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Abstract: Porphyrins are large organic molecules that are interesting for different applications, such
as photovoltaic cells, gas sensors, or in catalysis. For many of these applications, the interactions
between adsorbed molecules and surfaces play a crucial role. Studies of porphyrins on surfaces
typically fall into one of two groups: (1) evaporation onto well-defined single-crystal surfaces under
well-controlled ultrahigh vacuum conditions or (2) more application-oriented wet chemical deposi-
tion onto less well-defined high surface area surfaces under ambient conditions. In this study, we
will investigate the wet chemical deposition of 5-(monocarboxyphenyl)-10,15,20-triphenylporphyrin
(MCTPP) on well-defined rutile TiO,(110) single crystals under ambient conditions. Prior to deposi-
tion, the TiO,(110) crystals were also cleaned wet-chemically under ambient conditions, meaning
none of the preparation steps were done in ultrahigh vacuum. However, after each preparation
step, the surfaces were characterized in ultrahigh vacuum with X-ray photoelectron spectroscopy
(XPS) and the result was compared with porphyrin layers prepared in ultrahigh vacuum (UHV)
by evaporation. The differences of both preparations when exposed to zinc ion solutions will also
be discussed.

Keywords: porphyrins; oxide surfaces; wet chemical preparation; metalation; interfaces

1. Introduction

Porphyrins are large organic macrocycles, which play a crucial role in many important
processes in nature [1,2]. These colorful molecules, sometimes referred to as the “pigments
of life” [3], are the functional building blocks in hemoglobin and myoglobin, where they
transport and store oxygen in mammalian cells [4], in chlorophyll, where they absorb
sun light [5], and in vitamin Bj,, where they play an important role for the production
of red blood cells and the function of the nervous system [6]. The reason for their broad
range of functionality is their great tunability: by incorporating different metal centers
in the nitrogen pocket, and by changing the side groups of the molecule, it is possible to
tailor porphyrin derivatives with specific electronic, optical, and chemical properties [7-9].
This makes this group of molecules also highly relevant for catalysis [10,11], medical
applications [12,13], and devices, such as gas sensors [14,15] and photovoltaic cells [16,17].
In many of these applications, porphyrins are adsorbed onto a solid support and, therefore,
it is crucial to understand the interactions between porphyrin molecules and surfaces. The
vast majority of existing surface science studies have focused on porphyrins adsorbed on
metal surfaces [18-22], but in the last years, focus has shifted towards the more complex and
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more technologically relevant porphyrin/metal oxide interfaces [23-25]. These studies fall
usually in one of two categories: (1) evaporation onto well-defined single crystal surfaces
under well-controlled ultrahigh vacuum (UHV) conditions [23-25] or (2) more application-
oriented wet chemical deposition onto less well-defined high surface area surfaces under
ambient conditions [26,27]. In this study, we want to bridge the gap between these two
categories: We focus on reproducibly growing porphyrin layers from solution onto wet-
chemically cleaned TiO,(110) and the reaction of those layers with metal ion-containing
solutions, all done under ambient conditions outside the vacuum chamber. Each step
of the process will be characterized using X-ray photoelectron spectroscopy (XPS). We
will furthermore compare the wet-chemically prepared porphyrin layers on TiO,(110)
with layers grown under ultrahigh vacuum by evaporation onto TiO,(110) crystals, which
were previously cleaned by sputtering and annealing. The porphyrin molecule we used
for these measurements is the carboxylic acid-functionalized 5-(monocarboxyphenyl)-
10,15,20-triphenylporphyrin (MCTPP, see Figure 1), which can be evaporated in ultrahigh
vacuum [24,28] and is soluble in ethanol.

OH

0]
Figure 1. Chemical structure of 5-(monocarboxyphenyl)-10,15,20-triphenylporphyrin (MCTPP).

