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Abstract

Tailoring interfacial hybrid systems comprising complex molecules on solid
surfaces for possible applications (e.g., solar cells, catalysts, nano-electronics)
can be very challenging in view of the multiple factors contributing to the
intricate interplay between molecule-molecule and molecule-substrate interac-
tions. The functional species studied in this work, the porphyrins, are a very
versatile class of molecules, which exhibit a high degree of flexibility. This
thesis addresses how the physicochemical properties, notably the molecular
conformation and the electronic structure, of adsorbed porphyrins are influ-
enced by (i) the metalation of the macrocycle, (ii) the substituents, (iii) the
nature of the substrate and (iv) the preparation conditions by means of X-ray
spectroscopy methods (XPS and NEXAFS). Employing comprehensive density
functional theory (DFT) calculations proves to be crucial for a detailed peak
assignment of the obtained spectroscopic signatures. A novel metalation tech-
nique, the self-metalation, is described and the reaction pathway of metalation
using metal-organic chemical vapor deposition is elucidated. In addition, it is
shown that the oxidation state of the gold-tetraphenylporphyrin is preserved
upon adsorption on a Au(111) surface, which is important for certain types of
medical applications. Finally, the templated growth of the macrocyclic pro-
totype free-base porphine is characterized. The orientation of the molecules
is found to depend on both the kind of substrate and its temperature dur-
ing deposition. Molecule-molecule interactions in the multilayer are explicitly
taken into account by DF'T calculations of stacked porphines, which provide
an explanation for the temperature-dependent reorientation of the porphine
multilayers.



Kurzzusammenfassung

Hybrid-Systeme aus komplexen Molekiilen auf Festkérperoberflichen auf mog-
liche Anwendungen (z.B. Solarzellen, Katalysatoren, Naonelektronik) zuzu-
schneiden, stellt in Anbetracht der vielen Faktoren, die zum komplexen Zusam-
menspiel von Molekiil-Molekiil- und Molekiil-Substrat-Wechselwirkungen bei-
tragen, eine besondere Herausforderung dar. Die in dieser Arbeit untersuchten
funktionellen Molekiile, die Porphyrine, sind sehr wandelbar und weisen einen
hohen Grad an Flexibilitdt auf. Die vorliegende Arbeit untersucht mit Ront-
genspektroskopiemethoden (XPS und NEXAFS) wie die physikochemischen
Eigenschaften, genauer gesagt die Konformation und elektronische Struktur
der adsorbierten Porphyrine, beeinflusst werden durch (i) die Metallierung
des Makrozyklus, (ii) die Substituenten, (iii) die Art des Substrats und (iv)
die Praparationsbedingungen. Die Verwendung von Dichtefunktionaltheorie-
Rechnungen erweist sich dabei als grundlegend fiir das Verstandnis der gemesse-
nen spektroskopischen Signaturen. Eine neue Metallierungsmethode, die Selbst-
Metallierung, wird genauso beschrieben wie der Reaktionsmechanismus einer
Metallierung durch metallorganische chemische Gasphasenabscheidung. Weit-
erhin wird gezeigt, dass der Oxidationszustand des Gold-Tetraphenylporphy-
rins bei der Adsorption auf einer Au(111) Oberfléche erhalten bleibt, eine Tat-
sache, die wichtig fiir bestimmte medizinische Anwendungen ist. Schliefllich
wird das templatgestiitzte Wachstum des allen Porphyrinen zugrunde liegen-
den Macrozyklus (2H-Porphin) charakterisiert. Dabei wurde festgestellt, dass
die Orientierung der Molekiile sowohl von der Art des Substrats wie auch
von dessen Temperatur wahrend des Aufdampfens abhéngt. Molekiil-Molekiil-
Wechselwirkungen in der Multilage werden bei den DFT-Rechnungen explizit
beriicksichtigt, welche eine Erklarung fiir die temperaturabhéngige Umorien-

tierung der Porphin-Multilagen liefern.
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Chapter 1

Introduction

Thinking about surfaces, immediately macroscopic applications like coatings
(glasses, textiles, tools) and catalysts or physical effects like friction and sur-
face tension come to mind. Modern surface science! as a scientific discipline,
however, is directed towards the investigation of atomistic systems: Com-
monly the topmost layers of clean, well-defined crystals and their interaction
with adsorbates are studied? The raise of semiconductor technology in the
early days of surface science certainly played a large part in the success of

1

the discipline™ The ultimate goal is to understand and control the behavior

of surface-adsorbate systems which paves the way to the deliberate construc-

3 nanoelectronics# optoelectron-

9,110

tion of applications, e.g., molecular sensors,
ics,” data storage,® organic solar cells®® and heterogeneous catalysis.

Over the years, numerous systems comprising molecular layers and archi-
tectures at interfaces have been studied with both experimental and theoretical
methods. In order to tailor their functionality to specific requirements, it is
necessary to use classes of versatile molecules which can be tuned accordingly.
A class of molecules which fulfills this prerequisite are porphyrins. Accord-
ingly, they attracted a great deal of attention in recent years as evidenced by
an increasingly large number of corresponding publications.

All porphyrins comprise an aromatic tetrapyrrole macrocycle, which con-
sists of four pyrrole rings connected via methine bridges. The prototype unit
free-base porphine (2H-P) (Fig. [L1l top) consists only of this macrocycle. All
other porphyrins can be constructed by inserting a metal atom in the cen-
ter (metalloporphyrin) and/or attaching additional substituents to the basic
macrocycle (Fig. [Tl bottom). Free-base porphyrins are characterized by two
pyrrolic (-NH-) and two iminic (=N-) nitrogen atoms. Porphyrins exhibit a
high degree of flexibility with both the basic macrocycle and attached sub-

stituents showing bending and out of plane rotation in response to different
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+ metal center + substituents

OH &Cc @N ‘metal

Figure 1.1: Overview over the class of porphyrins. The prototype unit free-base
porphine (2H-P) is displayed on top. Other porphyrin compounds are formed by
inserting a metal ion in the center (left and middle) and/or attaching substituents
(right and middle). Under the corresponsing schematics the compounds studied in
this work are listed. These range from the free-base porphine and the copper and
ruthenium metalated porphines to phenyl meso-substituted free-base and metalated

tetraphenylporphyrins.

chemical environments (Fig. [[2). The conformational flexibility plays an im-
portant role in self-assembly™ and the attachment of ligands 213

Many porphyrin compounds occur naturally, for example chlorophyll (Mg-
center) ™ which is responsible for photosynthesis, or hemeproteins (Fe-center)
which for example transport respiratory gases in the blood of mammals. As
the functional properties of porphyrins can be tuned by adsorption on (solid)
surfaces, porphyrin-metal interfaces are ideal to explore prototype anchored
coordination complexes and general aspects of surface-confined coordination
chemistry 1818 The insight gained by the study of porphyrins on surfaces en-
ables the control of their electronic properties’®2% and inherent conformational
flexibility, which plays an important role for the attachment of ligandg™213



Figure 1.2: Illustration: The chemical environment influences the molecular confor-
mation of surface-anchored porphyrins. A different substrate may induce a different

adsorption geometry (right)

and in supramolecular self-assembly ™2l Nowadays also a myriad of artificial
species is available as building blocks and functional units of applicationg?223
such as chemosensors 2429 nano-catalysts 2628 but also for medical applica-
tions like anti-cancer and anti-HIV drugs 250 Because of their photophysical
properties, porphyrins are extensively studied as components in organic light
emitting diodes®! and organic solar cells /3233 for example in combination with
fullerenes®® or as sensitizers in dye-sensitized solar cells 2356

The basic properties of the porphyrins, their interaction with the surface
and their behavior upon surface treatment (e.g., annealing) are influenced by
the choice of the substituents, the central metal atom and -not surprisingly-
also depend on the choice of the substrate. This has been demonstrated by
numerous studies: Scanning probe methods such as Scanning Tunneling Mi-
croscopy (STM) (e.g., refs. 37-45) and Atomic Force Microscopy (AFM) (e.g.,
refs. [46,/47)) provide real-space images of adsorbed molecules on surfaces and
are therefore perfectly suited for the investigation of self-assembly properties
and molecular arrangements of porphyrins on surfaces. However, many aspects
can not be elucidated by scanning probe techniques alone. An example is given
in ref. 4§ (using data from Chapter [0 of this thesis), where the repulsive in-
teraction between 2H-P molecules on a Ag(111) surface can be evidenced but
only tentatively explained based on the STM observations. Here spectroscopy
techniques, such as X-ray Photoelectron Spectroscopy (XPS), Ultraviolet Pho-
toelectron Spectroscopy (UPS) or Near-Edge X-ray Absorption Fine-Structure
(NEXAFS) spectroscopy provide additional and complementary information,
in order to obtain a comprehensive picture of the porphyrin/surface system. In
general, X-ray spectroscopy techniques are sensitive to the electronic structure
of a sample, which allows to draw quantitative conclusions on how strong the
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metal center

conformation =) NEXAFS/
. —
SUDSHUENS sy,
oxidation state =) XPS
substrate =% . .
electronic properties <> /I NEXAFS /
XPS/
sample -

preparation

Figure 1.3: Overview over the questions addressed in this thesis and the correspond-
ing experimental techniques (displayed in black). Additional information provided
by techniques which were not used as primary source of information in this work are

displayed in gray.

