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1. Introduction

Porphyrins play a central role in many essential processes in nature, and the most prominent
examples of porphyrins are chlorophyll a and heme b, depicted in Figure 1. Chlorophyll is a green
natural pigment consisting of a magnesium(ll) porphyrin derivative and it is responsible for light
absorption and electron transfer in photosynthesis. Heme b in comparison is an iron(ll) porphyrin
complex and a central component of hemoglobin. Hemoglobin is responsible for the oxygen

transport in blood, and thus for the respiration process of almost all vertebrates [1-3].

Chlorophyll a Heme b

HO™ X o7 TOH

Figure 1 Two prominent examples of the natural occurrence of porphyrins: Chlorophyll a is the molecule responsible for
light absorption, and electron transport in photosynthesis, and heme b is one of the main components of hemoglobin.

The role of porphyrins in nature and their interesting characteristics such as structural versatility
and stability inspired many researchers to apply them in a wide field of applications, such as dye-
sensitized solar cells (DSSCs), organic light-emitting diodes (OLEDs) and organic-field effect
transistors (OFETS). The use of dye-sensitized solar cells as a renewable energy source is one
promising approach to face the challenge of environmental problems with all its severe
consequences. Porphyrins are interesting as dye molecules because of their strong colors and

were for instance used in dye-sensitized solar cells, also referred to as Grétzel cells [4-11].

The central unit of a porphyrin molecule is the porphine core. As depicted in Figure 2, this porphine
unit consists of four pyrrole rings interconnected by methine bridges. At these methine bridges,

functional groups of different complexity can be attached. In the simplest case hydrogen atoms
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are present. Still comparably simple is the attachment of four phenyl rings. In that case, the
molecule is called tetraphenylporphyrin and this is probably the most-studied porphyrin molecule
in Surface Science [12, 13]. Metalation is one straight-forward and often used method to tailor the
chemical and electrical properties of a porphyrin, beside the already mentioned introduction of
peripheral functional groups. In the metalated molecule, the two central protons of the free-base
molecule have been replaced by a metal ion typically in oxidation state +2. Metalation can happen
on a surface by co-deposition of reactive metal atoms or through a reaction directly with substrate

atoms also called self-metalation [12-20].

For many applications, the porphyrin molecules need to be supported on solid substrates. In the
dye-sensitized solar cell for instance [9, 21] porphyrin molecules are bonded to the titania
substrate using anchor groups that form covalent bonds between the dye and the surface. The
anchor groups are responsible for the charge transfer to the titania substrate, and they are
therefore critical for the performance of the solar cell. Many different functional groups can be
used as anchor groups, for example carboxylic acids (-C(=0)(OH)), phosphonic acids
(-P(=0)(0OH),), hydroxamic acids (-(C=0)-NH(OH)) or cyano (-CN) groups [22-24].

However, dye-sensitized solar cells are still not as efficient and reliable as silicon-based solar cells
[25, 26]. In particular, the long-term stability needs to be improved [27, 28]. One approach when
faced with a very complex problem is to look at all the subcomponents individually, understand
each of them better and then improve them one at a time. So, the first step is understanding these
subcomponents in detail: For dye-sensitized solar cells the dye-semiconductor interface can be
considered as one subcomponent, affecting quantum efficiency, open circuit voltage and the long-
term stability of the device. In the Gratzel solar cell, this is the interface between the porphyrin
molecules and titanium dioxide [4, 6, 9]. Surfaces of powders and nanoparticles are complex and
expose many different crystal facets. In Surface Science this complexity is reduced by studying
only a single crystal facet at a time. By understanding these simpler, but often still complex,
surfaces, we as researchers are able to understand elementary steps of chemical reactions and
processes on surfaces on an atomic level. This knowledge can then be combined with knowledge
from the other subcomponents to learn about the behavior of more complex surfaces and
interfaces. At the end of these learning processes, we end up with a deep understanding of the
important properties of the systems, and this will help us to design new materials and guide the

design decisions by a knowledge-based approach instead of trial-and-error.

This thesis is very much focused on this approach where complex systems are split up into smaller,
simpler subcomponents: The surfaces studied are single-crystal surfaces, exposing only a single

crystal facet, and even the functionalized porphyrin molecules are split into subcomponents and
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the anchor group and the porphyrin molecule studied separately. The thesis covers three main
topics: (1) Cyano porphyrins on Cu(11l), (2) tetraphenylporphyrin on TiO2(110) and
(3) phosphonic and hydroxamic anchor groups on TiO2(110). Cu(111) is a much simpler surface
than TiO2(110) and is therefore a good surface to start with. In Chapter 3.1, we focused on the
copper surface and the effect of cyano groups on the adsorption structure of porphyrins. Further,
we studied the effect of the adsorption structure on the self-metalation reaction of cyano
porphyrins deposited onto the surface. For Chapter 3.2, the self-metalation reaction of the
porphyrin molecule with the TiO2(110) surface was observed upon annealing, and in addition
protonation of the tetraphenylporphyrin was observed at room temperature. In Chapter 3.3.1 and
3.3.2, the bond formation of two anchoring groups, phosphonic acid and hydroxamic acid, to the
TiO2(110) surface was investigated as a function of coverage and temperature.

Porphine Core Phenylphosphonic Acid
R
R R
HO-P-OH
O
R
Possible Functional Groups Benzohydroxamic Acid

—R:

_ HN-C,

Figure 2 Molecular drawings of the studied molecules. The porphine core is depicted with four groups at the methine
bridges. Different functional groups could be attached such as the examples phenyl rings or phenyl rings para-
substituted with cyano groups. Further, molecular drawings of the two studied molecules with the respective anchor
groups, namely the phosphonic acid and the hydroxamic acid, are shown.






2. Experimental and Methodology Section

All experiments in this work were performed in ultrahigh-vacuum (UHV) chambers. The concept
of UHV is described in Chapter 2.1 and visualized by comparison of two important descriptive
physical values, the impingement rate and the time it takes to build up a monolayer on a surface.
In Chapter 2.2, the UHV setups are briefly presented, especially pointing out their outstanding
features and benefits. In Chapter 2.3 and 2.4, Cu(111) and TiO»(110), and how to prepare the
respective surfaces are introduced. Sample mounting and how to acquire accurate temperatures
for the TiO2(110) crystals is also summarized in Chapter 2.4. The following Chapter 2.5 describes
the molecules that were used and how to deposit them. In the last Chapter, 2.6, the experimental
techniques used in this thesis are presented, including the most important fundamental principles
of each.

2.1. Experimental Conditions - Ultrahigh Vacuum

All experiments in this work were performed in ultrahigh-vacuum chambers, implying that the
pressure inside these chambers is below 1.0 - 107 Pa or 1.0 - 10°° mbar. Using ultrahigh vacuum,
a clean environment can be obtained and maintained in these UHV chambers. The importance of
ultrahigh vacuum can be realized by calculating the flux of molecules hitting a wall or a surface in
a certain time, also called the impingement rate. This impingement rate Zw is described by

Equation 1 where p is the pressure, ks Boltzmann’s Constant, m the molecular mass and T the

1 . ’ 1 (1)
ZW =P 2-m-kg-m-T

Table 1 lists the impingement rates for CO (m = 4.65 - 102° kg) at room temperature (293 K) and

temperature [29].

at three pressures: 1 bar corresponds to the ambient pressure outside an UHV chamber and 10

and 107° mbar are pressures typically found inside an UHV chamber.

If we assume a sticking probability of 1, meaning all molecules hitting the surface are adsorbed,
and a typical density of sites on a surface (~10'° m?) we can calculate the time required until one
full layer is formed on the surface, see Table 1. At ambient pressure only three nanoseconds are
required to fully cover a surface with gas molecules, making it very clear why UHV chambers are

required. Even at a pressure of 10 mbar it only takes three seconds to completely cover a clean
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surface with one layer of CO. At a pressure of 10°2° mbar, however, it takes over 9 hours to fully

cover a surface, enough time to perform our experiments.

Table 1 Impingement rates and the time t until one monolayer (1 ML) is formed are given for different pressures.

Pressure Pressure Impingement rate Time t until 1 ML is
[mbar] [kg-m™-s2or Pa] [stm2] formed [s]

10° 10° 2.9 - 107 3.4-10°

10° 10+ 2.9 - 108 3.4-10°

1010 108 2.9-10% 3.4-10%(~9.5 h)

Noteworthy, the time frame of maintaining a clean sample is very important when it comes to
experimental planning or data evaluation, especially when submonolayer coverages are to be
investigated. Experimentalists often overestimate the time until the adsorption of relevant amount
residual gas or contamination occurs. Assuming 9 h for a fully covered layer at 10°%° mbar, gives
only roughly 1 h until 10% of a surface is covered by undesired contamination.

After baking the UHV setup to 130°C for several days while constantly pumping, the ion and turbo
pumps of the chamber are able to maintain pressures < 5 - 102 mbar during the daily routine.
Additional use of cryopumps showed promising results, decreasing the pressure to the 10 mbar
range. This enable us to keep the amount of contamination neglectable even for submonolayer

coverages and even after several hours of experiment.



2.2. The Ultrahigh-Vacuum Setups

Five different ultrahigh-vacuum setups were used in this work. (1), (2) and (3) are
ultrahigh-vacuum chambers located in Erlangen. (1) The first chamber, at the Chair of Physical
Chemistry Il in Erlangen, has a base pressure below 5 - 101° mbar and is equipped with a SES200
hemispherical energy analyzer, monochromatic Al Ka X-ray source, a quadrupole mass
spectrometer and low-energy electron diffraction optics. Thus, X-ray photoelectron spectroscopy
(XPS), low-energy electron diffraction (LEED), and temperature programmed desorption (TPD)
can be combined to study sample properties such as surface structure, elemental surface
compositions, and thermally-induced desorption products. In this thesis, LEED was used to
confirm the (1 x 1) surface structure of TiO2(110), being crucial for the following experiments, and
XPS was applied to confirm the results obtained from the synchrotron and collect additional data,
such as multilayer spectra. (2) The second setup at the Chair of Physical Chemistry Il in Erlangen
also has a base pressure in the low 10° mbar regime and is equipped with an RHK UHV VT
STM 300 and RHK SPM 100 electronics. Applying STM, clean, large terraces, and thus a good
guality of the surface, can be confirmed on the molecular scale. Offering local, molecular resolution,
also parameters such as the adsorption geometry of different porphyrins molecules and island
structures of deposited molecules can be investigated. These parameters are often investigated
as a function of coverage and temperature. This setup also enables stabilized image acquisition
of the same position over time, and thus, the movement of molecules can be acquired as short
movies. (3) The third setup in Erlangen is the PHI Quantera Il Scanning XPS Microprobe UHV
chamber of the Helmholtz Institute Erlangen-Nuremberg and has a base pressure of 1 - 10°°mbar.
The PHI Quantera Il chamber is equipped with a monochromatic Al Ka X-ray source and a dual-
beam charge neutralization setup. Applying neutralization, allows for the measurement of non-
conductive samples, which is usually not possible with XPS. This allowed for several powders,
such as benzohydroxamic acid and potassium benzohydroxamate, to be measured as reference
samples in the context of this work. (4) The fourth setup was at the photoemission endstation U20
in the National Synchrotron Radiation Laboratory, in Hefei, China. The chamber is equipped with
LEED optics, a twin anode (Mg and Al) X-ray source, and a VG SCIENTA R3000 electron analyzer,
and has a base pressure below 3 - 10 "2 mbar. The chamber is connected to a bending magnet
and it is equipped with three gratings that enable access to photon energies from 60 to 1000 eV
with high energy resolution. However, at the time of the experiments, the photon flux was quite
low for the higher photon energies, and thus the lab source (Al Ka) was mainly used for all
experiments except for the valence-band measurements (not shown in the paper / unpublished

results).



(5) The fifth setup was at the endstation of the Materials Science Beamline at synchrotron facility
Elettra Sincrotrone in Trieste, Italy. The chamber base pressure is 2 - 10° mbar or better,
especially when using cryopumps. Furthermore, it has access to synchrotron radiation and is
equipped with a SPECS PHOIBOS 150 hemispherical energy analyzer and LEED. One of the big
advantages of synchrotron radiation is the high photon flux that enables fast measurements. Fast
measurements have the advantage that contamination from the background gas becomes less
important, and thus more data can be collected in a shorter time even on the same sample, for
example on subsequent deposition of submonolayer coverages. The second, maybe even bigger
advantage, is the tunability of the light source. Tuning the photon energy has many advantages
such as that by using of smaller photon energies, smaller kinetic energies and thus higher surface
sensitivity can be obtained. For more detailed information on surface sensitivity, the interested
reader is referred to the Universal Curve as depicted with description in Chapter 2.6.1. In addition,
further techniques, such as near-edge X-ray-absorption fine-structure spectroscopy (NEXAFS),
can be applied utilizing the tunability of the photon energies. For a more detailed description on

the principle of NEXAFS, please see Chapter 2.6.3.

A more detailed description on the different chambers is found in the respective publications and

references therein.



2.3. Copper Single-Crystal Surface - Cu(111)

In this thesis, scanning tunneling microscopy (STM) experiments were performed on a Cu(111)
surface. As shown in Figure 3, the crystal structure for copper is face-centered cubic with lattice
parameter of 0.3615 nm at 293 K [26] and the close-packed (111) facet has nearest neighbor
distances of 0.256 nm and a hexagonal structure. This is basic information, but it is extremely
important when interpreting the adsorption and orientation of organic molecules from scanning

tunneling microscopy images.

Copper Crystal Structure Cu(111) Surface — Top View

0.256 nm

Figure 3 The face-centered cubic crystal structure of copper and a ball model of the Cu(111) surface with its typical
hexagonal structure resulting in a three-fold symmetry.

