalation is small. Approximately
154+2% of the porphyrin is metalated and no major changes
are observed with increasing coverages. At 450 K, we observe
a much higher degree of metalation. Between 0.3 and 0.4 ML,
the degree of metalation is approximately 85% and the value
decreases to 60% when approaching monolayer coverage.
Below 0.3 ML, the intensity of the §;,(porphin) peak is small
and data analysis leads to large uncertainties.

Self-metalation of porphyrins is a well-known phenomenon
on various metal surfaces"*'*'***5% and some oxides.?%?*3>>%
On metal oxide surfaces, self-metalation typically proceeds via
an ion-exchange between the aminic protons and a surface
metal cation, often originating from defect sites.””* Lovat
etal.,, showed that free-base porphyrin molecules deposited
on TiO,(110) can be protonated by surface hydrogens, most
probably from surface hydroxyl groups, which hinders self-
metalation.®® For adsorption of TPP derivatives on MgQ(100),
it was shown that metalation critically depends on the density
of defect sites.?>?*>* Here, an important point is the stability
of the hydroxyl groups formed upon proton release from the
porphin core. The energetics of the metalation reaction
depend on the stability of the OH groups formed upon metal-
ation.

In the present case, Co’" cations must be released from the
substrate for metalation, while protons must be taken up. Pre-
viously, we studied the formation of surface-hydroxyls upon
exposure to water on various thin films (C0;0,(111),5
CoO(111),® Co0(100),°%%" CoO nano-islands®”). Drastic differ-
ences were observed with respect to the stability of the OH
groups. In particular, we did not observe dissociation of water
on Co0(100),%%*7 suggesting that the stability of OH groups
on this surface is comparably low. In a second study, we inves-
tigated the anchoring of benzoic acid on different cobalt
oxides.™ The hydroxyl groups formed upon anchoring, give
rise to a sharp v(OH) band indicating the formation if isolated
hydroxyl groups. In the present study, we did not observe any
bands in the wavenumber region from 3600 to 3750 cm™". This
observation suggests that the OH bands are weak and broad
and, therefore, difficult to detect. It is likely that the OH groups
formed upon deprotonation of the porphin center (and possi-
bly also the protons released by the anchoring reaction) are
bound at defect sites of the CoO(100) film. These defects
might be present already from the preparation (the film typi-
cally grows in form of grains with flat top facets and grain
boundaries in between) or their formation may be induced by
the metalation reaction. It is likely that also the Co?" ions for
the metalation reaction stem from defects such as steps or
grain boundaries. After removal of surface Co®", the same sites
may serve as binding centers for the protons.

This scenario is compatible with the observation that self-
metalation required elevated temperatures to be activated. We
suggest that the anchored MCTPP becomes mobile at elevated
temperature and the porphyrin molecules can diffuse to active
defect sites on the CoO(100) film. Wechsler et al. also showed
that high surface temperatures are required to increase the
degree of metalation for non-anchored 2HTPP both on
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C050,(111) and CoO(111).%" The observation suggests that
indeed sufficient mobility in the porphyrin film is required. In
the present case, anchoring via the carboxylate group further
hinders the diffusion. Furthermore, our observations suggest
that metalation also depends on the orientation of the mole-
cule with respect to the oxide surface.”" Large tilting angles o,
decrease the probability of metalation, simple because of the
larger distance between the porphin core and the surface,
which also leads to a larger activation barrier for metalation.
With increasing coverage at 450 K, the tilting angle increases
drastically and the tendency for metalation decreases. Previ-
ously, Kollhoff etal. has found similar dependencies on the
molecular orientation for anchored porphyrins on oxide nano-
particles.?*¥

Temperature-induced effects

In order to further investigate the dependence of metalation
on the surface temperature, we performed TP-IRAS experi-
ments after isothermal adsorption of MCTPP on CoO(100) at
150 K. In Figure 4, we show the development of these spectra
as a function of temperature and additional peak intensities
for selected bands.

For the discussion, we divide the TP-IRAS data into three
temperature regimes: (i) 150-195 K, (i) 195-460 K, and (iii) 460-
600 K. In regime (i), the spectra resemble the initial multilayer
spectra acquired after deposition at 150 K. In temperature regi-
me (ii), the IRAS spectra change drastically. The intensity of the
Yoop(POrphin) and v(C=0) bands decrease with increasing tem-
peratures, whereas the 0;,(porphin) deformation vibrational
bands grow in intensity. Furthermore, we observe the forma-
tion of the v,(0-C-O) band at 1414 cm™. In regime (i, finally,
the 7Y,op(porphin), v(C=0) and v(N-H) bands are completely
absent. However, we still observe the v,(0O-C-O) band of a car-
boxylate and different band intensities in the &;(porphin)
region. In particular, the band at 1001 cm™' becomes more
prominent and the band at 966 cm™' decreases in intensity.