porphyrin bonds to the surface®="

and on possible charge transfers between
the substrate and the molecule.” XPS probes the core levels of an atom, which
are characteristic of the element and sensitive to its chemical state. Therefore
it is an ideal technique to follow the metalation of porphyrins, i.e., the con-
version of free-base porphyrins to metalloporphyrins (refs. 38, [51,52). The
dependency of the NEXAFS resonances’ intensities as a function of the the
angle of photon incidence renders NEXAFS a very valuable tool for the deter-
mination of adsorption geometries of porphyrins (refs. [49,[53,[54). However, as
it will be shown later in this work, the analysis of the experimental XPS and
NEXAFS data can be very challenging or even impossible without additional

support by molecular modeling.

Even though porphyrins have been intensively studied, many open ques-
tions remain. One difficulty which arises while studying the electronic prop-
erties and surface chemistry of adsorbed porphyrins is that these properties
are not static and instead they reflect the porphyrin adaptability to its envi-
ronment. To give an example (which will be addressed in Chapter H)): The
metalation of a free-base meso-tetraphenyl-porphyrin (2H-TPP) may lead to
changes in both the molecular conformation and the interaction with the sur-
face. But is the modified adsorbate-surface interaction a result of the metala-
tion, i.e, the change in the macrocycle structure or does it originate from the
modified adsorption geometry? Hence, the investigation of one single system

alone is not sufficient to answer all arising questions, and systematic studies



are crucial for understanding the role of the contributing parameters.

The aim of this work is to compare the behavior of metalated and free-base,
as well as substituted and non-substituted porphyrins and study their interac-
tion with different surfaces (see overview in Fig. [[3]), using a combination of
XPS and NEXAFS spectroscopy, as well as density functional theory (DFT)
calculations. To this end, sample preparation as well as data analysis methods
had to be developed and /or refined. As porphyrins are complex species with an
astonishing conformational flexibility, the peak assignment (especially of the
NEXAFS data) is non-trivial. Therefore a combined experimental and theo-
retical approach will be employed, which in a first step compares the measured
spectra to those simulated by DF'T, followed by a detailed peak fitting.

One main point will be the in vacuo metalation of the porphyrins. Gen-
erally, there are two possibilities to obtain metalloporphyrin layers: Either
by depositing already synthesized metalloporphyrins on the substrate or by
dosing free-base porphyrins which are metalated in situ. The first option has
the disadvantage that preparation conditions, e.g., sublimation temperatures,
may differ from those of the respective free-base compound which is a source of
uncertainty in the interpretation of the data. In contrast, the in vacuo metala-
tion allows a direct comparison of metalated and non-metalated species with-
out complications arising from different preparation conditions. The biggest
advantage of using in vacuo metalation techniques is that the construction of
novel nanoarchitectures containing metalated species can even be realized for
very complex and/or reactive metalloporphyrins, which can not be sublimed
by standard dosing procedures. When starting the work on this thesis, the
common way of metalating porphyrins on the surface was the codeposition of
molecules and metal atoms on the substrate 2#4%2L53 This technique, however,
has the disadvantage that instrumentation for physical vapor deposition of the
desired metal is required and that very high temperatures might be necessary
for the sublimation of certain metals. In this work, alternative methods for in
situ metalation have been explored: Chapter [ is dedicated to the description
of the self-metalation, i.e., the metalation of a porphyrin with substrate atoms,
of the systems 2H-TPP/Cu(111) and 2H-P/Cu(111). In Chapter [ another
metalation technique, the metalation of 2H-TPP/Ag(111) and 2H-P/Ag(111)
with the precursor molecule Ruz(CO);o, will be discussed and compared to
data obtained from pre-synthesized Ru-(CO)TPP molecules.

As will be discussed in Chapter 2, NEXAFS spectroscopy is a valuable tool
for obtaining information on the electronic structure of molecules in mono-

and multilayers and for determining their adsorption geometry on a surface.
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A crucial point hereby is the peak assignment in the measured spectra, which,
especially for bigger molecules like porphyrins, can be very challenging when
relying on information gathered from literature data alone. To improve or even
allow the interpretation of the experimental data additional density functional
theory (DFT) calculations have been performed in order to simulate both XPS
and NEXAFS signatures of the porphyrins used in this work. In Chapters [
and [l the spectra of isolated porphyrin molecules are calculated, while for the
discussion of 2H-P multilayers in Chapter [7l molecule-molecule interactions
are taken into account to study the influence of molecule stacking on the XPS

signatures.

The thesis is organized as follows: After presenting the basics of the meth-
ods employed in this work (XPS, NEXAFS and DFT) in Chapter [2 the ex-
perimental (e.g., sample preparation protocols, data analysis procedures) and
computational (e.g., used functionals and basis sets) details are described in
Chapter Bl The results of the XPS and NEXAFS measurements and DFT
calculations are summarized in Chapters @H Chapter d] describes the self-
metalation of 2H-TPP and 2H-P on a Cu(111) surface. Results for different
coverages of metalated and non-metalated species are analyzed with special
focus on the adsorption geometry of the porphyrins and the characterization
of molecule-surface interactions. The comparison of 2H-TPP and 2H-P allows
to study on the influence of the phenyl substituents on the properties of the
porphyrin. Chapter [l is dedicated to the metalation of the two free-base com-
pounds 2H-P and 2H-TPP with Ru3(CO);2 on Ag(111), with special focus to
the coverage-dependence of the metalation reaction. The growth of 2H-P on
Ag(111) and Cu(111) for different sample temperatures is studied in Chapter
[l The influence of different stacking geometries of the porphines in the multi-
layer on the XPS signatures is analyzed with DFT. The results are summarized
and put in perspective in Chapter [8 Results presented in this thesis have in
parts already been published: Chapter d] in refs. 56/ and 57, Chapter [0l in ref.
58 and parts of Chapter [7in ref. 48.



Chapter 2

Methods

In this chapter the basic concepts of the methods applied in this work are intro-
duced. The experimental part consists of two X-ray spectroscopy techniques:
X-ray photoelectron spectroscopy (XPS), which is used to probe the core levels
of a sample, is presented in Section 2.1 and near-edge X-ray absorption fine-
structure (NEXAFS) spectroscopy, which gives valuable information about the
electronic structure of the unoccupied levels and the adsorption geometries of
the molecular adsorbates on surfaces, is discussed in Section 2.2l These ex-
perimental techniques are complemented by density functional theory (DFT)
calculations of electronic properties and simulated XP and NEXAFS spectra,
which are crucial for the interpretation of the experimental data (Section 2.3]).
In this chapter the emphasis lies on the description of the fundamental con-
cepts and theoretical basis of the methods. The measurement procedure and
the relevant parameters, the experimental setup and the data analysis proce-
dure as well as the computational details will be described in Chapter Bl For
more detailed discussions about the techniques see for example refs. 59 and [60
(XPS), ref. 61 (NEXAFS) or ref. 621 (DFT).

2.1 X-ray Photoelectron Spectroscopy (XPS)

2.1.1 Principle

Photoelectron spectroscopy (PES) is a popular non-destructive surface analysis
technique which is used to determine the composition of a sample and the
chemical and electronic states of its elements.