The one-side-polished crystal was purchased by MaTeck and cleaned by Ar* sputtering and
annealing to 850 K in ultrahigh vacuum. The crystal temperature was acquired via a K-type
thermocouple, fixed in a small hole at the side of the crystal. A clean surface was confirmed by
STM.



2.4. Rutile Titania Single-Crystal Surfaces
2.4.1. TiO2(110) - (1 x 1)

Rutile TiO; is often used as a model substrate when it comes to oxides, since its conductivity is
easily obtained by bulk reduction, its most stable facet the (110) surface was often studied
experimentally and theoretically, and its surface shows many interesting features [30]. A model of
the TiO2(110) - (1 x 1) surface and the respective LEED pattern, observed for this surface, are
shown in Figure 4. Characteristic for the (110) surface, is the alternating structure of bridging
bonded oxygen rows and fivefold coordinated Ti** atom rows along the (001) direction. Relaxation

such as found in previous studies [30] is not included in this scheme.

TiO,(110) — (1 x 1) Surface Model TiO,(110) - Top View  LEED Pattern

@ Oxygen
¢ Titanium

Figure 4 A ball-stick model of a rutile TiO2(110) - (1 x 1) single crystal surface. Titanium atoms are depicted in grey
while the oxygen atoms are shown as red balls. A top view of the TiO2(110) - (1 x 1) surface is shown next to a picture
of the LEED pattern observed for this surface. The LEED pattern was acquired with 110 eV.

The real surface is not as perfect as shown in Figure 4. A variety of defects affect the chemical
and physical properties of TiO, and have a large impact on applications in photocatalysis and
photoelectronics [30-33]. These defects are usually divided into four classes, point defects, line
defects, interfacial defects, and bulk defects. Point defects, such as vacancy defects, interstitial
defects, and substitutional defects, are often the matter of research due to their high relative

abundance in the slightly reduced TiO- crystals [32].

Vacancy defects are positions in the crystal lattice, where in the case of a perfect crystal an atom
would be expected, however an atom is missing. Noteworthy, for TiO2(110) prepared by sputtering
and annealing in ultrahigh-vacuum oxygen vacancies, as depicted Figure 5, are quite
characteristic [30, 32]. It is well-known from literature that on the rutile TiO»(110) surface oxygen
vacancies are more stable on the surface than in its bulk as described in [34] and references
therein, and that oxygen vacancy sites are among the most reactive sites on TiO2(110)

surfaces [35]. They were not only found interesting for ultrahigh-vacuum experiments but also

10



during catalytical reactions closer to ambient conditions [36]. Thus, it becomes obvious that the
reduction degree and with this annealing temperature and annealing time are crucial for the
surface structure and its reactivity. Higher annealing temperatures such as > 1000 - 1100 K result
in different surface structures such as (1 x 2) or others [30, 35]. In the studies performed in the
context of this thesis, only (1 x 1) surfaces were investigated for TiO,. For a (1 x 1) surface, the
amount of oxygen vacancy sites per surface unit cell is typically in the range up to roughly 0.07 -
0.14, often given in ML, where 1 ML is one oxygen vacancy per one surface unit cell [30, 35]. The
size of a surface unit cell is given in Figure 4 as indicated with the blue rectangular.

Perfect Bulk Structure Interstitial Site

® Oxygen
€ Titanium

Figure 5 The perfect bulk structure of TiO2 is shown and an interstitial site is depicted. Further oxygen vacancies are
shown, a bulk oxygen vacancy and a surface bridging oxygen vacancy. This Figure is inspired by Figure 3.2 in [32].

A further type of defects commonly observed in rutile TiO; is Ti interstitials. In general, interstitials
also belong to the group of point defects and, as depicted in Figure 5, the concept of this defect is
that atoms occupy positions in a crystal lattice that would not be occupied in a perfect lattice. The
type of atom occupying an interstitial site can either be an atom also comprised in the crystal or a
foreign atom. Dependent on that, it is either called self-interstitial or impurity interstitial,

respectively. Thus, the Ti interstitials in TiO2, belong to the group of self-interstitials [36].
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Ti interstitials are also formed during sputtering and annealing in ultrahigh vacuum [30]. They can
be either in a 3+ or in a 4+ state. According to [35] and references therein, the Ti** is predominant
in reduced TiO.. It has been recognized in literature that Ti interstitial sites are also important for
many surface reactions [30, 35, 36]; however, the role of Ti interstitials on surface processes has
not been fully understood yet [37]. Further discussion in this direction is beyond the scope of this

thesis and the interested reader is referred to the references that were just mentioned.

Hydroxyl groups are also often observed when it comes to TiO2(110) surfaces. One way to create
hydroxyl groups on TiO2(110) is upon dissociative adsorption of water at defect sites [30].
Noteworthy, water is omnipresent in almost all TiO; applications under ambient conditions [38]
and the water - TiO; interface is principally interesting for many applications, such as for instance
water splitting, air or water purification and water-based solar cells. This promoted the frequent
study of adsorption of water on TiO2 and with this also the characterization of OH groups. Even
though ultrahigh vacuum is applied to prepare surfaces, OH groups are often obtained by residual
water adsorption at defect sites and subsequent water splitting reaction, since water is one of the
major contributions in the residual gas of ultrahigh-vacuum chambers [30, 39-41]. Thus, the
amount of OH groups on the surface is largely dependent on the water concentration in the
residual gas, the defect concentration on the TiO; surface, and the time the clean surface is

exposed to the residual gas.

The time until all oxygen vacancies are filled up with OH groups can roughly be estimated using
Equation 1 from Chapter 2.1. The impingement rate for H,O (m = 2.99 - 102® kg) at room
temperature (293 K) at 1-10° mbar or 1- 108 Pa is 3.62 - 10** s*m?2 and the number of free
sites per area must be determined, in this case the number of oxygen vacancy sites per surface
area. From literature it is known that the number of defects varies between 7 to 14 % per surface
unit cell [30, 35]. The size of one surface unit cell of a rutile (110) crystal surface can be calculated
by the crystal parameter, given as a = b = 4.587 A, V(a2 + b?) = 6.487 A and ¢ = 2.953 A [30], and
yield a unit cell size of 1.915 - 10'® m?. This is equal to 5.2 - 10 unit cells per m2. If 7 to 14 %
include oxygen vacancies, the density of oxygen vacancies is 3.6 to 7.3 - 10" m™. Dividing the
oxygen vacancies per surface area by the impingement rate gives the time until all oxygen
vacancies are filled. Further assuming a sticking coefficient of 1, it takes roughly 17 min for
0.07 ML and 34 min for 0.14 ML of oxygen vacancies to be occupied at a partial pressure of water
of 1-107%° mbar.

Oxygen vacancies, Ti interstitials and OH groups are probably the most important point defects

that affect or are present at a reduced rutile TiO»(110) surface, as prepared under ultrahigh-
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vacuum conditions. Thus, in summary, the complexity of the TiO2(110) - (1 x 1) surface is higher
compared with a Cu(111) surface, since (1) protruding oxygen rows define the surface, (2) the
reduced bulk affects the surface and (3) additional surface features such as oxygen vacancies
and hydroxyl groups strongly influence the surface properties. This information needs to be kept

in mind when studying the adsorption and reaction of molecules on TiO2(110) - (1 x 1).

2.4.2. Improved TiO2 Sample Mounting

TiO, sample mounting showed many unexpected challenges, in particular when it comes to
accurate temperature reading and thermocouple mounting. For metal single crystals, typically, the
thermocouples are often either spot-welded or fixed in a hole at the side of the crystal. For oxide
single crystals spot-welding is not possible and manufacturing of a hole is very difficult. One typical
way of mounting oxide single crystals is mounting them in a tantalum boat, see scheme Figure 6,
and spot-weld the thermocouple to the tantalum boat instead of directly to the crystal, such as for
the experiments in our lab in Erlangen. Noteworthy, in vacuum the thermal conductivity between
the tantalum boat and the crystal is very bad and, as a consequence, the temperature of the boat
can be very different compared to the temperature of the crystal.

What we needed was a firmly mounted thermocouple with good thermal contact to the crystal. Our
solution was to glue the thermocouple directly to the side of the crystal [P4], using an aluminum-
oxide-based high-temperature glue, called Ceramabond 569 (T-E-Klebetechnik). After glueing the
thermocouple in air, the glue had to be hardened at 120°C for 2 h and after introduction into
vacuum, a slow heating ramp was used to degas the glue and this resulted in very accurate

temperature readings.

For the STM experiments on Cu(111) [P1], the crystal had a hat-shaped form and was pressed
onto the sample holder as shown in Figure 6. The thermocouple was mounted as part of the
sandwich structure, being pressed together. A very similar approach was used 2015 in China for
TiO2 [P2] and 2018 at Elettra-Sincrotrone Trieste [P3] but with a flat geometry instead of hat-
shaped. This resulted in the tantalum mount pressing down on the crystal to be at a higher position
than the crystal, and, therefore, tantalum was found on the crystal after sputtering. This was solved
by using very narrow strips of tantalum to hold down the crystal. Similar to that is mounting the
crystals in a tantalum envelope pressing from the top and thermocouples only touching from the
backside, as for our mounting at the synchrotron measurements in [P3]. The measurements in
[P3] showed a strong difference, as high as 300 K at 950 K and that forced us to do a linear

correction with a resulting temperature of 650 K.
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a) Tantalum b) Hat-shaped c) Copper d) TiO,-glued-to-
Boat Cu(111) Crystal Sample holder Tantalum-plate

)l TiO, (

Figure 6 Different sample mountings. (a) In our best approach, the TiO: crystal is mounted in a tantalum boat with the
sides acting as a spring, pressing against the crystal. The thermocouple for this approach was glued to the side of the
crystal. (b) The Cu(111) hat-shaped crystal was pressed to the sample holder from the top, at the lower lying plateau of
the crystal by a screwed plate, as indicated by the red arrows. (c) A copper sample holder was used, where a screw
pressed the two sides of the holder against the TiO2 crystal. The thermocouple was clamped between the crystal and
the copper sample holder. (d) The TiO2 was glued to a tantalum plate and the thermocouple was glued to the side of
the crystal.

) TiO, o,

7 | Copper Glue—
Screw

Before arriving at the solution with the glued thermocouples we tried several other options: One
option was a copper sample holder, manufactured by our machine shop, see Figure 6. The copper
sample holder consisted of two parts pressing against the sides of the crystal thereby providing a
good thermal contact between the crystal and the copper. The thermocouple was pressed
between the copper and the crystal. Noteworthy, annealing and temperature reading worked well
the first time, but the expansion coefficient of copper and of titania differed and the crystal came
loose.

Another option was gluing the TiO, crystal directly to a tantalum plate using the same
Ceramabond 569 as mentioned above, see Figure 6. The glue worked well and bound the crystal
strongly to the tantalum plate, but due to the different expansion coefficients of titania and tantalum

the crystal broke in pieces after several annealing cycles.

2.4.3. TiO2(110) - From Insulating to Conducting

As purchased, the crystal is mostly a perfect rutile TiO crystal, a semiconductor with a band gap
of 3 eV and thus absorption of visible light is only occurring to a very limited amount in the UV
regime [42]. In contrast, the reduced TiO, crystal shows coloring, see Figure 7. The color is often
referred to as a qualitive measure of the reduction degree of the crystal [35, 43]. According to
literature, the color is due to bulk reduction and the resulting color centers [30]. Color centers are
point defects, unoccupied sites in the crystal lattice, related with trapped electrons or holes [44].
Generally, the trend is, the higher the degree of reduction the more the color changes from light
blue to dark blue [30].

14



Rutile TiO, Crystal

As Purchased Slightly Reduced

Figure 7 Picture of a TiO2(110) crystal before and after the experiment. The picture on the right was acquired at the end
of our beamtime at the synchrotron facility Elettra (Triest, Italy) in October 2019.

The correlation of the TiO. crystal color with the number of bulk defects, conductivity, and the
surface structure was studied by Li et al. in 2000 [45]. They found that for darker rutile crystals the
concentration of crystallographic shear planes, extended Ti** related bulk defects, is larger, while
comparable to the brighter crystals, the amount of interstitial and substitutional defects is lower.
Here substitutional refers to Ti** states derived from oxygen vacancies. Resonant excitation of
electrons from both oxygen vacancies and Ti interstitials was expected to play a major role for the
adsorption spectra [45]. The defects causing the coloring effect are also classified as intrinsic
dopants and are well-known to modify the electronic structure by inducing bandgap electronic
state at 0.8 — 1.0 eV below the Fermi level, with the Fermi level being close to the conduction band
minimum [46]. Thus, the crystal is n-doped and becomes not only colored but also sufficiently
conductive to investigate it with techniques such as X-ray photoelectron spectroscopy and
scanning tunneling microscopy [47]. The source of the bandgap state is controversially discussed
in literature and more recent results indicated that both, the bridging oxygen vacancies and the Ti
interstitial sites contribute to this bandgap state, as concluded in [40] and references therein. Other
studies [48, 49] showed that hydroxyl groups, have a major impact on the band gap state. Further
studies described that small polarons generated by the excess electrons of the defects induce this
band gap state [47, 50].
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2.4.4, Preparation of TiO2(110) - (1 x 1) Surfaces

All TiO2(110) single crystals used in this thesis were purchased from CrysTec GmbH (Berlin,
Germany) or Princeton Scientific (Easton, PA, USA). 5 x 10 mm? and 10 x 10 mm? crystals with
a thickness of 0.5 or 1.0 mm were used, dependent on the available sample holder and setups.
At Elettra-Sincrotrone in Trieste, 5 x 10 mm? crystals (CrysTec GmbH) with a thickness of 1.0 mm
were used while for the other setups 10 x 10 mm? crystals were used with a thickness of 0.5 mm.
For the work of 2HTPP on TiO2(110) crystals, the crystals were purchased from Princeton

Scientific, while for the other experiments, the crystals were obtained from CrysTec GmbH.