2. Results and Discussion
2.1. Preparation of the TiO,(110) Crystals

Figure 2 shows XP survey spectra of the as-received TiO,(110) crystal (green curve)
and after subjecting the crystal to the wet chemical cleaning procedure described in the
experimental section above (blue curve). The measurements of the untreated, as-received
TiO,(110) crystal show—besides titanium and oxygen—the presence of zinc, copper, cal-
cium, sulfur, phosphorus, silicon, nitrogen, and carbon contaminant species on the crystal
surface. The elemental compositions of the as-received and wet-chemically cleaned crystals
are shown in Table 1. All concentrations are given as atomic % within the XPS probing
depth. Although all of these contaminants will affect the deposition of a porphyrin layer
to different degrees, zinc and copper are particularly unwanted as they can be complex-
ated by porphyrins and only small amounts are sufficient to metalate a full first layer
of free-base porphyrins [29,30]. Indeed, the metalation of 1 ML of porphyrins (4 atomic
% nitrogen, see Table 1) requires only 1 atomic % of reactive metals on the surface, as
every porphyrin molecule consists of four nitrogen atoms, which can coordinate one metal
atom. The as-received TiO;(110) crystal has already 0.82 atomic % copper and 0.12 atomic
% zinc. Together, this is enough to metalate 0.9 ML of porphyrin molecules. Thus, it is
very important to remove all metal impurities before free-base porphyrins are deposited.
Moreover, the presence of nitrogen impurities is unwanted as they could give rise to XPS
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peaks that overlap with the porphyrin nitrogen peaks, making the interpretation of this
spectral region very difficult.

The blue trace in Figure 2 shows that almost all impurity peaks were removed after
treating the TiO,(110) crystals with the wet chemical cleaning procedure described in
the experimental details section. This is also supported by the N 1s and C 1s spectra
in Figure 3 (blue). After wet-chemically cleaning the crystal, the remaining amount of
nitrogen is only 0.17 atomic %, which is less than 5% of the amount of nitrogen in a
densely-packed porphyrin layer evaporated in UHV. The remaining number of carbon
impurities on the other hand is still around 20 atomic %, more than half the carbon in a
densely-packed porphyrin layer (38%). This is unavoidable when working with TiO, under
ambient conditions: the surface will always be fully covered with a layer of carboxylic
acid impurities, which are present in both water and air, and immediately adsorb onto the
reactive surface to cover it completely. The Diebold group studied the impurity-uptake
of TiO,(110) when exposed to air and water and they found that mainly carboxylic acids,
which are present in very small quantities in air, adsorb onto the surface very rapidly [31].
This is in line with the C 1s XPS high-quality measurements of the wet-chemically cleaned
crystal in Figure 3. The blue curve, which was recorded after the cleaning procedure, shows
peaks at 284.8 and 288.5 eV suggesting that the impurities consist of carboxylic acids as
reported by the Diebold group [31,32].

Table 1. Elemental composition of TiO,(110) surfaces as-received, after wet-chemically cleaned and with MCTPP adsorbed

from solution and with MCTPP evaporated in UHV. All compositions are given as atomic % within the probed depth.

TiO,(110) MCTPP + TiO,(110)
Before Cleaning Wet-Chemically Cleaned 1.3 ML MCTPP 1.0 ML MCTPP
Wet-Chemically Prepared UHV
Prepared
Ti 16.04% 24.72% 14.16% 17.05%
O 55.88% 55.21% 36.90% 39.25%
C 23.85% 19.66% 44.64% 37.89%
N 1.20% 0.17% 3.98% 4.06%
/n 0.12% <0.03% <0.05% <0.02%
Cu 0.82% <0.02% <0.04% <0.02%
Ca 0.58% <0.01% <0.20% <0.40%
S 0.33% <0.05% <0.01% <0.20%
P 0.57% <0.06% <0.01% <0.30%
Si 0.61% <0.08% <0.01% <0.80%

This has direct implications for the adsorption of porphyrins: in contrast to ultrahigh
vacuum studies, the porphyrins do not adsorb onto a clean surface, but instead have
to replace the impurity molecules that are already adsorbed onto the crystal. For that
to happen the porphyrin molecules must bind at least as strong as the impurities to the
TiO,(110) surface. As discussed above, the impurity species are most likely carboxylic
acids, which form covalent bonds to the surface. Porphyrins that only physisorb onto
TiO,(110), such as 2H-tetraphenylporphyrin, will not be able to replace the carboxylic acid
impurities. Instead, porphyrins with linker groups are needed to displace the impurities
by forming stronger surface bonds. Porphyrins with phosphonic acid groups are good
candidates for a strong bonding molecule [33,34]. However, here we want to compare
porphyrins prepared wet chemically with vacuum-deposited porphyrins, and we were
not able to evaporate phosphonic acid-functionalized porphyrins without decomposition.
Instead, we use the carboxylic-acid-functionalized MCTPP molecule. As the linker group
of MCTPP is the same as for the carboxylic acid impurities, we assume that their bond
strengths are similar, but because the porphyrin concentration in solution is much higher
than that of the impurities, they should be able to replace the carboxylic acid impurities
when deposited from solution.
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Figure 2. Comparison of XP survey spectra of a fresh, as-received TiO;(110) crystal (green) and a cleaned one (blue). Besides
titanium and oxygen, traces of zinc, copper, calcium, sulfur, phosphorus, silicon, carbon, and nitrogen were found on the
as-received crystal and removed by the wet-chemically cleaning procedure.
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Figure 3. N 1s and C 1s spectra of a fresh and untreated TiO,(110) crystal (green) and a wet-chemically cleaned one (blue).
In addition, the spectrum of a wet-chemically cleaned crystal exposed to MCTPP/EtOH-solution for 30 min is added (red)
as a reference. The measurements show that the cleaning procedure removes almost all nitrogen, but carbon is still present.