PES is based on the photoelectric effect which was discovered by Hertz in
188794 and explained by Einstein in 1905.%4 In 1957 the work of Siegbahn and

coworkers® laid the fundaments for the use of PES as it is known today and
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Figure 2.1: (a) Photoelectric effect: Absorption of a photon with energy hw (1) leads
to the emission of a photoelectron (2), (b) Schematic setup of an XPS experiment:
The sample is illuminated by photons (yellow) which are emitted by the X-ray source
(blue) and cause the emission of photoelectrons (green). Only photoelectrons of a
certain energy can pass an hemispherical analyzer (gray) and are finally detected by
an electron multiplier (red).
was later (1981) awarded the Nobel price in physics.%

[luminating a sample with photons of energy fw (Fig. 2.Th, (1)) leads with
a certain probability (see Section 2Z1.3]) to the absorption of a photon and to
the emission of an electron from the probed material (Fig. 2Ih, (2)). This
process is called the photoelectric effect. The emitted photoelectron leaves the

sample with the kinetic energy Fy;,
Epin = hw — By — ¢ (2.1)

where FEj, is the binding energy of the electron in its initial state and where the
work function ¢ = E,,. — E'r of the material is the energy which is needed to
excite an electron from the Fermi level Er to the vacuum level E,,.. Thus, by
measuring the kinetic energy of the photoelectrons, it is possible to gain infor-
mation about the binding energy of the electrons in the sample and therefore
about the electronic structure of the latter.

The photoionization process in solids can be described by the one-step
model, which considers the excitation from the initial state, a Bloch wave, to
the final state, a damped wave, that accounts for the short mean free path (cf.
Section 23] of the electrons in the material. A simpler description, the three-

167, 63

step model has proven to be usefu in treating the photoionization process

in an approximate fashion. It separates the whole process into three steps:
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First, the photoelectron is excited (1); subsequently it has to move through
the solid to the surface (2) and is finally released into vacuum (3) [59, pp.
349-350].

Depending on the photon energy used in the experiment, PES is either
referred to as ultraviolet photoelectron spectroscopy (UPS) for photon energies
in the range of 10-50 ¢V or as X-ray photoelectron spectroscopy (XPS) when
the photon energies lie in the range of 0.1-10 keV [2] p. 99]. XPS mainly probes
core levels, while UPS is used to study the valence energy levels of a material.
This work does not include UPS studies, therefore the following discussion will
focus solely on XPS.

A typical setup for an XPS experiment (Fig. 2.Ib) consists of an X-ray
source (blue), which emits photons (yellow) that impinge on the sample and
an energy analyzer (gray) coupled to an electron multiplier (red) to detect the
photoelectrons (green). X-ray sources can either be laboratory sources, i.e.,
X-ray tubes with fixed photon energies (typically with Mg K,1 9 or Al Ky 0
radiation) or synchrotrons, which provide light with tunable photon energy
and guarantee high intensity and higher energy resolution than the laboratory
sources. A very common type of electron analyzer is the hemispherical analyzer
(depicted in Fig. 2Ib), which acts as a filter, only letting electrons of a certain
energy, the pass energy (PE), reach the exit slits so that they can be counted by
the electron detector. Selection of different kinetic energies at fixed pass energy
is performed by applying a retarding voltage in the entrance lens section of the
analyzer. Due to the strong interaction of electrons with matter, standard XPS
experiments are carried out under ultra-high vacuum conditions (cf. Section

BL).

2.1.2 Binding energies

The binding energy Ej of an electron in an atom or molecule is defined as the
difference between the total energies of the initial state |¢) with N electrons and
the final state | f) with N-1 electrons after the emission of a photoelectron [59,
p. 72|. Or, put differently, it is the energy that is necessary to excite the
electron from the inner shell to the vacuum. Typically, binding energies are
given as positive values.

In Eq. 2.1 the level against which Ey;,, and Ej, were referenced was not
specified. This reference level has to be considered when comparing binding
energies. While the kinetic energy is conventionally given with respect to the
vacuum level, the binding energies of solids are referenced to the Fermi level,

which explains why the work function has to be taken into account in Eq. 2.1l
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It follows for the binding energy

where the exponents V' and F' refer to the vacuum and the Fermi level, respec-
tively.

Generally, the binding energy depends on the Coulomb interaction between
the electron and the nucleus on the one hand and the screening of this interac-
tion by the other electrons in the atom or molecule on the other hand [2], p. 104].
As a result, the binding energy of a certain core level (e.g., 1s) is characteristic
for each chemical element, thus allowing the determination of the chemical
composition of a sample. Moreover, as the electrons of a material are involved
in the formation of chemical bonds, the binding energy of a given element
can vary depending on its chemical environment. The value of this chemical
shift may amount up to several electron-volts, e.g., for the Cls energies of in-
equivalent carbon atoms in ethyl trifluoroacetate® and is an indicator for the
strength of the interaction with the considered atom. The sign of the chemical
shift may provide an indication about whether additional charge is transferred
to or from the atom |2 p. 104]. Typical examples are oxidized species, e.g.,
Ti (Ey(2ps/2) = 453.9 V™) compared to TiOy (Ey(2ps2) = 458.6 eVH), pro-
tonated species, e.g., the two inequivalent nitrogen atoms (=N- and -NH-) of
free base porphyrins (see refs. [51,[72 and Chapters @ and [ of this thesis) or
the adsorption of adsorbates at surfaces.™

For a typical XP spectrum the measured intensities are plotted against the
corresponding binding energies. If the initial state is an s-type orbital, one peak
for every species is observed, while for p, d and f orbitals typically more than
one peak is found. The coupling between unpaired spins and a non-zero orbital
angular momentum (! > 0) for p, d and f shells leads to two non-degenerate
states with total angular momentum j, =1+  and j_ = — 1 [T4, pp. 219-
220] and consequently to a splitting of the peak into a doublet. Nowadays, the
energy splitting and the intensity ratio of the single components are known for
a given chemical element; this can considerably facilitate the curve fitting of
spin-orbit-doublets (see for example Chapter []).

In addition to the primary photoelectron signals, which typically appear as
sharp peaks in the spectrum, a number of other features can be distinguished
in a typical XPS spectrum. Energy loss satellites at higher binding energy
are present if the primary photoelectron loses part of its kinetic energy in
other processes, e.g., for the excitation of plasmons or in shake-up or shake-off
processes. A part of the photon energy can be transferred to another electron in
the material which then is either excited to a higher state (shake-up, Fig.[2.2h)

10
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Figure 2.2: (a) Shake-up and (b) shake-off process: The energy of the photoelectron
(1) is partly transferred to another electron (2) which is either emitted (shake-off)
or excited to a higher state (shake-up), (c¢) Auger decay of the core hole.

or emitted completely (shake-off, Fig. 2:2b). The reduced kinetic energy of the
photoelectron leads, according to Eq.[2.2] to a seemingly higher binding energy
in the spectrum. For a quantitative analysis of XPS data (Section [2Z.1.3]) these
satellites have to be taken into account. Additional satellites occur for non-
monochromatic X-ray radiation, as it is often the case for laboratory photon
sources. In addition to the principal K,;2 radiation, other lines with lower
intensity are also produced. For example for an Al source the satellite with
the highest intensity (8% of the K, 2 line) lies 9.6 eV below the binding energy
of the main photoelectron peak [60, p. 127].

After the emission of the photoelectron the system is in an excited state
which decays by filling the remaining core hole with an an electron from a
higher energy level. The hereby gained energy is either released as a pho-
ton (radiative core hole decay) or is transferred to another electron, which is
emitted from the atom (non-radiative Auger decay, Fig. 2.2c). These Auger
electrons are also detected and appear as Auger peaks in the XPS spectrum.
As their kinetic energy (at variance with that of the photoelectrons) does not
depend on the incident photon energy, Auger and photoelectron peaks can
easily be distinguished by varying hw. Auger electrons can also be used for
the analysis of a sample, this technique is called Auger electron spectroscopy.

All inelastically scattered and secondary electrons contribute to the general
background which increases steplike after each primary photoelectron peak on
the high binding energy side. For a quantitative analysis this background has

11
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to be subtracted from the raw data. Different possibilities for background
correction will be discussed in Section [3.1.3

2.1.3 Intensities

XPS is a quantitative method which allows the determination of the stochio-
metric ratios of the analyzed elements by comparing the respective peak inten-
sities, i.e., the integrated peak areas after background subtraction. Therefore it
is possible to investigate the composition of a sample or the molecular coverage
on a surface.

The emission of a photoelectron occurs with a certain probability, expressed
by the photoionization cross section ¢;;(hw), which depends on the chemical
element 7, the core level 7 and the incidence photon energy hw. In this work
the cross section calculations of Yeh and Lindau™ were used for the analysis
of the measured spectra.