The TiO2(110) crystal surfaces related to this thesis were single-side-polished and cleaned upon
Ar* sputtering and annealing under ultrahigh-vacuum conditions. The most crucial point to obtain
the reduced crystals and the desired (1 x 1) surfaces is the annealing temperature and with this
the temperature acquisition. For information on the surface structure and the surface unit cell, see
Chapter 2.4.1 and for more details on improvements in sample mounting and temperature
acquisition, see Chapter 2.4.2. The sample typically also changes with the number of annealing
cycles and become further reduced.

The crystals used for the benzohydroxamic acid experiments at the synchrotron facility Elettra as
describe in paper [P4] were pre-reduced by annealing in one bar hydrogen until color of the crystal
turned blue. Prereduction of the crystals was done to save precious time at the synchrotron facility,
that would otherwise have been necessary for the reduction of the crystal by annealing in ultrahigh

vacuum.

For new samples, independent of the mounting approach, the annealing temperature was
increased stepwise carefully for the first annealing steps of a new crystal until the sample was
conductive enough to perform X-ray photoelectron spectroscopy measurements without charging
and the (1 x 1) LEED pattern was observed. Noteworthy, upon annealing it is well-known that the
color changes from white/transparent to slightly yellow, green, light blue and eventually dark
blue [30].

Notably, the crystals used for the experiments in most cases ended up with a light-blue color as
shown in Figure 7. The only exception was the preparation of one of the TiO»(110) crystals for the
benzohydroxamic acids experiments as described in the respective paper. Interestingly, the
results obtained from the dark blue crystal showed hardly any difference in comparison to the light

blue crystal.
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2.5. Information on the Molecules

In the context of this thesis, two groups of molecules were used: (1) tetraphenylporphyrins and

(2) phenyl rings with functional groups, namely phenylphosphonic acid and benzohydroxamic acid.

In the introduction, the motivation for the investigation of porphyrins was generally described, and

the choice of these linker groups was specified in Chapter 3.3. In addition, the general structure

of porphyrins and possibilities of functionalization were also shown the introduction.

All molecules were deposited on the clean crystal surfaces under ultrahigh-vacuum conditions,

using a homebuilt evaporator equipped with a shutter. Different temperatures were used for

evaporation as shown in Table 2. In Table 3, information about the purchase of the molecules

used in this thesis and the respective purity of the powders is given.

Table 2 Evaporation temperatures of the different molecules used in the context of this thesis.

Molecule Name

Evaporation Temperature

Meso-Tetraphenylporphyrin (2HTPP)

Meso-Tetraphenylporphyrin-Ti(IV)O (TiOTPP)

Mono(para-cyanophenyl)-triphenylporphyrin
(2HMCNTPP)

Cis-di(para-cyanophenyl)-diphenylporphyrin
(2HcisDNMDPP)

Tetrakis(para-cyanophenyl)-porphyrin (2HTCNPP)

Phenylphosphonic acid (PPA)

Benzohydroxamic Acid (BHA)

300°C

350°C

300°C

370°C

450°C

130-140°C

35-45°C
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Table 3 Information about the purchase and the purity of the molecules used in the context of this thesis. For information
about abbreviation of the molecule names, see Table 2.

Molecule Name Information on Purchase Cleanliness

2HTPP Porphyrin  Systems Hombrecher e. K. >97%
(Halstenbek, Germany)

TiOTPP Porphyrin  Systems Hombrecher e. K. >95%
(Halstenbek, Germany)

2HMCNTPP Synthesized by Jux group* > 95 %
2HcisDNMDPP  Synthesized by Jux group* > 95 %
2HTCNPP Synthesized by Jux group* > 95 %
PPA Sigma-Aldrich (Saint Louis, MO, USA) 98 %
BHA Sigma-Aldrich (Saint Louis, MO, USA) 99 %

* Synthesized by the group of Apl. Prof. Norbert Jux at the Chair of Organic Chemistry Il at the
University of Erlangen (FAU)

Noteworthy, the evaporation temperatures of phenylphosphonic acid and benzohydroxamic acid,
as shown in Table 2, are close to or below the bakeout temperatures of ultrahigh-vacuum setups
(130°C). Thus, the water cooling of the evaporators needs to be switched on during the bakeout
process, to avoid emptying the evaporator. Usually for porphyrins, the evaporator is (1) annealed
during the bakeout and (2) annealed after the bakeout to 180°C for more than 8 h with a closed
shutter to pump off water and other contamination being present in traces in the powder. This
further purifies the given powder. This is not possible for phenylphosphonic acid and
benzohydroxamic acid. So, these were degassed for at least 15 min at the evaporation
temperature before the first actual deposition. For benzohydroxamic acid, in addition, the
background pressure of the preparation chamber was quite high, most likely due to the high vapor
pressure of benzohydroxamic acid at room temperature. To decrease the background pressure

during the deposition and to achieve submonolayer coverages cryopumps were used
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2.6. Methods and Fundamental Principles

2.6.1.  X-ray Photoelectron Spectroscopy

In the early 1960s, when stainless-steel ultrahigh-vacuum systems became available and
pressures of 10°° mbar could be maintained on the daily routine, clean surfaces could be prepared
and kept clean for up to one hour. More information on ultrahigh vacuum is given in the Chapter 2.1.
Based on this ultrahigh-vacuum environment, several techniques were developed in the past 60

years. Among them, XPS developed one of the most widespread applications.

Basic Principles

The photoelectric effect, especially the outer photoelectrical effect, the main principle XPS is
based on, was first discover by Hertz in 1887. Subsequently it was understood in more detail and
extended to photon energies in the X-ray regime, by Einstein and Innes. Briggs and Grant
summarized the most important milestones in reference [51], which is strongly recommended to

the interested reader.

Acquiring XP spectra requires, besides a sample, a radiation source, a monochromator (optional)
and an electron-energy analyzer, all inside an ultrahigh-vacuum chamber. By irradiation of the
sample with light of a chosen wavelength, in the laboratory usually Al Ka (1486.7 eV) or
Mg Ka (1253.6 eV), electrons are ejected from core levels into the vacuum. These emitted
photoelectrons are detected by the analyzer as a function of kinetic energy. The kinetic energies
of the emitted photoelectrons are detected by the analyzer, thereby giving information about the

binding energies of the core levels the electrons originated:
Eg =hv— Ex— ¢ (2)
where hv is the photon energy, Ek the kinetic energy of the detected electrons and the ¢ is the

work function of the analyzer. The acquired intensity as a function of binding energy gives

gualitative and quantitative information on the sample.

Outstanding Properties of X-ray Photoelectron Spectroscopy

The main reasons why XPS became an important technique for surface analysis:

(a) XPS is surface sensitive: Even though X-rays penetrate several micrometers into the

specimen, the low inelastic mean free path of the emitted photoelectrons make XPS one of
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the most surface sensitive techniques. An electron traveling through solid matter undergoes
several scattering events and these scattering events are divided into two groups, namely
elastic and inelastic scattering [51]. The attenuation rate of photoelectron intensities by
inelastic scattering can be described by the electron inelastic mean free path (IMFP). The
IMFP is a quantity defined as the “average distance that an electron with a given energy travels
between successive inelastic collisions” [52], and from this quantity the information depth can
be estimated, that is in the regime of only a few nanometer [51]. A universal correlation was
found 1979 by Seah and Dench, relating the energy of electrons to the electron inelastic mean
free path. Visualizing this correlation leads to the “Universal Curve” as shown in Figure 8, with
the respective experimental data points [53]. The curve possesses a minimum mean free path
in the range of 30 to 100 eV. In XPS the energies of detected photoelectrons are typically in
the range of 100 to roughly 1500 eV, yielding mean free paths of 0.5-3 nm and thus very high

surface sensitivities.

) L] IIIIII T L] L] lllIII L T LI | IIIII L LI | llIIlI L] LI | II:
100 f -
€ : ]
£ 10 = e -
o 3 3
LEL : ,.'.. . :
- T .:\\ ‘!_"..- . :
- . \ . IREEE: {_(} '- i
1 - Wil > I.E '.._ _;o * 3? o® =
I .. ]
0-1 L] IIIIII 1 L] L] lllIII L T L] IIIIII L LI | llIIlI L] LI I

1 10 100 1000

Energy (eV)

Figure 8 The “Universal Curve” visualizes the relationship between the electron inelastic mean free path and the energy
of the electrons. This Figure is adapted with permission from the publication by Seah and Dench [53].

Noteworthy, the “Universal Curve” should only be taken as a guideline [51, 53]. The
exponential attenuation of the detected substrate signal as a function of layer thickness for

layer-by-layer growth, which was found in experimental studies in the early times of XPS and
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Auger-electron spectroscopy, is not entirely valid. Elastic scattering also should be considered.
Thus, the term effective attenuation length was introduced to describe the non-exponential
behavior of the attenuation of XPS intensities due to elastic electron scattering [54]. However,
for film thicknesses of up to four times of the IMFP, the effective attenuation length and the
IMFP were found in good agreement [54], if the emission angle for the electrons is chosen far

away from grazing emission, such as 60° or lower with respect to the surface normal [51].

(b) XPSis element specific. The binding energy of core levels are characteristic for each element,
and thus XPS gives information on the elements present in the near surface region. Binding
energies and sensitivity factors for the elements can be found for example in the database of
the National Institute of Standards and Technology (NIST) and in the XPS Handbooks by
Moulder, Stickle, Sobol and Bomben [51, 55]. The overview spectra of phenylphosphonic acid
deposited on TiO; - (1 x 1) depicted in Figure 9 shows all the elements of the molecule and
substrate and illustrates well the element-specific character of XPS.

(c) XPS is sensitive to the chemical state of the element. In Figure 10, an O 1s XP spectrum
of phenylphosphonic acid deposited on TiO; - (1 x 1) is shown as an example. For this
spectrum, the different chemical environments of the oxygen atoms result in four peaks in the
O 1s spectrum. On the left and on the right of the O 1s spectrum the different possible binding
modes of phenylphosphonic acid on the surface are shown to illustrate the different chemical

environment of the oxygen atoms.

XPS is furthermore quantitative and can through comparison with known reference samples be
used to identify not just the elements present in the near-surface region, but also the amount of
each element present. Scanning tunneling micrographs are often used as references of known
coverage [48, 52]. More information of coverage calculations from XPS will be given in the next

subchapter.
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Survey XP Spectrum (Photon Energy: 650 eV)
Phenylphosphonic Acid on rutile TiO,(110) — (1 x 1)
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Figure 9 Survey XP spectrum of phenylphosphonic acid multilayer on rutile TiO2(110) - (1 x 1) acquired with a photon
energy of 650 eV. The characteristic peaks for the elements present are color-coded: brown for phosphorus, red for
oxygen, grey for titania and yellow for carbon.
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Figure 10 O 1s XP spectrum of phenylphosphonic acid on rutile TiO2(110) — (1 x 1) acquired with a photon energy of
650 eV. Four oxygen species with different chemical environment can be identified: The green peak is assigned to the
substrate oxygen atoms in TiOz, while the pink peak is assigned to Ti-OH/P-O-Ti, the orange peak to Ti=O and the blue
peak to P-OH.
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Further reasons for the success of XPS summarized by Watts and Wolstenholm are the
investigation of thin films on surfaces, especially its thickness, the uniformity of the thickness and
the uniformity of the chemical composition. For these reasons among others, XPS became one of

the most useful techniques for chemical surface analysis [51, 56].

The thesis in hand is not able to cover all the relevant and interesting aspects of XPS, and the
interested reader is therefore referred to books by Briggs and Grant [51] or Watts and
Wolstenholm [56].

Coverage Calculations

As already mentioned not only qualitative but also quantitative information can be obtained from
XPS. Similar to the Lambert Beers’ law, the number of photoelectrons that escape from a given
depth in a sample and reach the analyzer without losing energy can be estimated to decrease
exponentially with the distance traveled in the solid [57]. In the following, 2D growth is estimated
upon deposition. Further, we assume a homogeneous adsorbate layer with a thickness x on a flat
substrate, see Figure 11.

hv

Adsorbate X
9

Substrate d

Figure 11 Scheme of a homogeneous adsorbate layer with a thickness x grown on a substrate. For further description
see text.

The photoelectrons emitted from the substrate are now attenuated because of the distance they
have to travel through the adsorbate layer [58-60] and the observed intensity I° therefore

becomes:

—-x
IS — [590 . eC€0sIAg (3)
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where I3,is the unattenuated signal of the clean substrate, 9 is the emission angle with respect to
the surface normal, x is the thickness of the layer and A is the inelastic mean free path of the
photoelectrons. The distance an electron travels through the sample is often given with d, and d

equals x/cosd.

Similarly, the observed intensity of the adsorbate layer /%% can be described as the intensity from
a pure, infinitely-thick adsorbate film I2¢ minus the intensity missing because of the limited
thickness of the film:

—-Xx
Iad — Ig)d . (1 —_ ecosﬁ-lad) (4)

In this thesis, the intensity of the infinite thick molecule film 12 is estimated by measurements of

very thick organic film as obtained from multilayer deposition.