For all our measurements, we used polished TiO,(110) single crystals, but the polished
side is—on a microscopic level—still very rough. The left part of Figure 4 shows an
ambient condition atomic force microscopy (AFM) image of such a polished surface. In
UHV studies, the annealing steps after sputtering the single crystals create very flat surfaces
with large terraces [35] and to achieve similar results outside of UHV, we annealed our
crystals in a flow of air. Applying the same annealing temperature that we used in our
UHV experiments, which is 970 K, for 90 min, does not yield flat surfaces as seen in the
middle part of Figure 4. When increasing the annealing temperature to 1220 K for 22 h,
large terraces with a step height of 0.32 nm, which is in agreement with literature [36], are
formed. This temperature is also employed by other groups to prepare flat surfaces on
rutile TiO,(110) crystals [37-39].
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Figure 4. Ambient-condition AFM images of an untreated TiO,(110) surface and after annealing in air
and corresponding height profiles (indicated by the blue lines in the AFM images). Annealing to 970K,
which is the annealing temperature for UHV-prepared crystals, does not yield flat surfaces. Increasing
the annealing temperature to 1220 K for 22 h results in large terraces, indicating atomic ordering.

2.2. Porphyrin Deposition

As discussed above, we deposited MCTPP from ethanolic solutions. Therefore, after
cleaning, the crystals were placed in a 0.01 mM porphyrin solution. Figure 5 shows N 1s
spectra of a wet-chemically cleaned crystal that was in contact with a 0.01 mM MCTPP
solution for 30 min (bottom), and of a crystal cleaned in ultrahigh vacuum followed by the
UHYV deposition of MCTPP molecules (top). Both spectra show the same peaks at the same
binding energies. It has to be noted that the survey spectrum corresponding to the crystal
with the solution-deposited porphyrin molecules does not exhibit any impurity peaks
besides small quantities of carbon (see discussion below). The biggest difference between
the two measurements is the ratio between the two main nitrogen peaks. Measurements in
the past have shown that impurities can adsorb on TiO,(110) when brought into contact
with solutions [28]. These impurities would appear around 401.2 eV (see yellow peak in
Figure 7 below); thus, the increase in the 400.2 eV peak in the solution de-posited spectrum
is not due to the presence of nitrogen-containing impurities. We think the reason for the
difference is in the different preparation methods employed.
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Figure 5. Comparison of the N 1s spectra of MCTPP evaporated (top) and wet-chemically deposited
(bottom) onto TiO,(110). The two different nitrogen atoms of the porphyrin lead to the two equal
intense green peaks: the iminic nitrogen (=N-) atoms to the peak at 398.2 eV and the aminic nitrogen
(-NH-) atoms to the peak at 400.2 eV. The red peak is caused by a doubly-protonated porphyrin
diacid, which we believe is formed upon interaction of the iminic nitrogen atoms with hydroxyl
groups on the surface. The spectra were scaled to the respective porphyrin coverages of 1.0 ML for
the evaporated and 1.3 ML for the wet-chemically deposited layers.

To understand the observed behavior, we have to assign the measured peaks: the
green-colored peaks are caused by the two different types of nitrogen atoms that are
present in a free-base porphyrin: iminic nitrogen (=N-) leading to the peak at 398.2 eV
and aminic nitrogen (-NH-) at 400.2 eV. The barely visible violet peaks are shake-up
satellites. The remaining red peak at the same position as the aminic nitrogen peak is
typical for porphyrins adsorbed on TiO,(110) [23,28,40]. This was first observed in UHV
measurements by Lovat et al. [23] and we believe that it is caused by an interaction of
the iminic nitrogen atoms with hydroxyl groups on the surface yielding the formation
of a doubly-protonated porphyrin diacid. We think that the different ratio between the
N 1s peaks of evaporated and solution deposited MCTPP is caused by a higher degree
of protonated porphyrins on the wet-chemically prepared crystal. Given that the crystal
has been in contact with protic solvents, its surface is probably strongly hydroxylated,
and this could lead to a higher degree of protonation. These first results show that it is
possible to deposit porphyrins from ethanolic solutions resulting in molecular layers of
a similar quality as those obtained by UHV-evaporation but exhibiting a larger degree
of protonation.