Generally, the signal [;; for an element ¢ is given by

T 27 e’}
—2z
L; = Joaij(hw)T/ /Lij(y) /nz(z) exp ()\i COSQ) dzdydy (2.3)

'y:O gp:O z2=0

where Jj is the intensity of the incident X-ray beam, o;;(fw) is the photoion-
ization cross-section of level j by photons of energy hw, T' (which is dependent
on the kinetic energy) defines the transmission of the analyzer, - is the angle
between the X-ray beam and the direction of the emitted photoelectron, L;;(y)
is the angular dependence of the photoemission, n;(z) is the number of atoms i
as a function of depth z. ); is the electron attenuation length (see below) and
6 is the escape angle of the electron with respect to the surface normal [2, pp.
87 and 102]

The attenuation length X is the distance after which the intensity of a beam
decreases to e~ ! of its original value because of inelastic interactions with the
surrounding matter. The terms attenuation length and inelastic mean free
path of electrons (IMFP) are often used synonymously.! A depends on the
material and the kinetic energy, e.g., for electrons with kinetic energies of 50-
2000 €V \; lies in the range of 5-30 A (cf. universal curve of the mean free
path), ™ while the penetration depth of X-rays in matter typically is much
larger. The short attenuation length for electrons is the reason why XPS is a

surface sensitive technique.

"However, measured A and calculated IMFP in solids are not always identical ™

12
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Thus the signal of a substrate which is covered by a layer of molecules is
attenuated. The intensity I of the substrate depends exponentially on the

thickness t of the overlayer:

—t
I =1,-exp (ACOSQ) (2.4)

where [j is the intensity of the substrate without the overlayer and 6 is the

detection angle [59, pp. 12-13]. Of course, for thick films of molecules the
signal of the lower molecular layers is also attenuated. For normal emission
the electrons have to travel the shortest way in solid, therefore the contribution
from deeper layers is larger than for other detection angles. Hence, by varying
0 the surface sensitivity of the method can be tuned.

2.2 Near-edge X-ray absorption fine-structure
(NEXAFS) Spectroscopy

2.2.1 Principle

While XPS gives valuable information about the electronic structure of a sys-
tem, it only probes the occupied (core) levels of a system. Therefore a second
X-ray spectroscopy method was used in this work: the near-edge X-ray absorp-
tion fine-structure (NEXAFS) spectroscopy, a technique which allows studying
unoccupied states. Fig. illustrates the basic principle for a diatomic system:
Photons of energy hw are absorbed, causing the excitation of core electrons
to higher unoccupied states. In contrast to XPS these final states can lie be-
low the vacuum level E,,., i.e., the electron remains in a bound state. As a
consequence, it is not possible to measure the absorption in solids directly as
the excited electron is not necessarily emitted from the sample. Typically the
absorption is monitored by detecting products from secondary processes which
follow the excitation of the electron, e.g., fluorescent photons or secondary and
Auger electrons. In this work NEXAFS spectra were measured by detecting
electrons.

The electric dipole transitions follow strict selection rules, e.g., the angular
quantum number of the final state [; = [;£1 has to differ by 1 from that of the
initial state. This implies that, for example, transitions between s-type orbitals
are forbidden, while transitions from s- to p-type orbitals are allowed |74} p.

Ty this work K-edge spectra are measured, but in general also electrons from higher levels can
be excited.

13
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Photon energy

Absorption

Figure 2.3: Principle of NEXAFS spectroscopy: photons with fiw are absorbed and
core electrons are excited into unoccupied states which may lie below or above the
vacuum level. The inset shows a schematic NEXAFS spectrum. Typically 7* res-
onances at lower energies are sharper than the ¢* signals above the vacuum level,

which appears as step in the spectrum.

300]. Additionally, a transition to an unoccupied state is only possible if the
photon energy hw equals the necessary transition energy £ = Fy — E;. Thus,
by varying hw and measuring the corresponding absorption, it is possible to
gain information about the electronic structure of the sample.

Fig. illustrates the correlation between energy levels and the character-
istic features of a generic NEXAFS spectrum (inset) where the absorption is
plotted against the photon energy. Three principal features can be discrimi-

nated:

e For iw < Ej the core electron is excited to a 7 state which leads to sharp
resonances. Typical natural linewidths for carbon and nitrogen K-edge'
resonances lie in the range of 0.1 eV [6I], p. 14]. Measured spectra are of
course additionally broadened by the experimental setup.

e For hw ~ E, a step-like feature, the continuum step, appears in the
spectrum. It is a result of transitions to states above the vacuum level.
The position of the step can not always be determined experimentally
as transitions to Rydberg states may already appear as step before the

By convention orbitals are described in X-ray notation for NEXAFS spectroscopy.

14
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actual ionization potential (IP).

e Superimposed on this background broad ¢* resonances appear typically
at higher photon energies. Transitions to ¢* above the vacuum level can
be described as a two-step process: In the first step the core electron is
excited to a virtual orbital, followed by the emission of a photoelectron
in the second step. The lifetime of the excited state is short, thus leading
to a broadening of the o* signals in the spectrum [61, pp. 93-94].

Of course, depending on the electronic structure of the probed material, ‘“real”
spectra may differ considerably from the schematics in Fig.

As each distinct species in the sample generates several peaks, NEXAFS
spectra are normally more complex than XPS curves, thus complicating the
assignment of the peaks to specific excitation centers. For the disentanglement
of measured signals the building block principle is often applied. It states that
the curve of a complex molecule composed of smaller subgroups can be divided
in the signals of the subgroups as long as there is no strong interaction between
the corresponding orbitals [61, p. 179] Hence, if the spectral signatures of the
subgroups are known, e.g., from literature, it is possible to draw conclusions
about the origin of the peaks of the more complex molecule. Of course, this
approach is only an approximation, so that it might be necessary to employ
additional methods. Another way to conduct the peak assignment of com-
plex molecules is the application of theoretical methods, for example density
functional theory (DFT) (see for example refs. 7882, Chapters[]) to calculate
the electronic structure of the molecule and simulate the corresponding X-ray
absorption spectra. This topic will be discussed further in Sections 2.3] and
3.2

2.2.2 Polarization dependence

One strength of NEXAFS spectroscopy is the strong dependence of the inten-
sities on 9, the angle between the direction O of the final state orbital and the
direction E of the electric field (Fig.2.4h). The intensity I of the signal follows

I < |E - O)? x cos?(d) (2.5)

where 0 is the angle between O and E [61), p. 71].
Fig. illustrates the polarization dependence with reference to the case
of a planar conjugated system which is adsorbed parallel to the surface. Its p,

orbitals are oriented along O which is parallel to the surface normal, while the
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(a)
E

ol

Figure 2.4: Angular parameters in NEXAFS. (a) ¢ is the angle between the direction
of the orbital O and the polarization vector E , (b) « is the angle between O and the

surface normal, @ is the incidence angle.

o orbitals lie in the surface plane. In the case of normal incidence (Fig. 25h)
the linear polarized X-ray beam impinges perpendicular to the surface, i.e.,
the polarization vector E is perpendicular to O. From Eq. it follows that
in this case the intensity vanishes for the 7* resonances, while it is maximal
for the o* resonances. For grazing incidence (Fig. 25b) the ratios of 7* and o*
intensities are inverted: the intensities of the ¢* resonances are minimal and
those of the 7* peaks are maximal. In a more general description, O is not
perpendicular to the substrate, but is oriented with an angle « relative to the
surface normal (Fig. 2Z.4b). Hence it is possible to determine the adsorption
geometry of a molecule if the relative intensities of the peaks (dependent on
0) are known. To this end, the sample is rotated with respect to the beam
to probe different angles § and the relative peak intensities with respect to
the incidence angle 0 (Fig. 2:4b) are evaluated. For a substrate with threefold
or higher symmetry (as in the case of Cu(111) and Ag(111) single crystal

surfaces), the peak intensities follow

1 1
I x {P- [00829(:08204 + isinQQsin2 a] +(1-P) {5 sin? oz} }
(2.6)

1 1 1
x {P '3 [1 + 5(300529 —1)(3cos® a — 1)] +(1-P) [asin%v} }

where P is the polarization of the light [61, pp. 282-284]. More details on
the general procedure are given in Section B.1.3l For more complex molecules,
the correct interpretation of the NEXAFS curves can be challenging, because
different subgroups may be oriented differently with respect to the surface and
consequently the corresponding peaks exhibit different angular dependence. In
this case a reliable peak assignment is a crucial first step for the determination
of the adsorption geometry. Instead of only relying on the building block
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Figure 2.5: Polarization dependence of NEXAFS spectra of a conjugated system.
The 7* orbitals are oriented along 6, while the ¢* orbitals lie in the surface plane.
(a) normal incidence: E 1 O = vanishing ©* resonances and maximal intensity of
the o* resonances, (b) grazing incidence: E is nearly parallel to O = 7* resonances

have maximal intensity, c* resonances are quenched.