Both of the above equations can be used to calculate coverages. Especially in the beginning of

this thesis all of three options were used and overall similar results were obtained. The substrate

signal is usually better for larger coverages, while the adsorbate signal is better for smaller

coverages. However, a better option is to use the ratio of the adsorbate and substrate intensities:
X

Iad Igod . (1 _ e_m)

o

(5)

__x
15 e cosV-Ag

This works for a wider coverage range and is less sensitive to changes in intensity caused by
positioning or photon flux. The electron inelastic mean free path is dependent on the material the
detected electrons travel through and on the kinetic energy of these electrons, see the Universal
Curve in Figure 8 [61]. For many materials, the inelastic mean free path can also be found in
different databases based on calculated or experimentally determined values [60, 62, 63]. In the
example above in Equations 3-5 the mean free paths always refer to photoelectrons travelling
through the adsorbate layer. If, additionally, the kinetic energies of the photoelectrons emitted by
the substrate and adsorbate are identical or very similar, their mean free paths become identical

A = As = Aag and Equation 5 can be rewritten as:
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For synchrotron measurements, the photon energies can be chosen so that the kinetic energies
are the same or very similar, and thus equation (6) becomes valid. Using a laboratory X-ray source,
such as an Al Ka source, we are restricted to one photon energy, 1486.7 eV for Al Ka. To show,
if equation (6) is still valid, a comparison of two typically used kinetic-energy regions is done. This
could for example be Ti 2p for the substrate and C 1s for the adsorbate signal. The respective
kinetic energies of the photoelectrons, as generated upon photoionization applying an Al Ka
source, are 1028 eV and 1202 eV. Based on [53] the Universal Curve, see Figure 8, we can
estimate the inelastic mean free path for C 1s at a kinetic energy of 1202 eV to be roughly 8 %
higher than the inelastic mean free path for Ti 2p at a kinetic energy of 1028 eV. This deviation is
sufficiently small that equation (6) can also be used for lab-source XPS for coverage calculations
involving C 1s and Ti 2p.

Generally, the equation (6) can be solved for A:

X (7)
ad S
ln<<II—S : %>+1> * cos ¥

Since we assume 2D growth, the number of layers can be given in multiples or fractions of layers.

1=

One layer of organic molecules on the surface, also referred to as monolayer or 1 ML, is the

coverage we most often use as a known coverage reference. Therefore, the thickness of
molecules x is 1 ML, while IS and 1*? are the substrate and adsorbate signals from a sample with

one monolayer of molecules on the surface, which we will call I3,,,,, and 124 .. Equation 7 thus

can be written as:

Alin ML] = LU (8)

Iad S

In w-% +1 ] -cos9
I 1%
mono [o0]

When annealing a multilayer of porphyrins to temperatures above 470 - 550 K [15, 64-66], the
multilayer desorbs and a monolayer remains on the surface, which can use used as coverage

reference. For absolute coverages STM measurements are needed. STM was used in the past to
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determine the number of porphyrin molecules in a monolayer to be 0.51 molecules/nm? on Ag(111)
[15, 65, 67] and 0.46 molecules/nm? on Cu(111) [68].

For benzohydroxamic acid, evaporation onto TiO2(110) while holding the sample at room
temperature always resulted in the same saturation coverage, and we used this as our monolayer
reference. For phenylphosphonic acid annealing multilayer samples to temperatures above 380 K

lead to a constant coverage that we used as monolayer reference.

With the inelastic mean free path determined in units of monolayers, the next step is to calculate

the coverage from an unknown sample using Equation 7 and solve it for x:

jed s 9)
x =In (I—S-m>+1 - cost9 - A

To sum up, the term monolayer can be defined as the number of molecules per surface substrate
atoms, molecules per surface unit cell or molecules per nm?, but this requires references where
the coverage is known, typically derived from STM. When only performing XPS, this is not possible,
and a monolayer is often defined as the coverage remaining when annealing a multilayer or as
the saturation coverage at a certain temperature. From this reference coverage, A can be
calculated using Equation 8, and, from this A, the coverage of an unknown sample can be

calculated using Equation 9.
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2.6.2. Scanning Tunneling Microcopy

Scanning tunneling microscopy (STM) has become a very powerful surface analysis technique,
starting with the imaging device by Young et al. [69, 70] and the first practical implementation of
STM by Binnig, Rohrer and coworkers at IBM in 1981 [71, 72].

The main reason for the success of STM is that by using this technique and mapping surfaces
with atomic resolution a variety of information can be obtained. To name just a few examples, the
size of the unit cell of clean and adsorbate covered surface structures [73, 74], location of defects
such as oxygen vacancies and surface OH groups [75, 76] and topography of nhanosized structure
[77] can be derived by STM measurements. Further very interesting applications of STM are the
mapping of molecular orbitals [78, 79] and the mechanism of picking up [80] and rearranging
molecules [81], in mostly any desired way, just to name a few examples.

Comparing STM to XPS, STM gives a local resolution of the surface, while XPS averages over a
large area. STM cannot directly give chemical information, while XPS is specialized on that. Thus,
STM and XPS is a very good match for complementary methods, especially in combination with
theoretical calculations.

STM is mainly based on one quantum-mechanical phenomena, the tunneling effect [82]. Bringing
an extremely-sharp conductive tip close to a surface while applying a bias voltage between tip and
sample results in tunneling of electrons through the vacuum gap, see Figure 12. Tunneling occurs,
even though in a classical model the kinetic energy of the electron is not sufficient to overcome
the barrier, and thus a so-called tunneling current can be detected [72, 82, 83]. The tip is often
composed of pure metal such as tungsten, iridium or a platin-iridium alloy, and in the ideal case
contains one atom at its sharpest point [84]. The shape of the tip becomes especially critical for
high-resolution images [84-86]. The sample is must be conductive or semi-conductive and only
thin insulating surface layers can be investigated [84, 87]. The measured tunneling current is
related to several parameters, such as the tip position relative to the sample position, the voltage
applied and the local density of states [85, 86, 88, 89]. Dependent on the applied bias voltage one
can either tunnel electrons from the sample to the tip or vice versa and thus gain information on
the occupied or the unoccupied states, as shown in Figure 12 right [86]. The extracted current
map as a function of x and y position of the surface is called a scanning tunneling micrograph.
The image includes information on both the physical topography landscape and the local
electronic structure [90-92]. Thus, one needs to be careful interpreting the measured micrographs

solely by topography or solely by electronic structure.
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To move the tip with precision in the angstrom regime the piezoelectric effect is used. Upon
applying a voltage, a piezoelectric crystal extends or contracts in the angstrom to um range. Three
mutually perpendicular crystals are used, the X, y, and z piezo crystals, in combination with a
feedback loop, to achieve the small movements. Before using this so-called piezo drive, a coarse

positioner is used for the coarse approach of the tip [72, 86, 93].
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Figure 12 Scheme of an STM setup containing a sample, a piezoelectric scanner with an atomically sharp tip and a
feedback loop. Scheme, that describes the tunneling of electrons through a tunneling barrier from the occupied states
of the tip to the unoccupied states of a positively-biased sample. Reversing the polarity of the sample will reverse the
tunneling direction.

Further information on the tunneling effect can be found in [72, 83, 84, 89, 94]. Also, detailed
description of STM principles and typical STM setups is given in literature [86].

Noteworthy, the STM images acquired in the context of this thesis, were acquired in a constant-
current mode and the bias voltage given, refers to the sample. The STM data was processed
using WSXM [95], by linear-background subtraction and moderate low-pass filtering.
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2.6.3. Near-Edge X-Ray-Adsorption Fine-Structure

spectroscopy

NEXAFS-Background

Near-edge X-ray-adsorption fine-structure (NEXAFS) spectroscopy, also called X-ray-absorption
near-edge structure spectroscopy (XANES), is an X-ray absorption spectroscopy (XAS). XAS is
an element-specific technique and investigates the absorption of X-rays close to an absorption
edge of choice by varying the photon energy. Thus, XAS can be divided into two categories
according to the photon energies applied: NEXAFS, which ranges from the absorption onset to a
few tens of eV, and extended X-ray absorption fine-structure spectroscopy (EXAFS), which ranges
up to 1000 eV above the adsorption edge. While NEXAFS spectroscopy probes the unoccupied
states accessible to the target atom, EXAFS probes the local structural environment of the
investigated atom [96].

NEXAFS spectroscopy is a synchrotron-based technique involving transitions of core level
electrons into states near the vacuum level. The position of the absorption edge is characteristic
for different chemical elements, and NEXAFS spectroscopy is thus element sensitive. The non-
ionizing transitions to electronic states just below the vacuum level include transitions to the lowest
unoccupied molecular orbitals (T7* resonances), Rydberg states and quasi bound continuum states
(o™ resonances). Photon energies close to the ionization potential of the element are applied and
results in an excited electron and a core hole, as depicted in Figure 13. Subsequent relaxation of
this electron-hole pair occurs via emission of a fluorescent photon or an Auger electron, as also

shown in Figure 13.

The absorbance can be measured directly as the transmission of X-rays through a thin sample or
indirectly as the decay of the excited state through fluorescence yield or electron yield. Electron
yield can again be acquired differently as either Auger yield (AEY), partial electron yield (PEY) or
total electron yield (TEY). Auger yield (AEY) and partial electron yield (PEY) are both very surface
sensitive, total electron yield (TEY), as compared, is less surface sensitive and fluorescence yield

is more bulk sensitive [96-98].

Noteworthy, when it comes to the resonant excitation of electrons, in literature, two different Auger
decays can be found: the spectator and the participator Auger decay. For the participator Auger
decay, the core electron that was originally excited in the photoexcitation process, participates in

the Auger process, as shown in Figure 14. In contrary, for spectator Auger decay, the excited core
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electron is not participating. For both, participator and spectator Auger decay, in total only a single

jonization occurs.
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Figure 13 Absorption of an incident photon with subsequent excitation of a core electron into unoccupied levels or the
continuum level is shown. Two possible follow-up processes are depicted, both resulting in filling up of the empty core
level by an electron from a higher occupied level. This process is then either accompanied by release of a fluorescence
photon or emission of an Auger electron.

NEXAFS spectroscopy specifically addresses the local electronic structure and bonding
environment of the investigated target atom and has been used to study functional groups in
polymers [99-101] as well as small molecules used in solar cells [102]. Applying well-known
reference spectra, unknown species can be identified and even quantification of surface species
is possible by comparison with normalized reference spectra [103]. NEXAFS spectroscopy can
also be acquired as a function of the polar and azimuthal angles of the incoming polarized light,

and by making certain symmetry assumptions even the orientation can be determined [98, 104].
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Figure 14 Three different types of Auger decay are shown. For all three, a nonradiative decay occurs: The previously
generated core hole is filled by an electron of an occupied level with a smaller binding energy than the core level and
an Auger electron is created. The participator Auger decay is shown, where the excited core electron participates the
Auger process. Further, the spectator Auger decay is depicted where the excited core electron does not participate the
Auger process. For comparison, the “normal” Auger process is shown.

Fermi level

Another interesting field of application for the highly surface-sensitive Auger detection mode [97]
is the charge transporting region in OFETs, which consists of the first 1-3 nm of the surface.
NEXAFS spectroscopy is also often applied when it comes to resolution of chemically similar

states such as sp?- and sp®- hybridization states of carbon, that are difficult to resolve in XPS [100].

The main challenges for Auger-yield NEXAFS spectroscopy are removal of XPS features and
determination of the photon flux [105]. Correction of intensity via the photon flux is often performed
by simply dividing by the mesh current of a gold mesh. However, carbon and oxygen
contamination if present on the gold mesh complicate the correction [101, 105, 106]. To overcome
this issue and be more accurate, we measured the peak intensity of the Ti 3p peak of a clean
surface as a function of excitation energy. The NEXAFS spectra were then corrected by the

intensity of this photoemission line.
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Description of the Applied Clean-Up Procedure

To remove photoemission features from Auger-yield NEXAFS, the cleanup procedure reported by
Lytken et al [107] was applied. This procedure was used to remove photoemission features from
two-dimensional Auger-yield-NEXAFS (2D) spectral images. These kinds of images can be
described as the sum of an XPS image and a NEXAFS image, see Figure 15 top. The XPS image
can be described by a single, one-dimensional (1D) X-ray photoelectron spectrum, see Figure 15
right, while the NEXAFS image can be described as the matrix product of a 1D NEXAFS spectrum
in horizontal direction and a 1D Auger spectrum in vertical direction, see Figure 15 left.
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Figure 15 The four-step iterative cycle applied to the 2D spectral images to remove the photoemission feature.
Dependent on the intensity of the photoemission features compared to the NEXAFS features, the cycle is either started
with step 1 or 3. The four steps are described in detail in the text. The image was adapted with permission from [81].
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Before starting the first cycle the measured image is normalized to the photon flux [107] and the
offset before the first resonance is subtracted. Four-steps are then iteratively used, as shown in
Figure 15, to extract the one-dimensional NEXAFS, Auger and photoemission spectra from the
measured image. In step (1), see Figure 15, the measured image is averaged vertically, along the
kinetic energy axis, to get the one-dimensional NEXAFS spectrum, and then horizontally, along

the photon energy axis, to extract the Auger spectrum. These two spectra are now multiplied to
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create a new NEXAFS image with smeared out XPS features. In step (2), the generated NEXAFS
image can be subtracted from the original measured image to obtain an image with mostly XPS
features remaining. (3) The kinetic-energy scale of the XPS image obtained from (2) is now
changed to a binding-energy scale, and this results in horizontal XPS features. The one-
dimensional XP spectrum can be obtained from averaging the resulting image along the photon
energy axis. Further, this 1D XP spectrum is used to get an XPS image but this time with smeared
out NEXAFS features. (4) Subtracting the XPS image with smeared out NEXAFS features,
obtained from (3), from the measured images gives an improved image, that can be used in (1) to
repeat the four steps iteratively. If the XPS features in the measured image are particularly strong
the iterative process can be started at Step 3 instead of Step 1.

An example of this procedure applied to a real measured image is shown in Figure 16. The
example is a carbon K-edge measurement of phenylphosphonic acid on rutile TiO2(110) — (1 x 1)
acquired at 80° with respect to the surface normal. Noteworthy, all angles given here and in the
publications are respective to the surface normal.
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Figure 16 80° grazing incidence, carbon K-edge measurement of phenylphosphonic acid on TiO2(110) — (1 x 1) after
annealing at 400 K. Shown are the photon-flux-corrected measured image as well as the NEXAFS and XPS images
and spectra after applying 30 iterative cycles of the cleanup procedure. The procedure was started at step 3 since the
photoemission line is quite pronounced in the as measured image. The results show that the procedure worked nicely
and removed all photoemission contributions from the NEXAFS image, although as can be seen from the two NEXAFS
spectra the relatively strong photoemission feature had a surprisingly small effect on the one-dimensional spectra.