The development of the v,(O-C-O) band during sample heat-
ing allows us to follow the anchoring of the MCTPP layer with
increasing temperature. Previously, a strong temperature de-
pendence of the anchoring reaction was also observed for
MCTPP on Co0,0,(111)®" and ZnDCPP on TiO,(110).*? The iso-
thermal experiments at 300 and 450 K, further suggest that a
reorientation of the porphyrins takes place in the first layer
concomitant with the anchoring reaction. Interestingly, the in-
tense v,(O-C-O) band is observable over a wide temperature
range from 200 to almost 600 K, indicating formation of an
anchored layer with high stability. In addition to the v,(O-C-O)
band, we also observe the v(C=0) stretching mode of the free
acid up to 460 K. This suggests that layers of physisorbed
MCTPP coexist on top of the anchored monolayer. The multi-
layer desorbs at 460 K and the monolayer resides up to almost
600 K.

In order to determine the degree of metalation during the
TP-IRAS experiment, we apply the same procedure as de-
scribed above. The results are shown in the inset of Figure 4.
Interestingly, we observe a first metalation step in the multilay-

© 2020 The Authors. Published by Wiley-VCH GmbH


http://www.chemeurj.org

Chemistry
Europe

European Chemical
Societies Publishing

Full Paper

Chemistry—A European Journal doi.org/10.1002/chem.202001331

500 MCTPP/C0O(100)/Co/lr(100). 2 K/min

. \ V 4 = \'v,\ |
U 1607 1073 If 1
3520 3061 || 149 ,(pheny) | |
3320 3021 1442 1403 w001
V(N-H) 1285 S
v(C-O 982 ~ 731
1721+ 8,(porphin)
1700
150K V(C=0)  y_(porphin)go2
i by
IAR/R:M% [AR/R=0.5% tes(PhENY) 703

T T T T T T T T T T T
1700 1500 1300 1100 900 700
Wavenumber [cm]

T T T T T T
3700 3500 3300 3100
Wavenumber [cm]

% non metalated
100 80 60 40 20 O
e

&

&
& 550
oz

“ 500 Monolayer anchored
3 high metalation

éT,,,(muI(ilayer) 450
i 400
f- 350
4
§ 300
S multilayer
f, =0 first layer anchored
¥ increased metalation
? 200
H &
3 N

Integrated Peak

e 150
0 20 40 60 80 100
Area [a.u.] % metalated

multilayer
not anchored
low metalation

Figure 4. Temperature-programmed IRAS data recorded between 150 and 600 K. The heating rate was 2 Kmin~". In the panel on the right, we display inte-
grated peak areas of selected absorption bands. In addition, we calculated the degree of metalation throughout sample heating (see text for details). The
schematic representations illustrate the experimental setup and the behavior in different temperature regimes.

er film between 150 and 195 K from 10 to 20 %. This degree of
metalation increases only slightly to 28% upon heating to
460 K. Upon desorption of the multilayer, the fraction of meta-
lated porphyrins increases and reaches a final value of 80% at
600 K.

Noteworthy are previous XPS studies with non-functional-
ized 2HTPP, which showed that metalation is possible at low-
temperatures on CoO(111).% Here it was found that in the
submonolayer region 61% of 2HTPP were already metalated at
175 K. Based on these findings, we propose that a small frac-
tion of the MCTPP multilayer film undergoes metalation al-
ready upon deposition at 150 K. However, metalation remains
restricted to a minor fraction of molecules in the first monolay-
er. The low intensity of the carboxylate band at 1403 cm™' indi-
cates that the majority of MCTPP molecules are not anchored
to the surface in this temperature region. It is likely that metal-
ation first occurs for flat-lying molecules, which are in direct
contact with defect sites. At 195 K, the first layer of MCTPP an-
chors to the surface, forming a densely packed layer of upright
standing molecules. With increasing temperature, this anch-
ored film undergoes only slow metalation. Upon desorption of
the multilayer at 460 K, the fraction of metalated molecules in-
creases from 28 to 60%. This value is in good agreement with
the isothermal measurement at 450 K (see Figure 3b). This
finding shows that metalation occurs practically exclusively in
the first monolayer, but not in the multilayer. Above 460 K
however, the degree of metalation further increases up to 80%
at 600 K. We attribute this effect to the increasing mobility in
the film with increasing temperature.
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Conclusion

We studied anchoring, orientation and self-metalation of a
carboxyl-functionalized porphyrin, that is, 5-(4-carboxyphenyl)-
10,15,20-triphenylporphyrin  (MCTPP), on a well-ordered
Co0(100) thin film. To this end, we applied isothermal time-re-
solved IRAS and temperature-programmed [RAS. The main
findings are summarized in the following:

(1) Upon deposition at 150 K, MCTPP adsorbs molecularly on
Co0O(100) without anchoring to the surface. Upon heating
of a multilayer of MCTPP to 195 K, the first layer of porphy-
rin molecules anchors to the surface via formation of a
bridging surface-carboxylate.