principle, additional DFT simulations were used in this work for a detailed

peak assignment (Chapters [ and [7).
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2.3 Density functional theory (DFT)

2.3.1 Kohn-Sham equations

The principal goal of quantum-mechanical electronic structure calculations is
to solve the time-independent, non-relativistic'V Schrodinger equation

HUV =EV with H=T,+T.+ Vye+ Ve + Vi (2.7)

which means determining the eigenvalue E and the eigenfunction ¥ of the
Hamiltonian H which includes all kinetic (7') and potential (V) energy con-
tributions from nuclei (index n) and electrons (index e). For a system of N
electrons and M nuclei (of mass M,) with coordinates r; and R4 the kinetic
contributions have the form

1 N
A _ 2
T. = -5 ;:1 \V (2.8a)
M
. 1 1
T, =—- . v 2.8b
2 £~ M,y A (2.8b)

N N
R 1
Vee = — S 2.9
Z Z i — 1] (2.92)
=1 5>t
M M
- VA,
V=33 P78 (2.9b)
A=1B>A R4 — Rl
N M
A ZA
Vie = — _ 2.9
IR (2

where Z 4 is the charge of the nucleus A. All formulas are given in atomic units,
i.e., the electron mass m., the elementary charge e and the constants h and
1/4meq are all set to unity. Spin is not explicitly included in the coordinates.
To reduce the complexity of the system (3N+ 3M degrees of freedom)
and make the problem manageable approximations are required. Even for the
smallest system, the hydrogen atom, the ratio between the mass of the electron
and that of the proton is 5-107%, i.e., the mass of the nuclei is generally much
higher than the mass of the electrons. Therefore, according to the Born-
Oppenheimer approximation, the electronic and nuclear contributions can be

VThis is of course only true for the standard DFT method described here, in other approaches

time dependence and relativity are taken into account.
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separated, i.e., it is assumed that the electrons move in a static field of fixed
nuclei®¥ This approach enables to separate the Hamiltonian into an electronic

and a (constant) nuclear contribution and reduces the problem to

"sz ZZmA—rﬁZZm_rﬂ e = B (210)

i=1 A=1 =1 j>1

e

7. Ve Vee

J/

for N electrons in the field of M nuclei. The total energy of the system is then
given by E = Fee + Fpye, where . is the constant energy contribution of
the nuclei [62, p. 5|. In the following the index elec is dropped.

The desired electronic ground state |¥g) of the system, i.e., the system with
the lowest energy Ej, can be found by applying the Rayleigh-Ritz variational
principle. For a given trial wave function W, the energy FEy.u, i.e, the
expectation value of H, follows

Etrial - <\I]tm'al| ]:I |\I,t7"ial> 2 EO - <\I]O| [:I |\I]0> (211)

which implies that Ej.;,; is an upper limit for Ey and minimizing E[¥]¥ leads
to the correct ground state energy [62, p. 7.

However, even after the application of the Born-Oppenheimer approxima-
tion Eq. 210 is still a many-body problem with 3N components which are
coupled via the electron-electron interaction Vie. The computational costs
therefore increase very fast with the size of the system, which invokes the need
for a further simplification of the problem. A very popular method to calcu-
late the properties of big systems is density functional theory (DFT). The basic
idea is hereby to reduce the dimensionality of the problem by relying only on
the electron density p(r), thus reducing the number of variables from 3N to
three. First attempts by Thomas®® and Fermi®*®% in 1927/1928 lead to the
Thomas-Fermi method which however exhibit several failures, for example it
does not predict any stable molecules ®7

Modern DFT is based on the Hohenberg-Kohn theorems which were de-
scribed by Hohenberg and Kohn in 1964.%® They proved that for a given
system of IV interacting electrons there is an unique bijective relationship be-
tween the electron density p and an external potential V., (e.g., the potential
associated to the nuclei-electron interaction). As the electronic Hamiltonian
and all observables depend on V,,;, all properties of the system are also de-
termined by p. The second theorem states that, according to the variational

YHere the standard notation with square brackets is used to denote a functional F[f(x)].
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principle, the total energy E|p| for a trial density is minimal only for the real
ground state density py. The ground-state energy can be written as

Em:/Mmmmnw+§//%§%$mm~mw1 (2.12)

where the second term is the classical Coulomb interaction in a charge distri-
bution and G[p] is a universal functional. Kohn and Sham suggested in 1965

to separate G[p] in two terms, according to:
Glp] = Ti[p] + Exclp] (2.13)

where T}[p] is the kinetic energy of a non-interacting electron system and E,.[p]
is the exchange-correlation (xc) energy of the interacting system with density
p(r),2¥ incorporating all the complicated many-body effects arising from the
quantum-mechanical nature of electrons. Inserting Eq. in Eq. yields

Emznm+/mmwwm+§//%%%%MW+@M1<MQ

Here, the only unknown quantity for which no explicit form can be given is

the exchange-correlation energy for which several approximations have been
developed (see Section 2.3.2).

The basic idea for proceeding further is to introduce a reference system
built of non-interacting single electron functions ¢;(r) (Kohn-Sham orbitals)
with the same electronic ground state density as the interacting system and
an effective local potential V,s;(r). The advantage of this approach is that the
Schrodinger equation can now be reduced to a system of non-interacting single

particle equations for ¢;(r):

[_%Vz + Veff(r>] pi(r) = €pi(r) (2.15)

with the ground-state energy

Elpl = T.lo) + [ Vigswhp(r) d (2.16)

Now the effective potential V. ;s has to be determined in a way that the density

N

pr) =) lei(r)’ (2.17)

=1

equals the ground-state density of the interacting system.
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To find the ground state energy, F[p] has to be minimized according to
the variational principle, subject to the condition that a constant number of

electrons N is present, such that:

N = /p(r) dr (2.18)

To fulfill this constraint, the Lagrange formalism is used [90, p. 55]:

5£m(m”‘“/“”m):0 (2.19)

with the chemical potential i as Langrange multiplier. From Eq. 214 and 2.19]

it follows

o7 [ EXC[p] _
Sp(r) Ve h-—-rw olr)_

_MIC[P](I')

(2.20)

Minimizing the energy in the same way for the non-interacting system with
potential V¢ (cf. 2.15]) results in

0T p)
op(r)
where p.rs is the chemical potential of the non-interacting system [90, p. 63|,

where fi.r¢ should equal p. Thus, equating Eqgs. 220 and 2.2]] results in an
expression for the effective potential:

17(T) = Hegs (2.21)

Ve () = V(1) m+%w> (2.22)

| r—

Now that the expression for Vs is known, Eq. 2.5l and 2.22] can be combined
to yield the Kohn-Sham equations:

__VQ + ‘/emt

A <h+mmwﬂ%®:a%® (2.23)

Since V.¢s depends on the electron density, the Kohn-Sham equations have to
be solved self-consistently: In the first step the effective potential is constructed
using an initial guess of the electron density. Then the one-electron eigenvalue
problem (Eq. 2:23)) is solved. The such determined electron density is in turn
used to build a new V.;;. This cycle is repeated until the difference between
the energies or electron densities obtained in two consecutive steps is zero or
lies below a predefined threshold.
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2.3.2 Exchange-Correlation Functionals

The quality of the determined electron density strongly depends on the quality
of the approximation for the exchange-correlation functional F,..

Local (spin-) density approximation (LDA and LSDA)

The simplest approximation is the local density approximation (LDA ), which
goes back to the Thomas-Fermi model, was already proposed by Kohn and
Sham®¥ E,.[p] is approximated by

EEPA) = [ ple)esclple) 2:20)

where €,.(p(r)) is the exchange-correlation energy per electron of a uniform
electron gas of density p(r)® e,.(p(r)) can be further separated into the
exchange and the correlation contributions [62, p.71]:

€xc(p(r)) = €x(p(r)) + €(p(r)) (2.25)

The exchange part €, can be determined explicitly,®” while for e, no such
explicit expression is known [62, p.71]. Most of today’s LDA functionals use
analytical expressions for €., based on the work of Ceperly and Alder who
performed quantum Monte-Carlo calculations on the homogeneous electron
gas Y Commonly employed LDA functionals are for example VWN (Vosko,
Wilk, Nusair?), PZ (Perdew, Zunger”®) and PW92 (Perdew, Wang™).

If the spin is to be considered, the two spin densities p,(r) and ps(r) with

pa(r) + ps(r) = p(r) are introduced. Equation 2.24] becomes

EElpaspi) = [ 0)enepulo), pate) (2.26)

which is called the local spin-density approzimation (LSD) [62], p. 72].