As mentioned in literature [107], the simplified description of the cleanup procedure ignores

several important effects, such as changing photoemission cross sections and different escape
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depths of photoelectrons. Also, modifications of the Auger spectra by effects, including resonant
excitation and participator and spectator Auger decay, as depicted in Figure 14, are
neglected [107]. Even though several effects are neglected, the results are very good [107].

Further approaches to overcome the mentioned challenges are described in literature [101, 106].
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3. Results and Discussion
3.1. 4-Cyanophenylporphyrins on Cu(111) [P1]
3.1.1. Adsorption Structure of 4-Cyanophenylporphyrins

During my Bachelor thesis, | already studied the reactions of free-base tetraphenylporphyrin
(2HTPP) on Cu(111). In the following years, three different reactions were found for 2HTPP on
Cu(111) [16, 68, 108-113]: (1) self-metalation, the process of inserting copper atoms from the
Cu(111) surface into the porphyrin macrocycle, (2) ring fusion, the bond formation between the
pyrrole rings and the phenyl rings by a dehydrogenation reaction, and (3) finally complete
dehydrogenation of the periphery of the molecule. (1) and (2) are strongly coverage-dependent;
and upon deposition of coverages close to one molecular layer, a complex checkerboard-like
structure is formed on the surface.

This inspired me to work on the first project for my PhD thesis, where we investigated three
functionalized tetraphenylporphyrins on Cu(111) with 1, 2 and 4 cyano groups, see Figure 17.
Cyano groups are chosen, because they can induce surface-supported molecular structures
[114, 115] as well as acting as electron-withdrawing groups.

5-(4-cyanophenyl)-

Meso-
. 10,15,20-triphenyl-
Te”aphe”y'ponghTy;'; 21,23H-parphyrin
2HMCNTP
5,10-di-(4- 5,10,15,20-tetrakis-
= cyanophenyl)-15,20- (4-cyanophenyl)-
diphenyl- 21,23H-porphyrin
21,23H-porphyrin 2HTCNPP
2HcisDCNDPP

Figure 17 Structures of the non-functionalized and cyano-functionalized tetraphenylporphyrins studied in this thesis.

Figure 18 shows our STM images of the three different CNTPPs on Cu(111) as deposited at 300 K
and after annealing to 400 K. As deposited at 300 K the molecules are somewhat disordered on

the surface, but annealing results in the formation of molecular chains: This is especially visible
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for 2HTCNPPs with four cyano groups where longer chains are formed, but less apparent for

2HMCNPP with only one cyano group where dimers are formed.
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Figure 18 STM images of 2HMCNTPP (first row, grey), 2HcisSDCNDPP (second row, orange), and 2HTCNPP (third row,
green) on Cu(111) with a coverage of 0.16 molecules/nm? (equivalent to roughly 0.32 ML) were acquired at room
temperature, before and after annealing at 400 K for in total 10, 100 and 160 min. The formation of a 2D gas phase and
the decreasing number of immobile molecules with annealing time is most dominant for 2HMCNTPP and 2HcisDCNDPP.
Details about the acquisition parameters can be extracted from the supporting information of the paper [P1]. This
Figure was adapted and printed with permission from [P1].
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The intermolecular bond distances of the dimers and chains were found to be too long for carbon-
carbon bonds. Further, nitrogen atoms in two neighboring cyano groups would be expected to
repel each other, so cyano-cyano bonds are not expected, but the bond lengths fit with those
expected for CN-Cu-NC bonds [114, 116, 117]. Similar CN-Metal-NC bonds were previously
observed for functionalized polyphenyls, such as dicarbonitrile-polyphenyl on Cu(111) and Ag(111)
[114, 117, 118]. Further, also for cyano-functionalized porphyrins CN-Metal-NC bonds were
observed by Bischoff et al. [116] for tetra[(4-cyanophenyl)phen-4-yl]porphyrin on Ag(111) and by
Fendt et al.[115] for cis-bis(4'-cyanobiphenyl)-substituted Zn(Il) porphyrins on Cu(111). In case of
Ag(111), co-deposition of copper, iron or cobalt was necessary to form CN-Metal-NC chains [117].
We, therefore, attribute the chain formation in Figure 18 to Cu adatom induced linkages between
cyano groups of neighboring porphyrin molecules. Further binding motives, presumably dictated
by hydrogen bonding or dipole-dipole interactions, were found for all cyanoporphyrins in particular
at room temperature [P1][119].

As apparent from Figure 18, heating is required in order to form the chains. This could be because
heating is necessary for the copper adatoms to be created or because heating is required for the

strongly-interacting molecules in the “inverted structure” [119, 120] to become mobile.

3.1.2. Self-Metalation of 4-Cyanophenylporphyrins

Noteworthy, the STM images in Figure 18 show stripy, noisy features in between the island
structures upon annealing to 400 K. At the same time the number of apparent molecules on the
surface decreases, even though 400 K is too low for desorption [13, 111, 112]. The appearance

of stripy features is indicative of highly-mobile molecules on the surface.

On Cu(111) free-base 2HTPP has previously been observed to be comparably immobile at room
temperature, because of strong bonds formed between the iminic nitrogen atoms and the copper
surface [108, 109]. For CuTPP, however, the interaction between the nitrogen atoms and the
substrate is lifted. Thus, the molecules become highly mobile, form a 2D gas phase and are
imaged as stripy features in STM [113, 121]. This is exactly what we observe for our
cyanoporphyrins after annealing. We therefore expect the stripy features to be caused by
metalated molecules. Noteworthy, the CuTPP molecules in the 2D gas phase only show the
appearance of individual molecules after cooling the sample to 200 K for the un-functionalized
CuTPP [122].

The explanation for this observation is related to the interplay between (1) the inter- and

intramolecular molecule-molecule and (2) the adsorbate-substrate interactions that mainly dictate
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the formation of surface structures. Previously, in agreement with literature, we found that 2HTPP
on Cu(11l) forms strong site-specific interactions with the surface, and that this leads to a
distortion of the porphyrins macrocycle, so that the two opposing pyrrole rings are tilted by 100°
with respect to the surface plane, forming a strong bond between the iminic nitrogen atoms and
the copper surface. Further, the phenyl rings are oriented almost parallel to the surface, what is
expected to hinder intermolecular T-type and - T interactions between molecules. This

intramolecular structure is called the “inverted” structure [123, 124].

Our STM results, supported by DFT calculations [119, 123][P1], suggested that all cyano-
functionalized porphyrins also adopt this “inverted” structure over a wide bias voltage range,

independent of polarity.

The analysis of the images shown in Figure 18 already shows that the number of molecules
decreases with annealing time [P1]. Upon annealing to 400 K for 160 min 2HMCNTPP shows the

most pronounced decrease in the apparent number of molecules visible on the surface.

To quantify the rate of the metalation, we used the approach by Ditze et al. [121]. They counted
individual non-metalated molecules from STM images after well-defined heating steps. This
enabled us to quantify the number of metalated molecules indirectly. From isothermal heating
experiments with four different temperatures and an Arrhenius analysis, Ditze et al. [121] learned

about the reaction kinetics and activation barriers of 2HTPP on Cu(111).

To determine the rate of the metalation reaction of our cyano porphyrins on Cu(111) with respect
to 2HTPP, we counted the number of stationary molecules on the surface as a function of
annealing time. In total, 15,000 to 20,000 molecules for each molecule were counted to get
representative data points with a sufficiently small error bar. The rate of metalation of the three
cyano porphyrins as well as the unsubstituted tetraphenylporphyrin can be derived from Figure 19.
The results show a strong correlation between the number of cyano groups in the
tetraphenylporphyrin molecule and the decrease in metalation rate. In the extreme case of the
four cyano groups in 2HTCNPP, in comparison to the unsubstituted 2HTPP, the metalation rate

decrease by a factor of 22.

Noteworthy, conducting experiments with the metalated CuTCNPP also showed that the Cu
porphyrins appear differently in the STM images compared to the free base porphyrins and this
proves that the molecules in the linear chains are not metalated. In addition, the apparent free
base molecules do not change the molecular conformation upon annealing at 400 K as expected

for metalloporphyrins.
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Figure 19 Plots depicting the development of the normalized coverage of free-base porphyrin (reactant) with annealing
time at 400 K (a) on a linear and (b) on a logarithmic scale. From these the metalation rate was deduced: 2HMCNPP
(grey), 2HcisDCNPP (orange), and 2HTCNPP (green) compared with 2HTPP (blue).

For the cyano-functionalized porphyrins several follow-up scanning tunneling microscopy
experiments were already performed in the group of Hubertus Marbach and their cooperation
partners in Brasil [125-128]. For example, in 2020, vacuum-deposited copper-metalated and free-
base cyano-functionalized tetraphenylporphyrins on Cu(111) were studied by Adhikari et al. [125].
They found that two-dimensional networks were formed for CUTCNPP and CucisDCNPP for
submonolayer coverages. Different adsorption structures as a function of temperature were found
by hydrogen bonding and also cyano-metal bonds. Only one year later, free-base
tetracyanophenyl tetrabenzoporphyrin on Cu(111) were studied by scanning tunneling microscopy

and three types of network structures were observed on the surface by Adhikari et. al. [126].
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3.2. Tetraphenylporphyrin on TiO2(110) - (1 x 1) [P2]

Inspired by our findings on metal surfaces on molecular conformation, adsorption structure and
surface reactions, in the recent years, we extended our knowledge to more complex surfaces,
such as oxides. When we talk about complexity, we refer to a more difficult surface structure, such
as the oxygen row structure on rutile TiO2(110) - (1 x 1) and the defects, such as oxygen

vacancies that occur upon annealing in ultrahigh vacuum.

The adsorption and self-metalation of tetraphenylporphyrin on rutile TiO2(110) - (1 x 1) was
studied by X-ray photoelectron spectroscopy (XPS) and scanning tunneling microscopy (STM).
The left panel of Figure 20 shows the XP spectra of subsequently deposited 2HTPP on
TiO2(110) - (1 x 1) at room temperature up to two layers. Only one surface species is observed
for the first 80 to 90 % of a molecular layer. Upon further increasing the coverage to roughly two
layers, two well-known additional peaks in the N 1s XP region, with a 1:1 ratio, were observed.
We compare these high-coverage N 1s peaks to the peaks of free-base tetraphenylporphyrin from
literature [12, 13, 16], with its two aminic (-NH-) and two iminic (-N=) nitrogen atoms, and we
conclude that they are in perfect agreement. Thus, we learn that the free-base

tetraphenylporphyrin adsorbs intact in the second layer.

In the next step, we assign the submonolayer-coverage species: As depicted in Figure 20, we
observe only one nitrogen species from the N 1s XP spectra. That means, that all detected
nitrogen atoms at the surface are chemically equivalent. This is typically a sign of a metalated
porphyrin molecules, because in a metalloporphyrin all four nitrogen atoms are bound to the metal
center and thus appear chemically equivalent in XPS [12, 13]. Metalation of free-base 2HTPP has
previously been observed on several oxide surfaces, such as MgO(100) [129, 130],
C0304(111) [131] and oxygen-terminated CoO(111) [131] at room temperature.

In the following, we asked ourselves: Does 2HTPP metalate on TiO2(110) at room temperature. If
yes, what species would be formed, and what would the N 1s XP spectra of this species look like?
To find the answers to these questions, we gathered information about titanium complexes and
their stability: Typically, the metal center in the porphyrin pocket has a 2+ oxidation state, but for
titanium the 2+ oxidation state is very unstable, especially in the presence of oxygen [132]. Thus,
Ti?* is unlikely to be formed. The most stable titanium complexes are in a 4+ oxidation state. Thus,

we propose titanyl (Ti=0)?* porphyrin as the most probable species formed on TiO2(110) - (1 x 1).

41



Inspired by these considerations, we addressed these questions by preparing 1.0 ML of
(Ti=O)TPP on TiO2(110) - (1 x 1), see bottom Figure 20, as a reference. The conclusion was that
the surface species for the as-deposited 2HTPP on TiO2(110) is not titanyl porphyrin, since the

binding energy position is completely different.
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Figure 20 N 1s XP spectra of different coverages of vacuum-deposited 2HTPP on TiO2(110) - (1 x 1) at room
temperature. Further, N 1s spectra of 2.3 ML of 2HTPP after annealing at 400 K and 550 K are shown. Reference
spectra of 1.0 ML (Ti=O)TPP on TiO2(110) and multilayers of liquid-deposited mixture of porphyrin acid chloride and
porphyrins (3HTPP*/2HTPP) on Au-coated silica are shown for comparison. Molecular Drawings of 2HTPP, 4HTPP?*
and (Ti=O)TPP are depicted in addition.

From Figure 20, it is clear that the position of the submonolayer N 1s species is at the same
binding-energy position as the aminic (-NH-) nitrogen atoms of the free base molecule. In addition,
it is well-known from liquid-phase chemistry that a protonated porphyrin diacid species 4HTPP?*

is formed for pH values < 3 [133]. To clarify, whether the same species is formed on the TiO»(110)
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surface, we performed a reference measurement of wet-chemically prepared 5,10,15,20-
tetraphenylporphyrin diacid chloride, see Figure 20. This measurement shows that a protonated
4HTPP? molecule is fully consistent with the submonolayer species found for 2HTPP on TiO2(110).
This was also suggested by Lovat et al. [134], who were the first to observe the single peak for
deposited 2HTPP on TiO2(110) - (1 x 1).