Figure 6 shows N 1s and C 1s spectra of TiO,(110) crystals exposed to MCTPP solutions
as a function of time. After 30 min, the regions are not changing anymore indicating that
a saturation coverage is reached. The saturation coverage at this point is 30% larger
(1.3 ML) than a monolayer prepared by MCTPP multilayer-desorption in UHV. We do not
expect multilayers to form, because all molecules not directly bound to the surface should
be removed by rinsing with the pure solvent. It appears reasonable to assume that the
solution-deposited process allows molecules to attach and detach, and thereby reach a
more well-ordered and densely-packed structure. In addition, the monolayer reference
in UHV was obtained by annealing to above 550 K to desorb multilayers. It is possible
that annealing the solution-deposited structure to the same temperature would reduce the
coverage slightly, producing the same coverage. It has to be noted, that the coverages were
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calculated by comparing the N 1s to Ti 2p ratios to those of the monolayer obtained by
multilayer desorption. Any impurity on the surface contributing to the C 1s signal will
therefore not affect the calculated coverage.

Intensity (arb. unit)

N1s —~NH- C1s c-C
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Figure 6. N 1s and C 1s spectra of TiO,(110) crystals exposed to ethanolic 0.01 mM MCTPP solution for 10 and 30 min
and 12 h. After 30 min, the spectra do not change anymore, suggesting that saturation coverage is reached. The 10 min

preparation has less nitrogen and carbon and therefore also a lower porphyrin coverage.

MCTPP evaporated in UHV shows a coverage-dependent change in adsorption geom-
etry. Small submonolayer coverages adsorb with the macrocycle close to the surface, while
coverages around 1 ML adopt a more upright-standing adsorption geometry, allowing
more molecules to adsorb onto the crystal [28]. We suspect that because of the even higher
coverage, the MCTPP molecules adsorbed in the wet-chemically prepared layer are tilted
even further away from the surface (close to perpendicular), which would explain the
higher coverage.

Finally, it cannot be completely excluded that the evaporation of the pure solvent
leaves a small carbon-containing evaporation residue behind. This is consistent with the
higher carbon-to-nitrogen ratio observed for the wet-chemically prepared layers compared
the layers prepared in UHV. The amount of additional carbon on the wet-chemically
prepared layers is roughly 15% of the carbon coverage of a UHV-prepared monolayer.

Considering the full preparation was done outside of ultrahigh vacuum and the
crystal was initially fully covered with carboxylic acid impurities, we consider this is a
good outcome. In addition, this result is very reproducible allowing us to prepare crystals
with adsorbed porphyrins that yield very similar C 1s and N 1s photoelectron spectra.
The time the crystal is exposed to solution is important: The carbon-to-nitrogen ratio after
10 min exposure is higher than after 30 min (or longer), indicating that initially more carbon
impurities are present. To keep the number of impurities as low as possible, we performed
all subsequent experiments on crystals exposed to porphyrin solutions for at least 30 min.

2.3. Porphyrin Metalation

After demonstrating that porphyrin layers can be successfully and reliably deposited
on TiO,(110) following a complete wet chemical route, we will now discuss the metalation
behavior of these layers in comparison with UHV prepared porphyrin layers. The metala-
tion reaction is one of the most studied reactions of porphyrins. It has been investigated
(1) for dissolved porphyrins in solution [7,41-43]; (2) for adsorbed porphyrins in ultra-
high vacuum [20,44-46]; and (3) for adsorbed porphyrins exposed to metal ion-containing
solutions [28,30,47]. We have therefore decided to use this as our first test reaction.

The MCTPP-covered crystals were put in aqueous zinc acetate solution with a concen-
tration of 0.01 M for one hour. The results are summarized in Figure 7: the left side shows
the measurements performed on sputter-cleaned TiO,(110) followed by the UHV evapo-
ration of MCTPP molecules, and the right side shows the spectra of the wet-chemically
prepared crystal. The measurements at the top are the ones before metalation, which were
already discussed in Figure 6.
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Figure 7. N 1s spectra of evaporated and solution-deposited layers of MCTPP onto TiO,(110) before and after metalation at

room temperature and at 85 °C with aqueous zinc acetate solution. The blue peak is caused by the metalated porphyrin

species and the yellow peak represents impurities that adsorbed during exposure to zinc acetate solution. The spectra were

scaled to the respective porphyrin coverages.