It can be noted that, as the LDA assumes a uniform electron gas, it gen-
erally provides a good description of simple metals, while the description of
molecules is less satisfactory due to the large density variations over short dis-
tances within the molecules [62] p. 71|. Specifically, LDA tends to overestimate
binding energies while consequently underestimating bond lengths. For sys-
tems with strong (e.g., covalent, ionic or metallic) bonds, geometric properties
are better reproduced than for weakly bound systems. Electron densities close
to the core are normally poorly described [90] p. 82].
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Generalized gradient approximation (GGA)

Generalized gradient approximation (GGA) functionals follow

B puspa) = [ F(pale). pale). Vo, Vo) (2.27)

where f is a function that depends not only on p,(r) and ps(r), but also on
the respective gradients Vp, and Vps to account for the non-homogeneity of
the electron density [62, p. 75]. ESS4 is normally separated in

EOGA _ pGGA | pan (2.28)

and both terms are approximated separately.

In comparison to LDAs the GGAs improve the description of binding en-
ergies, bond lengths and bond angles. Generally, the description of hydrogen-
bonded systems is improved [90, p. 90]. Very commonly used GGA functionals
are PBE (Perdew, Burke, Enzerhof*?) and its derivations, like for example the
revised PBE (RPBE)? which were also used in this work.

Hybrid functionals

A different class of functionals were suggested by Becke in 1993°7 As the
exact exchange E¢*“ is included in the Hartree-Fock formalism, the hybrid
functionals are designed as a combination of E**“* with other correlation terms
EXS. Becke suggested

Eglcng _ E:ULCSDA + ao(E;md . E£SDA> + axAExBSS + aCAEf'WQl (229>

where ag, a, and a. are semi-empirical coefficients that can be obtained by
fitting experimental data.®® Hybrid functionals are generally well suited to de-
scribe molecular properties? and reproduce molecular geometries and binding
energies with an accuracy sometimes even comparable to configuration inter-
action calculations [90, p. 96], but are much more computationally demanding
than LDAs or GGAs. In this work B3LYP2W which is based on Becke’s
suggested coefficients but uses a different correlation functional, is tested in
Chapter [7l

2.3.3 Basis Sets

The quality and accuracy of a DFT-calculation do not only depend on the

choice of the functional, but also on the basis set which is used to describe

23



Chapter 2: Methods

the orbitals in Eq. ZI7 In the linear combination of atomic orbitals (LCAQO)
scheme 1% the orbital ¢;

L
©; = Zcumu (2.30)
pn=1

is described by a linear combination of L atomic orbitals 7,, with corresponding
coefficients c,;. The advantage of this method is that the non-linear Kohn-
Sham equations are transformed into a linear matrix equation which can be
solved more easily [62, pp. 94-95|.
A very common type of basis functions are Gaussian type orbitals (GTOs).
They have the form
nGTO = N zlym e (2.31)

where N is a normalization factor, the orbital exponent « determines how
compact or diffuse the function is, and the indices [, m, n classify the angular
node structure of the GTO. The advantage of using GTOs is that the inte-
gration over Gaussian functions can be done in an efficient way. However, the
asymptotic behavior for » — 0 and » — oo is not correct for GTOs. For these
cases Slater type orbitals (STOs) are better suited. They have the form

T = N le™7Y;,(0, ¢) (2.32)

where ( is the orbital exponent, n is the principal quantum number and Y},
are the spherical harmonics used to describe the angular part of the function
[62, p. 98]. Analytical STOs are used for example in the Amsterdam Density
Functional (ADF) code. %

Since more Gaussian functions are necessary to describe an atom with the
same accuracy as with STOs, the use of contracted Gaussian functions (CGF's
or CGTOs) is a good compromise. CGFs are linear combinations of A primitive
Gaussians ¢¢79 with fixed coefficients d,

A
N = "d,gg" (2.33)
a=1

which are used to approximate a single STO function. Fig. illustrates the
approximation of a simple STO (solid line) by a linear combination of one
(STO-1G), two (STO-2G) or three (STO-3G) simple Gaussian type functions.
CGFs are for example implemented in the StoBe codeX® The basis sets used
in this thesis are listed in Section 3.2.1] with the following notation:

O-ELEMENT (nls,n2s,...,nKs/nlp,n2p,....nLp/nldn2d,....nMd)
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Figure 2.6: Illustration of STO, GTO and CGTO basis sets. The asymptotic behav-
ior for r — 0 and r — oo is best for STO basis sets (black solid line), while GTO are
easier to integrate. The more Gaussians type functions are combined, the better is
the approximation of the STO. STO-1G, STO-2G and STO-3G refers to the simplest
linear combination of one, two or three Gaussians. The parameters were chosen to

obtain the maximum overlap with the STO 103

where K is the number of s-type Gaussians with nls, ... nKs primitives, L
is the number of p-type Gaussians with nlp, ... nLp primitives and M is the
number of d-type Gaussians with nld, ... nMd primitives 103106

A different approach is the use of plane waves as basis functions for DFT
calculations which are extended in space. They are conventionally used to
describe metal surfaces with periodic boundary conditions. As these functions

are not used in this thesis, they will not be discussed further.

Sets with one basis function per atom are called minimal basis sets or
single-C (SZ) basis sets. Minimal basis sets are not well suited for the calcula-
tion of properties of molecular systems, but can be employed for example for
a pre-optimization of a geometry. For one or two additional sets per orbital it
is called a double-¢ (DZ) or triple-¢ (TZ) basis set [90, p.198].

In order to improve the basis sets, several expansions can be added. Po-
larization functions are functions with higher angular momentum (e.g., for a
hydrogen atom additional p-functions) and ensure that the orbitals can distort
from their original symmetry if necessary [62, p. 100]. They are denoted for
example as TZVP (Triple Zeta Valence Plus Polarization).

Augmented basis sets are large diffuse basis sets which are added to get
a better description of states that are not located close to the core, like for

25



Chapter 2: Methods

example Rydberg states. In this work, diffuse basis sets were used for the
calculation of NEXAFS spectra with StoBe to improve transitions to states
lying above or directly below the ionization edge.

The StoBe calculations of electronic properties (for details see Section 3.2.1))
are conducted using effective core potentials (ECPs) or pseudopotentials. The
idea behind ECPs is that core electrons (especially for large elements) do not
participate in chemical bonding and can therefore be eliminated from explicit
consideration. The original charge of the nucleus Z is then replaced by an
effective charge Zy = Z — Z,.oe. This reduces the computation time consid-
erably, thanks to the fact that the number of electrons and consequently the
size of the basis set are smaller [90), p. 126]. The FHI-aims simulations, on the
other hand, are conducted using all-electron basis sets.

The FHI-aims code uses numerical Slater type orbitals, i.e., NAO (numeric

atom-centered orbital) basis functions of the form 7
ui(r)
¢i(r) = T}/lm(@vqb) (2.34)

where u;(r) is the radial function. Its values are numerically tabulated. This
approach has two main advantages: because of the 1/r term, the behavior
approximates the real potential close to the core better than for example GTOs
and each wu;(r) can be strictly localized inside a given sphere so that a large

system can be described spatially resolved %7

2.3.4 Excited state calculations

In this work DFT is mainly employed to calculate ionization energies for the
comparison with the experimental XPS energies and to simulate NEXAFS
spectra aiming at a detailed peak assignment of the measured spectra.

The Delta Kohn-Sham (AKS) method allows the calculation of excitation
energies by subtracting the calculated total energy of the excited state from
the total energy of the ground state, i.e., the ionization (XPS) energy Fi,, for

an excitation from the core 1s level to the vacuum is determined via
E’ion = Etot(nls = O) - Etot(nls = 1) (235>

where nq, is the occupation of the 1s level and F,,; are the total energies of the
ground state ((n1s = 1)) and the excited state (Eiyt(n1s = 0)). In the latter, one
electron is removed from the 1s core level with a consequent relaxation of the
orbitals®2 Calculations for pyridine show a very good agreement between AKS

excitation energies and measured gas phase data.™ Takahashi and Pettersson
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studied for 18 molecules how the ionization potential (IP) is influenced by the
choice of the functional. They found that, while the absolute values show a
large variation, the relative energies between different states hardly varyt’
[109, p. 235].