But where do the protons come from? One source of protons that is almost always present on the
TiO2(110) surface is OH groups. These are created upon adsorption and dissociation of water
molecules from the residual gas, see Chapter 2.1. From the XP spectra, 0.8 ML of 2HTPP is found
to be fully protonated and for this double the amount of OH groups are necessary. 0.8 ML of
2HTPP equals roughly 0.40 molecules/nm?[12, 135, 136] and one oxygen vacancy can create
two OH groups upon adsorption and dissociation of water molecules [30, 137]. From this, 0.40
oxygen vacancies/nm? (~8%) are expected to be necessary to cause the observed effect. The
estimated value is in the range expected for vacuum-prepared TiO2(110) - (1 x 1) surfaces and
could therefore fully explain this effect. However, Lovat et al suggested bulk-dissolved hydrogen
atoms to be the hydrogen source [134, 138].

In the next step, 2.3 ML 2HTPP were prepared on TiO2(110) and annealed to 550 K, see Figure 20,
and a new single N 1s peak was observed. The position of the new peak this time agrees well
with the titanyl-porphyrin reference, and we therefore assign this process to metalation. The onset
of metalation was already found at 400 K. However, at 400 K only the free-base porphyrin was
found to be metalated, while the diacid species was still intact. This suggested that the diacid
species is more resistant towards metalation, while the unprotonated molecules in the second

layer are already metalated.

We base the assignment exclusively on the N 1s binding energy position, but most
metalloporphyrins have similar N 1s binding energy positions. To strengthen our assignment, we
attempted to desorb the metalated species into a mass spectrometer but were unsuccessful. A

definitive assignment therefore remains elusive from our results.

Lovat et al. also studied the self-metalation reaction of tetraphenylporphyrin on TiO»(110)
[138, 139] and they bring up the idea that titanium atoms were extracted from the substrate upon
annealing and incorporated into the macrocycle. They also tried to approach the question on the
self-metalated species by co-deposition of titanium onto one monolayer of tetraphenylporphyrins

on TiO». The result was a peak at the same binding energy as the self-metalated species [138].
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When we compare our results to the studies on other oxides, such as MgO(100) [129, 130],
Co0304(111) [131] and oxygen-terminated CoO(111) [131], the most outstanding differences are
that on other oxides at room temperature no protonated species was observed for submonolayer
coverages, and instead metalation occurred at room temperature. We presently think that is
related to the oxidation state of the metal atom. While magnesium and cobalt atoms are present
in 2+ oxidation state, titanium possess a 4+ oxidation state. Further, we know from liquid-phase
studies that the coordinated metal atom in the metalloporphyrins is usually 2+. So, for MgO(100),
magnesium is easily available in 2+ state at edges, ready to be coordinated, while on the TiO»(110)

surfaces the situation is more complex and ions are expected to be only available upon annealing.
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3.3. Anchoring Organic Molecules to Rutile TiO2(110) - (1 x 1)
Surfaces [P3, P4]

Motivation for Phosphonic and Hydroxamic Acids as Anchoring Groups

The phosphonic acid anchor group was found especially interesting, since it forms very stable
bonds with oxide surfaces, such as TiO.. The bonds were found to be even stronger than that of
the carboxylic acid anchor group. Thus, molecules cannot easily be removed by solvents used in
practical applications, and usage of phosphonic acid can improve the long-time stability of several
applications. One noteworthy drawback is for example the loss in efficiency in the case of dye-
sensitized solar cells for present investigations, since the electronic structure at the interface
seems too unfavorable [140].

The benzohydroxamic acid, another interesting anchoring group, was compared to carboxylic acid
and similar electronic properties were found. The bond was found stronger, especially in the basic
regime, and also more resistant towards hydrolysis. Thus, the hydroxamic acid anchor group is
found equally or partly more suitable for many applications compared to a carboxylic acid anchor
group [141-144].

In the scope of this thesis, anchoring groups with phenyl rings were chosen as model molecules
to extend the knowledge about the anchoring of organic molecules onto oxide surfaces, such as
on rutile TiO2(110) - (1 x 1) surfaces. In this context, especially the influence of the respective
anchoring groups was addressed. Phenylphosphonic acid and benzohydroxamic acid were
vacuum-deposited on TiO2(110) - (1 x 1) surfaces and important surface properties such as the
binding mode and/or molecular geometry were studied applying photoelectron and

photoemission-based techniques.

3.3.1. Phenylphosphonic Acid on Rutile TiO2(110) - (1 x 1)

Surfaces [P3]
The Binding Mode of Phenylphosphonic Acid

The binding mode of phenylphosphonic acid on a TiO»(110) - (1 x 1) surface was studied with
synchrotron-radiation photoelectron spectroscopy. All experiments were performed at the
synchrotron and thus, the kinetic energy of the electron was tuned especially low to achieve high
surface sensitivity. Furthermore, in comparison to lab-source measurements, at the synchrotron

the energy resolution is far better. For the O 1s spectra, the entrance and exit slits widths were
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decreased to get an even higher resolution as compared with larger slits widths for the same

photon-energy range.

2.7 ML of phenylphosphonic acid multilayers were prepared on TiO2(110) - (1 x 1) by vacuum-
deposition. Ti 2p, C 1s, P 2p and O 1s XP spectra were acquired, as depicted in paper [P3]. Upon
annealing to 380 K, the substrate signals increase, while the molecule signals decrease. This
indicates multilayer desorption. Higher annealing temperatures did not affect the spectra,
indicating the formation of a compact, intact phenylphosphonic acid monolayer that is stable up to
780 K.

We assigned the binding modes of phosphonic acid on TiO2(110) - (1 x 1) by evaluating the high-
resolution O 1s XP spectra in Figure 21. The data was fitted with four peaks, one substrate peak
at 530.4 eV, and three molecule peaks at 531.6, 532.7 and 533.8 eV.

To understand the heat-induced changes of the phenylphosphonic acid monolayer on
TiO2(110) - (1 x 1), it is very helpful to illustrate how the different binding modes from literature
[140, 145] would look like in O 1s XP spectra, see Figure 21. For the monodentate binding mode,
upon deprotonation of the P-OH group, one P-O-Ti bond and one Ti-OH group are formed. For
the bidentate binding mode, two subclasses exist, the onefold-deprotonated and the twofold-
deprotonated bidentate binding mode. For the onefold-deprotonated bidentate binding mode, an
additional P-O-Ti bond is formed upon interaction of the P=0O with the surface, resulting in two
P-O-Ti bonds, one Ti-OH bond and one P-OH bond. For the twofold-deprotonated bidentate
binding mode, both P-OH groups are deprotonated when forming the two P-O-Ti bonds and two
Ti-OH groups, while the P=0 bond is still intact. Finally, the tridentate binding mode consists of

three P-O-Ti bonds and two Ti-OH surface groups.

The O 1s XPS binding-energy positions for the different species extracted from our measurements
agree very well with the values found in literature [145-150], especially with the peaks observed
by Wagstaffe et al. [151]. The assignment was thus done in the following way: the peak at 533.8 eV
was assigned to P-OH, the peak at 532.7 eV to P=0, and the peak at 531.6 eV corresponds to P-
O-Ti overlapping with Ti-OH. The expected ratios, from high to low binding energy, are thus, 1:1:2
for monodentate, 1:0:3 for onefold-deprotonated bidentate, 0:1:4 for twofold-deprotonated
bidentate and 0:0:5 for tridentate.

The temperature development can be divided again in three parts. The first part from 430 to
460 178.44K, results in a 1.0:1.0:2.1 ratio for the P-OH:P=0:(P-O-Ti + Ti-OH) components, as

summarized in Table 4. A comparison of the experimentally determined ratio with the expected
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ratios, as shown in Figure 21, indicates that the binding mode of phenylphosphonic acid is

dominated by the monodentate configuration.
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Figure 21 High-resolution O 1 s XPS spectra of phenylphosphonic acid deposited on TiO2(110) - (1 x 1), followed by
incremental annealing steps, measured with a photon energy of 650 eV. Schematic sketch of the different binding
configurations of phenylphosphonic acids to oxide surfaces with the corresponding schematic XP spectra.

The second temperature region is a transition region from 490 to 520 K that finally results in the
third region, another plateau with similar curve shapes. In the transition region, the P-OH and P=0O
species at the high-binding-energy shoulder decrease, while the P-O-Ti/Ti-OH peak remains

constant, and the substrate peak intensity increases.
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For the resulting third region, the extracted peak ratio is 1.3:1.0:5.8. This ratio can be explained
either by an equal mixture of onefold- and twofold-deprotonated bidentate species, resulting in
1:1:7 ratio, or by an equal mixture of monodentate and tridentate species, also resulting in a 1:1:7
ratio. The deviation between the experimentally determined ratio and the expected theoretical
ratios is most likely related to a loss of Ti-OH groups. According to literature recombination of two
Ti-OH groups at defect sites results in the desorption of water in this temperature range [152-154].
This correlates with a decrease of the Ti-OH signal and an increase of the substrates signal. In
addition, the desorption results in unoccupied surface sites, and this could be the driving force to
form bidentate or higher binding mode configurations. Assuming partial loss of OH groups upon
annealing, the expected 1:1:7 ratio would decrease and could approach the observed ratio.

Table 4 O 1s peak positions of substrate and adsorbate signals (with an error of +/-0.1 eV), and their relative

contributions to the total signal.

Ti-OH/ _
P-OH P=0 . TiO2
P-O-Ti
Binding Energy 533.8eV  532.7 eV 531.6 eV 530.4 eV
FWHM 1.19 eV 1.19 eV 1.19 eV 1.18 eV
Contribution to O 1s signal
15 % 15 % 31% 39 %
430 -520 K
Contribution to O 1s signal
7% 5.5% 32 % 555 %
580 - 610K

Presently, in agreement with further studies on similar molecules on TiO2(110), the bidentate
binding mode is favored [155-157]. Studies about methyl phosphonate on rutile TiO»(110) by
Pang et al. [155] included DFT calculations, which showed that both monodentate and onefold-
deprotonated bidentate are less stable than the twofold-deprotonated bidentate binding mode.
Further DFT studies by Skibinski et al. [156] proposed the twofold-deprotonated bidentate binding
mode as the most favored one. Further theoretical calculations predicted, that both bidentate
species were calculated to have a comparable stability, and this would be in agreement with the
approximate 1:1 ratio between the two bidentate species [157]. The tridentate binding mode was
even calculated to be unfavored on an ideal TiO2(110) surface [157]. Thus, this third region from

550 to 610 K is called the mixed-bidentate region.
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Carbon K-edge-NEXAFS and How to Extract Adsorption Angles

To gain insights into the dependency of the molecular electronic structure on the temperature-
dependent changes of the binding mode, valence-band photoemission spectra and NEXAFS
spectra were acquired. Valence band spectra (shown in [P3]) give information on the occupied

states while NEXAFS spectroscopy addresses the unoccupied states.

For the phenylphosphonic acid monolayers, prepared on TiO»(110) with subsequent annealing
steps, C K-edge NEXAFS spectral images were acquired. The C K-edge NEXAFS spectral images
were measured for five different polar angles and two different azimuthal angles, 0° and 90° with
respect to the [001] crystallographic directions, to reveal the angle dependence of the respective
transitions. Noteworthy, the polar angles are given relative to the surface normal. Thus, 0° refers
to normal incidence for the linear-polarized light and an electric-field vector parallel to the substrate,
and 80¢ is grazing incidence of the incoming light and an electric-field vector close to perpendicular

to the substrate surface.

Since both the X-ray optical elements of the beamline and the gold mesh that is used for photon-
flux measurements were strongly contaminated with carbon, the measured C K-edge NEXAFS
images had to be normalized to a photon flux. However, the gold mesh current could not be used.
Instead, the intensity of the Ti 3p peak was measured in the same photon energy range as the

C K-edge NEXAFS images and used as the photon flux.

Furthermore, photoemission peaks were removed from the spectral images by applying the clean-
up procedure for Auger-yield NEXAFS as described by Lytken et al. [107] and in the NEXAFS
section of this thesis. In Figure 22, the obtained C K-edge NEXAFS spectra were grouped into
four different panels according to their annealing temperature and azimuthal angle. For each group
of temperature and azimuthal angle, the measurements at five different polar angles are shown.
The spectra in panel 1 and panel 2 were measured after annealing at 380 K with an azimuthal
angle of 0° and 90°, respectively. The spectra in panel 3 were acquired after annealing at 780 K
with an azimuthal angle of 0° and those in panel 4 after annealing at 650 K with an azimuthal
angle of 90°. The spectra in panel 1 and 2 refer the temperature range where phenylphosphonic
acid is expected in the monodentate binding mode, while the spectra in panel 3 and 4 are assigned
to the mixed-bidentate (or monodentate plus tridentate) configuration. Noteworthy, all
temperatures had to be corrected, because the originally measured temperatures were
overestimating the real crystal temperatures by 200 to 300 K dependent on the sample mounting.

For improvement of sample mounting and temperature acquisition see Chapter 2.4.2.
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Figure 22 NEXAFS C K-edge spectra of a monolayer of phenylphosphonic acid on TiO2(110) after annealing to different
temperatures for five different polar angles and for two different azimuthal angles of the incoming radiation are depicted.
Normal incidence corresponds to 0° incidence angle and grazing incidence to 80°. The panels 1 and 2 show the spectra
after annealing to 380 K (monodentate) for 0° azimuthal and 90° azimuthal (with respect to the [001] direction),
respectively. The panels 3 and 4 show the spectra after annealing to 780 K for 0° azimuthal and after annealing to 650
K for 90° azimuthal (with respect to the [001] direction), respectively. Differences in annealing temperatures are related
to different sample mounting and resulting differences in temperature reading for the sample preparations.