(2) The MCTPP multilayer is stable up to 460 K. Above this
temperature, the multilayer desorbs and only the anch-
ored monolayer resides at the surface. The monolayer is
stable up to 600 K approximately.

(3) The orientation of the anchored MCTPP monolayer de-
pends on the surface coverage. At low coverage, the tilt-
ing angle is small (30-40°, flat lying molecules), but the
angle increases with increasing coverage (75°, upright
standing molecules). Larger tilting angles at very low cov-
erage are attributed to the adsorption at defect sites.

(4) Self-metalation of MCTPP on CoO(100) depends on both,
surface temperature and coverage. At low temperature
(150 K), the degree of metalation in the first layer is small.
With increasing temperature, the degree of metalation in-
creases and reaches a value of around 60% at 460 K. Met-
alation is limited to the first monolayer only and does not
occur in the multilayer. With increasing temperature, the
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degree of metalation further increases and reaches a value
of around 80% at 600 K.

(5) The degree of self-metalation depends on the coverage.
With increasing coverage, the degree of self-metalation
decreases from more than 85% at low coverage to 60%
for the full monolayer. These findings suggest that the
metalation also depends on the molecular orientation of
the anchored species.

Experimental Section

Isothermal IRAS measurements: All IRAS measurements were per-
formed in an UHV setup with a base pressure of 1.5x 107" mbar,
which is described elsewhere.®® The IR spectra were acquired
using a Fourier-transform infrared (FTIR) spectrometer (Bruker
Vertex 80v), with an external Liquid-Nitrogen-cooled-Mercury-Cad-
mium-Telluride (LN-MCT) detector, both connected to the UHV
chamber via differentially pumped KBr windows. During deposition
of the porphyrins, IR spectra were continuously recorded with a
spectral resolution of 4cm™' and an acquisition time of 60s per
spectrum. All IR spectra were referred to a background spectrum
(4 cm™', 10 min) of the clean surface acquired prior to deposition.

Temperature-programmed IRAS measurements: In the TP-IRAS
measurements, IR spectra were continuously recorded (4cm™,
60 s) during heating of the sample with an applied heating rate of
2 Kmin~". The TP-IRAS data was evaluated, applying the procedure
proposed by Xu et al., which accounts for signal intensity losses
caused by reflectivity decrease of the surface at elevated tempera-
tures.* The spectrum of the as-prepared CoO(100) thin film was

used as reference for the corrected TP-IRAS spectra.

Preparation of CoO(100)/Co/Ir(100): CoO(100) thin films were pre-
pared on an Ir(100) single crystal applying a preparation procedure
by Heinz and Hammer.5® Starting from a clean Ir(100)-(2x 1)-O sur-
face, the sample was heated to 523 K for 1 min in 1x 10" mbar H,
(Linde, 5.3), and subsequently, 1 min in UHV, to yield the Ir(100)-
(1x 1) reconstructed surface. Next, a 3.5-4 nm thick layer of metallic
Co was deposited onto the Ir surface at 343 K for 5 min. The
sample was then cooled to 193 K and Co was reactively deposited
in 7x1077 mbar O, for 3 min. The amorphous cobalt oxide film
was annealed at 373 K for 3 min to achieve an ordered CoO(100)
structure. Applying a second reactive deposition step of Co in an
0, atmosphere (7x 107 mbar) at 223 K for 20 min, yielded a thick
(15 nm) CoO(100) film, which was further annealed at 1073 K for
5min in UHV. The quality of the prepared CoO(100) film was
checked via low-energy electron diffraction (LEED), which showed
a clear 1x1 pattern.

Physical vapor deposition of porphyrins: The porphyrins were de-
posited from glass crucibles using home-built thermal evaporators.
The evaporators were separated from the UHV chamber by a gate
valve, being pumped via a separate bypass-system. To prevent
contamination, the porphyrins were preheated to 453 K for 60 min
prior to deposition.
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