In the same way it is in principle possible to calculate NEXAFS transition
energies, e.g., for the first transition by calculating the total energy of an
excited state with n = 0 at the core level and n = 1 at the LUMO. However, for
large molecules this method is not feasible as there are too many transitions to
take into account and because of convergence and basis-set limitations [109] p.
236). In order to calculate the NEXAFS spectra of bigger systems a different
method can be used: the transition-potential (TP) approach. It is based on the
transition-state method introduced by Slater who showed that the excitation
energy can be approximated by exciting half an electron, i.e., the occupation
of the core level and the final state orbital are set to n = 0.5 %Y The TP
approach goes one step further and sets only the occupation of the initial state
to 0.5, while that of the final state is zero. This has the advantage that only
the occupation of the initial state differs from the ground state and therefore
only one calculation is necessary to obtain all possible excitation energies for
the system.®?

As DFT is in principle a ground-state theory, the question about the validity
of the AKS and TP methods arises. Refs. [78 [82,[108, 112113 show that both
the AKS and the transition potential method can successfully be employed
for the calculation of ionization and excitation energies, even if the agreement
between experiment and TP-DFT is not perfect.

Computational details, including shifts to account for missing relaxation
and relativity effects, on the utilization of the TP approach within the program
code StoBe employed in this thesis will be given in Section B.2.11

2.3.5 van-der-Waals corrections

Generally, semi-local density-functional approximations, such as LDA, GGA,
are not well suited to account for the long-range dispersion interaction, the
attractive part of the van-der-Waals (vdW) interaction™¥ The performance
depends on the investigated system and the used exchange-correlation func-
tional. For a benzene dimer, for example, neither the GGA functional PBE
nor the hybrid functional B3LYP yield any binding at all.*

One possibility to include vdW interactions is the use of semi-empirical
dispersion correction methods that add a R~ 5-dependent term to the DFT

27



Chapter 2: Methods

energy. E,gv is determined by summing over the pairwise interatomic CgR™°

terms:

1
Buaw = =5 > faamp(Rap, Ry, Ry) Coan R4 (2.36)
AB

where R,p is the distance between atoms A and B, Cgap is the correspond-
ing Cg coefficient which determines the strength of the interaction, and R
and RY are the respective van-der-Waals radii. To eliminate the R% sin-
gularity and avoid double counting at small distances, the damping function
faamp(Rap, RY, R%) is introduced ™1

Several different methods have been developed, which differ in the deriva-
tion of the Cy coefficients and damping functions, e.g., Wu-Yang™* or Grimme **
In this work the Tkatchenko-Scheffler method is used, which has the advantage
that the relevant parameters do not have to be determined empirically, but are

calculated from the ground-state electron density. 0
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Experimental and Computational
Details

In the previous chapter the principal techniques employed in this thesis (XPS,
NEXAFS and DFT) and their underlying principles were introduced and de-
scribed under a general perspective. This chapter, on the other hand, focuses
on the experimental and computational details specifically relevant for the
work presented in this thesis. In Section B.I.1] the experimental setups are
briefly characterized, followed by detailed descriptions of the procedures for
substrate cleaning and molecule deposition, as well as of typical parameters
used in the measurements (Section BI.2). Appropriate data analysis, e.g.,
background removal and peak fitting, is crucial for the interpretation of the
experimental data: corresponding protocols are therefore discussed in Section
B.1.3l Finally, computational procedures and routines regarding the StoBe and
FHI-aims calculations are presented in Sections B.2.1] and B.2.2] respectively.

3.1 Experimental Details

3.1.1 Vacuum systems

The majority of XPS and all of the NEXAFS experiments were performed at
the dipole beamline HE-SGM at the synchrotron BESSY II in Berlin. Prepara-
tory experiments, as well as the XPS measurements described in Chapter
and displayed in Figs. [[.17] and [T.I§ were conducted in our on-campus labo-
ratory in Garching (ESCAlab) using a conventional dual-anode X-ray source.
As is typical for X-ray spectroscopy experiments in surface science all mea-
surements were conducted under ultra-high vacuum (UHV) conditions. If the

experiments were performed in atmospheric pressure, the photoelectrons would
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analysis chamber UFO preparation chamber

Figure 3.1: The UHV end station at the HE-SGM beamline at BESSY II consists
of the preparation chamber where the substrate is cleaned and the molecules are
dosed, the distribution chamber (UFO) and the analysis chamber, where the XPS
and NEXAFS data are taken.

not be able to reach the analyzer because the mean free path A\ of electrons
under these conditions is approximately 700 A. Furthermore, the time 7 it
takes to cover a clean surface with a monolayer of impurities in ambient con-
ditions lies in the nanosecond range, which clearly prevents clean studies of
the interaction between molecules and pristine surfaces. For pressures in the
1072 mbar regime A increases to 50 km, while 7 lies in the hour-range, thus
enabling the preparation and analysis of well-defined clean samples |2} p. 20].

Both the commercial Prevac setup at BESSY and the home-made (based
on ESCAlab-5 of VG Scientific) ESCAlab setup follow a similar principle:
Sample preparation and measurements are conducted in separated parts of the
machine (the preparation and the analysis chamber, respectively) as the sample
preparation process normally leads to an increase in pressure and additional
contaminants which are undesirable during the data acquisition.

Both preparation chambers are equipped with a sputter gun, one or two
molecular evaporators and a LEED optics. At BESSY (Fig. Bl the sample
is transferred with a transfer arm via a distribution chamber (UFO) to the

manipulators of preparation and analysis chamber where it can be fixed and
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the transfer arm removed. This allows to close the gate valves between the
chambers during data acquisition, so that a second sample can be prepared
during the measurement of the first sample. The disadvantage of this setup
is that only the manipulators, but not the transfer arm, can be cooled, and
therefore the sample temperature may rise during the transfer. The trans-
fer in the ESCAlab chamber is simpler as the sample stays all the time on
the transfer arm which guarantees a preservation of temperatures during the
transfer. Finally, in the analysis chamber X-ray eletron spectroscopy mea-
surements are performed. For this purpose the ESCAlab is equipped with
a non-monochromatized X-ray source with aluminum/magnesium twin anode
and a hemispherical electron analyzer (VG Scientific). The BESSY analy-
sis chamber is equipped with a channeltron NEXAFS detector and a Scienta
R3000 hemispherical electron analyzer. The beamline is connected via a shut-
ter which is opened only during measurements. Base pressures are in the low
107" mbar (preparation chamber BESSY) and the low 107!° mbar (ESCAlab
and BESSY analysis chamber) regime, respectively.

The manipulators can be cooled with liquid nitrogen (LN3) which is pumped
through capillaries inside the manipulator by connecting them to a dewar of
LN; on one side and attaching membrane pumps on the other side. At BESSY
minimum temperatures of 95 K in the preparation chamber and 120 K in the
analysis chamber can be reached in this way, while the transfer arm in the
UFO remains at room temperature at all times. ESCAlab sample tempera-
tures reach 88 K minimum.

Sample temperatures are measured with chromel-alumel (type K) thermo-
couples spot-welded to one of the clamps which fixes the crystal on the sample
holder (home-made and Prevac, PTS 1200 EB/C) to ensure that the thermo-
couple is in direct contact with the sample. The crystal is mounted on top of
the sample holder’s filament which allows radiative heating of the sample for
annealing up to 550 K. If higher temperatures are necessary, e.g., during the
cleaning process, it is possible to apply a potential difference between sample

and filament in order to use electron beam heating.

3.1.2 Sample preparation and measurements
Substrate

All substrates used in this work (copper, silver, gold) were single crystals with
a (111) oriented surface polished to <0.5°. They were purchased from Surface
Preparation Laboratory (SPL) (Ag and Cu) and MaTecK (Au).
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Prior to the deposition of molecules, the surfaces were cleaned by repeated
cycles of sputtering and annealing which is a standard procedure for clean-
ing surfaces in vacuo [2, p. 37]. In a first step the surface was bombarded
with Ar™ ions with an energy of 1 keV, followed by annealing to 720-770 K to
smooth the surface which had been degraded by the ion bombardment. The
length of the sputtering and annealing steps varied depending on the cover-
age of molecules and/or contaminations of the sample, but typically the ion
bombardment lasted 20 min, the annealing 10 min. Before dosing molecules
the surfaces were examined with XPS to make sure that all contaminants were
removed and with low electron energy diffraction (LEED) to check the order
and quality of the (111) surface.

Mbolecules

The molecules were purchased from Sigma Aldrich (2H-TPP and Rus(CO);a,
99% purity; Ru(CO)TPP, 80% purity) and LivChem (2H-P, > 95%). [Au(III)-
TPP|*Cl~ was obtained from our collaborators in Linz (Section [6, ref. [58)).
The molecules were filled in a boron nitride (2H-TPP, Au-TPP) or a quartz
(2H-P) crucible for use inside a Knudsen cell. After mounting, the evaporator
was baked at 390-420 K for several hours, preferably overnight. Prior to the
experiments the molecules were degassed in vacuo for several hours, at 520 K
(2H-TPP) or 430 K (2H-P), respectively, to remove lighter impurities in the
porphyrin powder.