Several distinct peaks are visible in the C K-edge NEXAFS spectra shown in Figure 22, correlating
with electronic transitions from the C 1s core level to different unoccupied states: (a) a
T resonance at 284.9 eV, (c) a transition to a state related to a mixture of Rydberg and -CH o*
states at 288.6 eV, and o* resonances at (d) 290.7 and (e) 293.2 eV [151]. The small peak (b) at
286.9 eV has also been detected in previous measurements of phenylphosphonic acid on an
anatase surface and was assigned to be substrate-related [151]. Noteworthy, in comparison,
phenylphosphonic acid on rutile TiO»(110) and on anatase TiO»(101) show a quite similar trend
concerning the peak positions of the different transitions [151]. Comparing the C K-edge spectra
for the different azimuthal angles and the annealing temperatures, overall, the spectra show the

same transitions and are very similar.
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Information on the orientation of molecules or parts of molecules can be obtained by angle-
dependent NEXAFS spectroscopy, as acquired in Figure 22. Electron transitions from one orbital
to another usually follow the selection rules, and thus for allowed transitions the orbital angular
momentum changes by +1 or -1. As a result, from an s orbital, the only allowed transitions are to
p orbitals. Considering only one molecule and perfectly linear-polarized light, the NEXAFS

intensity for these transitions are dependent on the square of the scalar product of the electric-

field vector E and the molecule orbital vector 0 [98, 145].

£ (85 05,60, 00) % (E(85, 95) - 0(80,90))’ (10)

0 and 8, are the polar angles of the electric-field vector E and the molecular orbital vector 0
given relative to the surface normal, and ¢,and ¢ are the azimuthal angles for the respective
vectors, given relative to a defined axis in the surface plane. The angles are also visualized in the
scheme in Figure 23. In the following, this equation will be used as the basic building block to
describe more complex situations, such as when the light is elliptically polarized and multiple

molecular domains are formed [98, 145].

The components of the vectors can also be written as cosine and sine functions of the polar and

azimuthal angles. Here the z direction is defined as normal to the surface.

Ey [sin(6) - cos (¢g)]
E(Og, @E) = Ey = |sin(6g) - sin (¢g)
Ez] | cos(0g)

[0, [sin(8,) - cos (¢o)]
0(80,90) = Oy = |sin(fy) - sin (@)
10,] | cos(6p)

Inserting the components, for equation 10 the following equation results
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— — 2 2
f(eEJ Pk, 60, (PO) X (E(GE' (pE) : O(eO: (pO)) = (EXOX + Eyoy + EZOZ) = (11)

= (sin(6g) * cos(@g) - sin(Bp) * cos(@o) + sin(Bg) - sin(@g) - sin(6p) - sin(¢o)
+ cos(Bg) - cos(8p))? =

= sin?(0g) * cos?(@g) - sin?(0y) - cos?(g) + sin?(Bg) - sin?(@g) * sin?(0y) -

sin?(@g) + + cos?(0g)+ cos?(8y) +

+ 2 -sin(0g) - cos(@g) - sin(Bg) - cos(wg) - sin(Bg) - sin(g) -sin(6g) -
sin(¢o) +

+ 2 -sin(Bg) - cos(@g) - sin(Bg) - cos(@g) - cos(Bg) - cos(Bp) +

+ 2 - sin(Bg) - sin(@g) - sin(Bg) - sin(@g) - cos(Og) - cos(Bg)

The polarized light given at the synchrotron is usually not perfectly linear polarized. Thus, the
Material Science Beamline at Trieste, a bending magnet beamline, produces elliptically polarized
light with a polarization P of 0.8. To get the NEXAFS intensity, integration over all polarization
direction would be necessary. However, this integral is also given by the sum of two contributions
of linear-polarized light perpendicular to each other, one contribution along the long axis and one
along the short axis of the ellipsoid. For a bending magnet, the long axis of the ellipsoid is in the
plane of the storage ring, and this contribution is typically called ﬁ and the short axis of the
ellipsoid is perpendicular to the plane of the storage ring, and usually called EL. The geometry of

the Materials Science beamline determines the EL , and with this azimuthal vector of EL is always

90° rotated in comparison to the azimuthal vector of ﬁ while the polar angle of ELis always 90°

to the surface normal. Therefore, the function g is derived by extending the equation 10:

9O, 9,00, 90,P) = P- f(Op, 95,60, 90) + (1 —P) - f(90° @g + 90°6p,¢0,) (12)

This equation is only valid for one molecule and needs to be extended to be valid for several
molecules on a surface. To do this we need to know how many molecules form the unit cell of the

adsorption structure. For now, we assume one molecule per unit cell. Even for this simplified case
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several mirror domains will result on the surface. If the molecules adsorb with a polar angle of 6,,
two mirror domains will form: One with a polar angle of +6, and the other with a polar angle of -8,.
Further domains are induced by the twofold symmetry of the TiO2(110) surface. If molecules
adsorb with an azimuthal angle of +¢,, there will always be the same number of molecules
adsorbing with an azimuthal angle of -¢,. Thus, the measured NEXAFS intensity becomes the

average intensity of the four molecular domains [98, 145].
h(g, ¥g, 00, 90, P) = (13)

1 1 1
ZQ(HE» ¢, 00,90,P) + 19(95: ¢E, 00, —90,P) + ZQ(GE, g, —60,90,P)

1
+ Zg(HEI PE, _90' _¢0fp)

Please note that in special cases, such as the adsorption of the molecules along the surface
normal or along the high symmetry axis of the substrate, the number of domains can be reduced.
If another surface is used or a different adsorption structure occurs, this approach can also be
applied, however, the number of mirror domains changes. With increasing symmetry, such as to
three-fold, the number of domains generally increases. For the three-fold symmetric substrate 12
domains result, which is usually simplified by assuming the presence of all azimuthal rotations on
the surface. The NEXAFS intensity now becomes an integral over all the azimuthal angles,

resulting in the following equation:

360°

1 (15)
h(Og, 9§, 00, P) = W f 9(Og, 9g, 00,90, P)do,
0

Noteworthy, in this approach it is assumed that all four domains contribute equally to the NEXAFS
intensity, which is true when the X-ray beam is large in comparison to the domain sizes. However,
if the beam size is small in comparison to the domain sizes the equation for a single domain needs
to be used, since only a single domain is investigated during the experiment. If the beam size and
domain size are comparable, evaluation becomes difficult, and a determination of adsorption

angles is usually not possible.
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The spectra as shown in Figure 22 were normalized to the edge jump, and the extracted " peak
areas were fitted assuming a twofold-symmetric substrate with four molecular domains. The
results of the fits are depicted in Figure 23. The fitting results in a polar angle of 25° with respect
to the surface normal and an azimuthal angle of 42° for the phenyl ring of the monodentate
phenylphosphonic acid binding mode, as acquired at 380 K. The mixed-bidentate (or mono- and
tridentate) binding mode showed a polar angle of 26° with respect to the surface normal and an

azimuthal angle of 43° for the phenyl ring of the molecules.
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n, < 1,
- < 1 e
0 S 04 S
o i
& | Fit
O 0.2
£ b0 % ] ® 0° azimuthal
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Figure 23 The angles for the electric-field vector E and the molecular orbital vector 0 are depicted in the scheme. The
electric-field vector of the incoming light is described by the polar angle 6; and the azimuthal angle ¢;. The molecular
orbital vector is described by the polar angle 6, and the azimuthal angle ¢,. The intensity of the r* transition for different
polar and azimuthal angles for phenylphosphonic acid on TiO2(110) after annealing at 380 and 780/650 K are depicted.
The data shown in Figure 22 was used. The extracted m* peak areas after normalizing to the edge jump were fitted
applying the equation for twofold symmetric substrates with four molecular domains. These fits are shown in red while
the dashed lines show fits with +/- 5° polar angles for comparison.

Comparing the extracted polar angle with previous studies of phosphonic acid on rutile TiO»(110)
[156] and on anatase TiO2(101) [151] shows that for all studies the molecules are neither upright
standing nor flat lying. For the study by Skibinski et al. [156] one could estimate an angle from
Figure 5 in Ref. [156], that is 37° with respect to the surface normal, which is very similar to the
polar angle extracted here. On anatase TiO»(101) [35], a polar angle of 25° relative to the surface
normal was found. Noteworthy, the azimuthal angle of roughly 45° could either indicate, that the
molecules align 45° relative to the [001] crystallographic direction or it could also mean that

azimuthal orientation of the molecules is random.
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We have unfortunately to denote here that Figure 23 (right) and the respective text related to the
determination of polar and azimuthal angles had to be corrected and in [P3] the wrong version

was printed originally. Figure 23 (right) and the angles are correct here and published in a
Corrigendum related to [P3].
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3.3.2. Hydroxamic Acid Linker Group on TiO2(110) - (1 x 1)
Surfaces [P4]

We studied the hydroxamic acid (see Benzohydroxamic Acid on TiO,(110)

Figure 24, -C(=0)-N(-H)-OH) anchoring group on Vacuum - Depasition

TiO»(110) surfaces due to their interesting hv =650 eV
electron-transfer properties [22]. We addressed
the adsorption properties of vacuum-deposited c:jN \,
and liquid-deposited benzohydroxamic acid :
molecules on a clean TiO2(110) - (1 x 1) surface TiO,
under  ultrahigh-vacuum conditions  with
synchrotron-radiation X-ray photoelectron 01s hy = 650 eV
spectroscopy (SRPES). gﬂggtarg::dpeak
Figure 24 (top) shows the O 1s spectra for three ;}N Y
different coverages of benzohydroxamic acid on a .
TiO2(110) - (1 x 1) surface with and without TiOo,
substrate contribution, while Figure 24 (bottom)
depicts O 1s XP spectra of benzohydroxamic acid Benzohydroxamic Acid Powder
and potassium benzohydroxamate powders. The 01s E hy = 1486.7 eV
O 1s XP spectra of the vacuum-deposited sample
are described by two peaks, the titanium dioxide N
substrate peak at 530.1 eV and a second peak at HO o
531.6 eV, assigned to the deposited molecules.

Potassium Benzohydroxamate Powder
Comparing the powder and the vacuum-deposited O1s : hv = 1486.7 eV
spectra evidently only one molecule peak is visible
in O 1s region after vacuum deposition. This N —
would be consistent with the formation of a 0\K,,0
hydroxamate on the surface and should be T T T T T

accompanied by a surface Ti-OH groups, formed 536 534 532 530 528 526 524

upon deprotonation of the N-OH group. Ti-OH Binding Energy (eV)

Figure 24 O 1s XP spectra for (top) vacuum-deposited

benzohydroxamic acid on TiO2(110) - (1 x 1) with and

therefore overlap with the hydroxamate O 1s without substrate peak. O 1s XP spectra of the
benzohydroxamic acid and potassium benzo-

peak. hydroxamate powder are shown for comparison.

groups are expected at 531.2-531.7 eV and will
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Noteworthy, the adsorption of benzohydroxamic acid from vacuum-deposition is self-limiting at
room temperature and the coverage saturates as shown in Figure 24 (top, green), because
benzohydroxamic acid multilayer have a low evaporation temperature, close to room temperature.
Noteworthy, the desorption of the multilayer was detected with temperature programmed
desorption at 275 K. Thus, the maximum coverage that was reached upon vacuum-deposition at

room temperature is referred to as one monolayer, also abbreviated with 1 ML.

For the same depositions, C 1s and N 1s spectra were acquired and depicted in Figure 25. The
C 1s spectra show three species at 284.7, 287.6 and 289.4 eV. The peak at 284.7 eV is typically
found for carbon atoms in a phenyl ring. The assignment of the peak at 287.6 eV as the
hydroxamate group is supported by reference measurements of the two powders, the intact acid
and the potassium benzohydroxamate, see bottom Figure 25, and literature values [158].
Comparing the C 1s peak at 289.4 eV to literature values, the binding energy is consistent with
strongly oxidized carbon species, such as anhydride, lactone, orthoester or carbonate [159-163].
We think this species is a decomposition product, presumably formed at surface defect sites.

However, the N 1s spectrum at low coverage shows two features at 398.3 and 400.1 eV. The N 1s
peak at 400.1 eV lines up with the N 1s peak of potassium benzohydroxamate. Thus, N 1s, C 1s
and O 1s spectra agree on the formation of an hydroxamate. From density functional theory (DFT),
the monodeprotonated bidentate bridging binding mode is the most stable. The second peak in
the N 1s region at 398.3 eV is thus very likely related to the oxidized carbon species, presumably
formed upon decomposition. Two possible options would be either a nitride-like species or atomic
nitrogen [164, 165].

For high coverages, such as 0.71 and 1.00 ML, the feature at 287.6 eV (-N(H)-C(=0)-) dominates
the C 1s spectra and the peak at 289.4 eV appears comparably weak. The N 1s spectra show a
new species at 401.0 eV. In addition, the previously assigned hydroxamate peak shifts from 400.1
to 399.8 eV. From the O 1s one peak and thus only oxygen atoms with a similar chemical
environment are observed. From this we conclude that the new N 1s high-binding energy species

is most likely also a hydroxamate, but strongly shifted
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Figure 25 C 1s and N 1s XP spectra for benzohydroxamic acid deposited on TiO2(110) - (1 x 1) at room temperature,
see Figure 24 for the corresponding O 1s spectra. Reference spectra of benzohydroxamic acid powder and potassium
benzohydroxamate powder are also included for comparison.

In addition, we compared vacuum-deposition to liquid deposition from ethanolic and acetonitrile
solutions, see Figure 5 in [P4]. The main differences are in the N 1s spectra, where the solution-
deposited structures lack the low-binding energy species we attribute to decomposition at defects.
Specifically, oxygen vacancies would not be present on a surface exposed to air and liquid

solutions. The defect responsible for the decomposition could therefore be oxygen vacancies.

Annealing series of the vacuum-prepared monolayer and the monolayer prepared from acetonitrile
were performed and compared, see Figures 6 and 7 in [P4]. Interpretation of these annealing
series is not entirely straight forward and gives the impression that the high-binding-energy

species is bonded weaker to the surface as compared to the low-binding-energy species and
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could thus be a monodentate-bonded species. Additional hydrogen bonding could explain the high
binding energy N 1s species at high coverages at 401.0 eV, even though, compared to literature,
hydrogen bonding to the nitrogen is assumed less likely than to the oxygen atoms. However, the
exact assignment remains elusive and further experiments would be required. This is, however,

out of scope of our present study and might be continued in the future.
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4. Summary

In the present thesis, scanning tunneling microscopy (STM), X-ray photoelectron spectroscopy
(XPS) and near-edge X-ray-absorption fine-structure spectroscopy (NEXAFS) were applied to
study the adsorption behavior of organic molecules on single crystal surface under ultrahigh-

vacuum conditions.