After exposing the crystals to zinc acetate solution, the spectral shape changes only
slightly in the case of the solution-deposited crystal but very drastically for the vacuum-
prepared crystal. Both spectra show an increase at the high binding energy side (orange
colored peak). This is the typical binding energy position (401.2 eV) of nitrogen-containing
impurities when TiO;(110) crystals [28] (and also Au(111) crystals [30]) are exposed to zinc
acetate solution. As the solvent was the same that is used during the crystal cleaning, the
source of those impurities is most likely the zinc acetate salt. In all cases, the number of
impurities from metalating with solution was below 10%.

Larger differences are found at 398.8 eV: fitting the two spectra confirms that the degree
of metalation is different. The blue peak, which represents the metalated porphyrin species,
is considerably smaller for the wet-chemically prepared crystal: only around 17% of the
porphyrin molecules are metalated. However, also on the UHV-prepared crystal the degree
of metalation is only around 50%, whereas Franke et al. found for 2HTPP evaporated onto
Au(111) complete metalation with zinc acetate solution at room temperature [30]. With
the aim to increase the amount of metalated porphyrins, freshly prepared crystals with
MCTPP were put in zinc acetate solution for one hour while heating to 85 °C. This leads
to a higher degree of metalation on both crystals, but full metalation is still not achieved.
On the wet-chemically prepared crystal, the total amount of metalation is only 43% and,
therefore, still smaller than on the vacuum-prepared crystal at room temperature where
75% metalation is observed. In all cases, the amount of zinc on the surface is high enough to
metalate all present porphyrin molecules and is therefore not the reason for the low degrees
of metalation. Both UHV-prepared crystals, the one exposed to zinc acetate solution at
room temperature, and the one exposed at 85 °C, have a zinc-to-nitrogen ratio of 0.75. This
is three times higher than the value of 0.25, which would be expected for exactly one zinc
atom present per porphyrin molecule. The wet-chemically prepared crystal, which was
exposed to metal ions at room temperature, shows the same ratio as the UHV-prepared
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crystals, but the crystal that was metalated at 85 °C has a zinc-to-nitrogen ratio of 2. We see
no reason why this sample should contain much more zinc than the other three therefore
believe that it is an outlier, probably caused by insufficient rinsing with pure solvent after
the metalation reaction.

The observed difference in metalation could be related to the packing density present
in the saturated monolayers. A porphyrin layer with densely packed upright standing
molecules would probably present a lower degree of metalation because the metal ions
have to diffuse through the non-polar adsorbate layer to the porphyrin center. We observed
a similar effect when we studied the metalation behavior of UHV-prepared MCTPP on
TiO,(110) as a function of coverage [28,48]. As discussed above, the wet-chemically pre-
pared crystals have a larger surface coverage (1.3 ML) than the UHV prepared crystals
(1 ML) and therefore exhibit a lower degree of metalation as observed in Figure 8. This
shows that there is a considerable difference between the two preparations. Although the
wet chemical route employed to deposit porphyrin layers on TiO,(110) produces spectro-
scopically similar layers to those obtained in UHYV, their reactivities towards metalation
from solution are different. As discussed above, this might be the result of differences in
the arrangement of surface molecules.

evaporated solution-deposited

Zn 2p;, Zn 2pg;,
§ MCTPP exposed to MCTPP exposed to
g | 0.01MZn(OAc), 0.01 M Zn(OAc),
&8 | — at85°C — at85°C
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Figure 8. Zn 2p3/, spectra of evaporated and solution-deposited layers of MCTPP onto TiO,(110)
after metalation at room temperature (green trace) and at 85 °C (red) with aqueous zinc acetate
solution. The spectra were scaled to reflect the calculated zinc to nitrogen ratios.

3. Experimental Details
3.1. Wet-Chemically Prepared Crystals

X-ray photoelectron spectroscopy (XPS) measurements were conducted in a Quantera
II machine (Physical Electronics, Inc., Chanhassen, MN, USA) with a base pressure below
1 x 10~? mbar. The machine is equipped with a monochromatic Al K& X-ray source and a
dual-beam charge neutralization setup, allowing us to measure non-conductive TiO,(110)
crystals. The charge neutralization setup slightly overcompensates the charge and shifts
all spectra to lower binding energies by around 3 eV. To correct for this, all spectra were
shifted to align the main C 1s peak to 284.8 eV. Further information about dual-beam charge
neutralization in XPS can be found elsewhere [49].