We were inspired to use porphyrins, because they are versatile, quite robust, and they have shown
promising results for applications such as dye-sensitized solar cells. Improving applications based
on organic dyes could for instance help in the future to face environmental problems. A first starting
point for improvement is to understand and optimize the interfacial properties at the interfaces
between organic molecule and the underlying substrate under very well-defined conditions, such

as on single crystal surfaces under ultra-high vacuum conditions.

Our scanning tunneling microscopy study focuses on deepening the understanding of cyano-
functionalized tetraphenylporphyrins on Cu(111), in particular in terms of adsorption structure,
conformation and bottom-up fabrication of nanostructures. From our study, we learned that cyano-
metal bonds and cyano-hydrogen interactions dictate the surface structure on Cu(111).
Furthermore, cyano groups build up one-dimensional structures during annealing at 400 K, chains
consisting of tetraphenylporphyrins, which are stable also at room temperature. Besides that, we
have shown that the recently found inverted structure for tetraphenylporphyrin on Cu(111), which
is induced by a very strong interaction between the iminic nitrogen atoms and the copper surface
atoms, is also adopted for the three studied free base cyano porphyrins. Moreover, the
functionalization of cyano groups in the periphery of tetraphenylporphyrins has a great impact on
the self-metalation reaction of tetraphenylporphyrins.

In a next step, we transferred our knowledge of tetraphenylporphyrins on metal surfaces to oxide
surfaces. Tetraphenylporphyrins were vacuum-deposited onto clean TiO2(110) - (1 x 1) surfaces
and studied as a function of coverage and temperature applying X-ray photoelectron spectroscopy.
The study of tetraphenylporphyrin on TiO2(110) - (1 x 1), when deposited at room temperature,
revealed the formation of a diacid species, 4HTPP?". In contrast to previously studied oxide
surfaces, such as MgO(100), Cos04(111) and CoO(111l), no metalation occurs at room
temperature. Annealing the sample up to 550 K leads to complete metalation of the first molecular

layer.

For various applications, such as dye-sensitized solar cells, it is necessary to use anchoring

groups to attach large organic molecules to substrates. Carboxylic acid has proven to be useful,
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but the chemical bond is not strong enough, which is why the molecules can detach from the
substrate in solution during application. Therefore, functional groups with stronger bonds while
maintaining/improving electronic characteristics are required. In this field, the understanding of
adsorption modes and electronic properties under well-defined conditions such as on single
crystal surfaces under ultra-high vacuum conditions is also not very deep so far. For these reasons,

we decided to study phenylphosphonic and benzohydroxamic acids on TiO»(110) - (1 x 1).

Phenylphosphonic acid forms strong bonds to the surface and thereby increase the long-term
stability of organic devices. Annealing series to investigate the thermal stability of
phenylphosphonic acid showed that multilayers desorb at 380 K. Above this annealing
temperature up to 460 K, phenylphosphonic acid binds in a monodentate binding mode, while
further annealing leads to a transition of the binding mode, and in the range from 550 to 610 K a
mixed-bidentate binding mode is proposed. For the monodentate and the mixed-bidentate
phenylphosphonic acid on TiO2(110) - (1 x 1), valence band and NEXAFS spectra were acquired
to address the electronic structure of the molecules on TiO2. These spectra show that the change
in binding mode does not affect the electronic structure. The adsorption angles of the phenyl ring
were derived from the T* transition by fitting the * intensity as a function of five polar and two
azimuthal angles and a polar angle of the phenyl ring relative to the surface normal of 25° was
found.

The second interesting anchoring group that was studied is hydroxamic acid. Previous studies
showed that they have similar electronic properties as carboxylic acids, but form a stronger bond
to the surface, especially under basic conditions and in presence of water. We have studied
benzohydroxamic acid on TiO»2(110) - (1 x 1) at room temperature as a function of coverage. For
coverages below half of the molecular layer, an hydroxamate species is formed and coexists with
a decomposed species, the latter presumably formed at oxygen vacancies or other surface defects.
Upon deposition of a monolayer, the main species are intact hydroxamates. The N 1s X-ray
photoelectron spectra showed that the hydroxamates appear as two different species with respect
to the nitrogen atom. Different binding modes for hydroxamic acid have been proposed in the
literature. Our photoelectron spectroscopy data, supported by density functional theory
calculations, assign the low-coverage species to the monodeprotonated bidentate bridging binding

mode while the species at high coverage remains elusive.
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5. Zusammenfassung

In der vorliegenden Arbeit wurde mit Hilfe der Rastertunnelmikroskopie (STM), der
Rontgenphotoelektronenspektroskopie (XPS) und der Nahkanten-Réntgenabsorptions-
Feinstrukturspektroskopie (NEXAFS) das Adsorptionsverhalten organischer Molekile auf

Einkristalloberflachen unter Ultrahochvakuumbedingungen untersucht.

Wir haben uns entschieden Porphyrine zu untersuchen, da sie vielseitig und recht robust sind und
vielversprechende Ergebnisse fir Anwendungen, wie zum Beispiel in Farbstoffsolarzellen, gezeigt
haben. Die Verbesserung von Anwendungen, die auf organischen Farbstoffen basieren, kdnnen
in Zukunft beispielsweise helfen, Umweltprobleme zu bewaltigen. Ein erster Ansatzpunkt fur
Verbesserungen ist das Verstandnis und die Optimierung der Eigenschaften an den Grenzflachen
zwischen organischen Molekiilen und dem Substrat unter sehr gut definierten Bedingungen, wie

auf Einkristalloberflachen unter Ultrahochvakuumbedingungen.

Unsere Rastertunnelmikroskopiestudie konzentriert sich auf die Vertiefung des Verstandnisses
von Cyano-funktionalisierten Tetraphenylporphyrinen auf Cu(111), insbesondere im Hinblick auf
die Adsorptionsstruktur und -konformation sowie die Bottom-up-Herstellung von Nanostrukturen.
Aus unserer Studie haben wir gelernt, dass Cyano-Metall-Bindungen und Cyano-Wasserstoff-
Wechselwirkungen die Oberflachenstruktur auf Cu(111) bestimmen. Darlber hinaus bilden
Cyanogruppen wahrend des Heizens bei 400 K eindimensionale Strukturen, Ketten aus
Tetraphenylporphyrinen, die wiederum auch bei Raumtemperatur stabil sind. AuZerdem konnten
wir zeigen, dass die gerade erst gefundene ,invertierte“ Struktur fir Tetraphenylporphyrin auf
Cu(111), die durch eine sehr starke Wechselwirkung zwischen den iminischen Stickstoffatomen
und den Kupferoberflachenatomen hervorgerufen wird, auch fur die drei untersuchten Cyano-
Porphyrine vorliegt. Darliber hinaus hat die Funktionalisierung von CN-Gruppen in der Peripherie
von Tetraphenylporphyrinen einen groRen Einfluss auf die Selbstmetallierungsreaktion von

Tetraphenylporphyrinen.

In ndchsten Schritt haben wir unser Wissen tber Tetraphenylporphyrine auf Metalloberflachen auf
Oxidoberflachen Ubertragen. Tetraphenylporphyrine wurden im Vakuum auf saubere
TiO2(110) - (1 x 1) Oberflachen abgeschieden und in Abhé&ngigkeit der Bedeckung und der
Temperatur mittels Rdntgenphotoelektronenspektroskopie untersucht. Die Untersuchung von
Tetraphenylporphyrin auf TiO2(110) - (1 x 1) bei der Abscheidung bei Raumtemperatur ergab die
Bildung einer zweifach-positive-geladenen Spezies, 4HTPP?*. Im Gegensatz zu friher
untersuchten Oxidoberflachen, wie MgO(100), Co0304(111) und CoO(111), findet bei
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Raumtemperatur keine Metallierung statt. Erst das Heizen der Probe bei 550 K flihrt zu einer

vollstdndigen Metallierung der ersten Molekularschicht.

Fur verschiedene Anwendungen, wie z. B. Farbstoffsolarzellen, ist es notig grof3e organische
Molekile mit Hilfe von funktionellen Gruppen an einem Substrat zu immobilisieren.
Carbonsauregruppen haben sich als zweckmafig erwiesen, jedoch ist die chemische Bindung
nicht sehr stark, weswegen sich die Molekile in Losung von dem Substrat I16sen kénnen. Daher
werden funktionelle Gruppen mit starkeren Bindungen bei gleichbleibender/verbesserter
elektronischer Charakteristik benétigt. In diesem Bereich ist bisher auch das Verstandnis der
Adsorptionsmodi und der elektronischen Eigenschaften unter wohl-definierten Bedingungen wie
auf Einkristalloberflachen unter Ultrahochvakuumbedingungen nicht sehr tiefgreifend. Aus diesen
Grinden haben wir uns entschieden Phenylphosphon- und Benzohydroxamsaure auf
TiO2(110) - (1 x 1) zu untersuchen.

Phenylphosphonsaure bildet starke Bindungen mit der Oberflaiche und erhoéht damit die
Langzeitstabilitat bei potenziellen Anwendungen. Heizserien von Phenylphosphonséaure zeigten,
dass Multilagen bei 430K desorbieren. Bei Temperaturen bis zu 460K bindet
Phenylphosphonséaure in einem monodentaten Bindungsmodus, wahrend weiteres Heizen zum
Ubergang in einen anderen Bindungsmodus fiihrt, und in einem gemischten einfach und zweifach
deprotonierten bidentaten Bindungsmodus endet. Fir beide Bindungsmodi wurden Valenzband-
und NEXAFS-Spektren aufgenommen, um die elektronische Struktur der Molekile auf TiO» zu
untersuchen, und diese Spektren zeigen, dass der Bindungsmodus die elektronische Struktur
nicht beeinflusst. Die Adsorptionswinkel des Phenylrings wurden aus dem m*-Ubergang abgeleitet,
indem die 1*-Intensitat als Funktion von finf polaren und zwei azimutalen Winkeln angepasst
wurden; fir den Phenylring wurde ein polarer Winkel von 25° relativ zur Oberflachennormalen

ermittelt.

Die néachste interessante Ankergruppe, die untersucht wurde, ist die Hydroxamsauregruppe.
Frihere Studien zeigten, dass sie A&hnliche elektronische Eigenschaften wie die
Carbonsauregruppe besitzt und eine starkere Bindung an die Oberflache eingeht, insbesondere
unter basischen Bedingungen und in Gegenwart von Wasser. Wir haben Benzohydroxamséaure
auf TiO2(110) - (1 x 1) bei Raumtemperatur als Funktion der Bedeckung untersucht. Bei einer
Bedeckung von weniger als der Halfte der Molekilschicht wird eine Hydroxamat-Spezies gebildet,
die mit einer zersetzten Spezies koexistiert, wobei Letztere wahrscheinlich an
Sauerstofffehlstellen oder anderen Oberflachendefekten gebildet wird. Bei der Abscheidung einer

Monolage sind die wichtigsten Spezies intakte Hydroxamate. Die N 1s Spektren zeigen, dass die
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Hydroxamate in Bezug auf das Stickstoffatom als zwei verschiedene Spezies auftreten. In der
Literatur werden verschiedene Bindungsmodi fir Hydroxamsaure vorgeschlagen. Unsere
Photoelektronenspektroskopiedaten,  unterstlitzt  durch  Berechnung basierend  auf
Dichtefunktionaltheorie, ordnen die Spezies mit geringer Bedeckung dem monodeprotonierten,
bidentat-verbriickten Bindungsmodus zu, wobei die Spezies bei hoher Bedeckung umstritten
bleibt.
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6. Outlook

Further experiments on metalated and non-metalated functionalized porphyrins on metal and
oxide single-crystal surfaces under ultrahigh-vacuum conditions will be performed at the Chair of

Physical Chemistry Il of Professor Steinriick at the University of Erlangen-Nuremberg.

The focus in the Lytken group will presumably be on TiO, and different other oxides that are
relevant for current applications. Studying the anchoring behavior of organic molecules and the
adsorption properties of porphyrins will further be an important topic. One open question is, if we
really form titanyl tetraphenylporphyrin or if another metalated species is formed. One possibility
would be to deposit a stronger-binding molecule on top of the self-metalated species. If the
molecules are free to move between the layers, the stronger-binding molecules will displace the
weaker-binding metalated porphyrin into the multilayer. It would now be possible to desorb the

multilayer and thereby identify the metalated species with a mass spectrometer.

For phenylphosphonic acid on TiO2, we have only studied the fully-covered surface. It would be
interesting to also study submonolayer coverages on both fully-oxidized as well as reduced
TiO2(110) surfaces. We were not able to study submonolayer coverages on our first
phenylphosphonic acid beamtime, because it was difficult to keep the sample clean. However, our
benzohydroxamic acid beamtime showed that this is possibly by applications of cryopumps. One
important question is whether the transformation of the monodentate to the mixed-bidentate
binding mode is reversible. It would be interesting to know if exposure of the samples to air or
liquid water would reverse the transition back to a monodentate binding motif. In particular,
synchrotron X-ray photoelectron spectroscopy with very high resolution could help to reveal

differences in binding motives for different sample preparations.

Our measurements of benzohydroxamic acid on TiO2 opened up several follow-up questions.
Scanning tunneling microscopy in combination with density functional theory calculations would
help to narrow down possible answers. Scanning tunneling microscopy would help in identifying
the number of different species, such as decomposed species on the surface, and their location.

Knowledge on the degree of order on the surface would also be very helpful.
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