The cleanliness of glassware and solutions is crucial when working with wet chemical
deposition on low-surface-area substrates such as single crystals, where ppb levels of
impurities can be enough to completely cover the surface [29,30]. All glass parts that
get in contact with either the TiO,(110) crystals or the reagent solutions were, therefore,
first cleaned with ultrapure water, and then immersed in an aqueous solution of 0.005 M
KMnO,/0.05 M H,SO4 for one hour to oxidize organic contaminants. Afterwards, the
glass parts were again washed with ultrapure water and moved to a 10% H,O, solution
for another hour, to remove the remaining KMnQjy. Finally, after removing the glass parts
from the peroxide solution, they were vigorously washed with ultrapure water.
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The procedure we used to clean the TiO,(110) single crystals is based on a recipe
described by the Diebold group [50] and is basically a variation of the “Standard Clean 1”
(SC-1) cleaning procedure used to clean wafers [51]: the first step is to sonicate the crystals
in 3% soap solution (Labwash premium extra) for 15 min to remove all grease and bigger
particles. After sonicating for another 15 min in clean ultrapure water, the crystals are
placed in a 65 °C 3:1 mixture of 25% NHj3 and 30% H;O; for 8 min. Finally, the crystals are
rinsed and sonicated in ultrapure water again for 15 min. The results of the wet chemical
cleaning procedure are discussed in detail in the next section. After cleaning, the crystals
are either stored in ultrapure water or directly put into a porphyrin solution.

3.2. Ultrahigh-Vacuum-Prepared Crystals

The TiO,(110) crystals were cleaned using an established procedure by several cycles
of sputtering and annealing [23,28,31], which results in an atomically clean and well-
defined surface. The cleanliness was verified by XPS, using a hemispherical SPECS electron
analyzer and a monochromatic Al K« X-ray source in a UHV chamber with a base pressure
below 5 x 10719 mbar. To achieve sufficient conductivity for XPS the TiO,(110) crystals
used for the ultrahigh-vacuum preparations were first annealed in vacuum until they have
a light blue color. MCTPP was evaporated onto the clean TiO,(110) single crystals from a
Knudsen cell. Exposure of the ultrahigh-vacuum-prepared crystals to aqueous zinc acetate
solutions was carried out in an argon-filled Teflon liquid cell attached to the UHV chamber.
In contrast to the wet-chemically prepared crystals, this crystal was at no point exposed to
air during the cleaning process, preparation of the porphyrin layer, transfer to the liquid
cell, or exposure to solution. A detailed description of the preparation of the crystals in
ultrahigh vacuum can be found elsewhere [28].

3.3. Chemicals

The 10 x 10 x 1 mm? rutile TiO»(110) crystals were bought from Crystal GmbH
(Berlin, Germany). NH3 was purchased from VWR Chemicals (Radnor, PE, USA), H,O,
from BASF (Ludwigshafen, Germany), and ethanol from Fisher Chemicals (Hampton,
NH, USA). MCTPP was bought from Porphyrin Laboratories (Scharbeutz, Germany) and
Zn(OAc); from Acros Organics (Phil Lang, NJ, USA). Aqueous zinc acetate solutions were
prepared with ultrapure water (MilliQ Synergy UV, 18.2 M(Q) cm at 25 °C, <5 ppb TOC).

4. Conclusions

We presented a method to clean rutile TiO,(110) crystals and deposit molecules from
solution, without the need of ultrahigh vacuum. The porphyrin layers are reproducible,
of high purity and are composed of mainly free-base porphyrins with some protonated
molecules. The amount of protonated porphyrin species obtained in the wet-chemically
prepared layer is about three times higher than that present in porphyrin layers deposited
in UHYV, probably because exposing the crystal to protic solvents results in a stronger
hydroxylated surface. Furthermore, we exposed solution-deposited porphyrins to aqueous
zinc acetate solutions, which induced partial metalation. In comparison to evaporated
porphyrin molecules onto sputter-cleaned TiO;(110) crystals, the degree of metalation is
considerably smaller, and even after exposure to a zinc acetate solution heated to 85 °C, not
even half of the molecules were metalated. This might be due to the different arrangement
of molecules on the surface, where molecules deposited from solution form more densely
packed layers, which are probably less reactive towards metalation.
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