Two different evaporators were used during the work for this thesis. The
first was a two-cell evaporator (Fig. B.2h), where the boron nitride crucible is
placed inside a metal pot which is heated by a subjacent tungsten filament. The
temperature is measured by a chromel-alumel thermocouple attached to the
metal crucible by a washer. During the evaporation process the temperature is
set manually by controlling the current through the filament during operation.
While the use of this evaporator is simple, its long heating-up times make the
experiment time-consuming and may cause alterations of the molecules after
several cycles of sublimation.

Therefore a second type of evaporator was developed. The molecules are
contained in a quartz crucible which itself is placed inside a boron nitride pot
with an exterior thread which contains a platinum wire. The wire is used for
heating the crucible and measuring the temperature in alternating intervals.
During the measurement interval (1 s) the resistance of the platinum wire is
determined by applying a current of 0.1 A and measuring the voltage. The

signal is communicated via an analog-digital /O device (Labjack) to a com-
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Figure 3.2: (a) Two-cell evaporator: Inside the two metal pots are boron nitrile cru-
cibles which contain the molecules. The temperature is measured with an attached
chromel-alumel thermocouple (on the right), the filament is located below the pot
inside the ceramics. (b) Calibration of the home-made evaporator inside a vacuum
bell: an external thermocouple is placed inside the crucible and fixed with aluminum
foil. The temperatures measured in this way lie approximately 5% below the values

of the platinum wire.

puter which calculates (based on the Callendar-Van Dusen equation™?) the
temperature for the given resistance with respect to values obtained from ref-
erence measurements. Consequently, the control loop determines the necessary
heating current for the next heating interval (typically 2 s). If the parameters
for the control loop are assigned properly this method has the advantage of
exact temperature control and very short heating-up times which allows a well-
regulated evaporation of the molecules. Measurements in a vacuum bell jar
with a thermocouple inside the crucible (Fig.B:2b) show that the temperatures
inside the quartz crucible lie approximately 5% below the displayed value of
the platinum wire.

Dosing temperatures were chosen in a way that enabled sufficient rates
while taking into account potential damages to the molecules at exceedingly
high temperatures. TableB.]lists the evaporation temperatures of the molecules
1o, the corresponding temperatures of the substrate Ty, during deposition
and the sample temperature during measurements 7,,,..s for the different ex-
periments conducted for this thesis.

The ruthenium dodecacarbonyl Rus(CO);5 is volatile in vacuum, therefore
the dosing was carried out by mounting a glass tube containing the compound
separated from the chamber by a gate valve and independently pumped, and

opening the gate valve for the desired period of time when necessary.
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Table 3.1: Parameters for the evaporation of the porphyrins. T, is the temperature
of the crucible, Ty, is the temperature of the substrate during deposition and Tyeqs

is the sample temperature during measurements.

Section Preparation Tinol Toub Trineas
[4.2] 2H-TPP/Cu(111) 600 K 220 K 200 K
4.3 2H-P/Cu(111) 490 K 300 K 300 K
Ru(CO)TPP/Ag(111) 563 K 305 K 305 K
54 2H-TPP/Ag(111) + Ruz(CO)12 563 K 305 K 305 K
5.5l 2H-P/Ag(111) + Rug(CO)12 483 K 305 K 305 K
731  2H-P/Ag(111) + 2H-P/Cu(111) 490 K  Section [3 Section [73]

Au-TPP/Au(111) 743 Kit 88 Kiil 88 Kt

For Chapter [1 details are specified further in the corresponding text.

iThe value is not very meaningful as these were the first experiments using a new
evaporator and the temperature scale calibration is different from that of other
experiments.

iFor the graphs shown in Chapter B, but the results are also valid for experiments

performed at room temperature (not shown).

The thicknesses of the porphyrin layers were calibrated against the XPS
signals of monolayers of 2H-TPP, 2H-P and Au-TPP which were obtained by
annealing a multilayer to 550 K and 433 K, respectively. The idea behind this
method is based on the assumption that the interaction of the molecules with
the substrate is different (in most cases stronger) than the molecule-molecule
interaction in higher layers, thus upon stepwise annealing the condensed over-
layers are removed and only one monolayer remains. Throughout this work the
term monolayer (ML) is used for the maximum coverage of molecules in direct
contact with the surface. This method of determining the monolayer is not
very precise, for several reasons: One important point is that annealing may
result not only in desorption of the overlayers, but also in chemical changes of
the molecules (as it will be discussed in the following chapters) and the result-
ing compound possibly exhibits a different ordering behavior, thus leading to
a different molecule density in the monolayer. A second point to keep in mind
is the attenuation of the XPS signals due to different ordering in higher layers.
The limited mean-free path of the photoelectrons leads to different signals for

the same coverage, depending on whether the molecules adsorb flat or per-
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pendicular to the surface. Besides, different background subtraction and peak
fitting procedures can lead to small quantitative deviations. Therefore, in addi-
tion to the stepwise annealing series also successive dosing series are considered
when determining the monolayer coverage, e.g., by comparing core level shifts
which typically occur between multi- and monolayers. Keeping these points in
mind, the preparations in this work are classified as submonolayer, monolayer,

bilayer and multilayer without a more detailed quantification.

XPS Measurements

After the deposition of the molecules XPS measurements were carried out to
make sure that the sample contained only the expected chemical elements and
that the stoichiometric ratios between carbon and nitrogen of the porphyrins
were in the expected range. For each preparation XP spectra of the Cls and
the Nl1s region, as well as an overview spectrum were taken. Depending on
the investigated problem XPS data of other regions or NEXAFS spectra were
recorded as well.

Generally, for higher pass energy (PE) values the energy resolution gets
worse and the intensity increases. Therefore for each problem a compromise
between the necessary resolution and sufficient counts had to be found. The
overview spectra at BESSY were always taken with PE= 100 eV (50 eV at
ESCAlab) because it was important to detect all possible elements, while the
details of the interesting regions were recorded with higher resolution (mainly
20 eV, 50 eV only in Section 2]). These parameters are listed in Table

The second tunable parameter for synchrotron experiments was the photon
energy hw. By varying hw the kinetic energies of the detected electrons change
(cf. Eq. 2Z1). As the transmission function of the analyzer T is a function of
the kinetic energy of the detected photoelectrons, the measured intensity also
depends on hw (cf. Eq. [2Z3]). In order to be able to compare the intensities of
the N1s and the Cls signal and consequently to calculate the stoichiometric
ratios, it is necessary to choose Aw in a way that the kinetic energies for both
regions are the same. A second consequence of varying the kinetic energy of the
photoelectrons is the modified surface sensitivity. In this thesis hw was chosen
so that the kinetic energy of the electrons from carbon or nitrogen atoms was
either 100 eV or 150 €V, which corresponds to an electron mean free path of
approximately 3-8 AT This allows to study monolayers and the underlying
substrate as well as the top layers of multilayer samples for which it is desirable
that no signal from the first layers is detected. Only for the overview spectra

a higher photon energy was used to cover all possible regions. The different
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Table 3.2: Parameters for XPS measurements of different regions: photon energy Aw

and pass energy PE.

Section Region Setup hw Pass energy
all overview (Ag substrate) BESSY 770 eV 100 eV
all overview (Cu substrate) BESSY 700 eV 100 eV
4.2 Cls BESSY 435 eV 50 eV
Nis BESSY 550 eV 50 eV

43 3 Cls BESSY 385 eV 20 eV

43 3 N1s BESSY 500 eV 20 eV

3 3 Cls BESSY 435 eV 20 eV

3 3 N1s BESSY 550 eV 20 eV

6] overview ESCAlab 1486.6 eV 50 eV
6] Cls, Nls, Audf ESCAlab 1486.6 eV 20 eV

values for experiments on different substrates (see Table B.2)) result from the
fact that the variation of hw also shifts the position of the Auger peaks from
the substrate in the binding energy spectrum. Hence hw is selected in a way
that the Auger structure does not interfere with the primary photoelectron

features.

The variation of the photon energy implies the movement of the monochro-
mator which (at least at the beamline HE-SGM) exhibits a certain hysteresis.
Therefore the binding energy scale has to be calibrated. Assuming that the
adsorption of the molecules does not change the chemical state of the substrate

bulk, for every region a spectrum of characteristic substrate peaks (see Section
B.1.3) was measured.

Unless otherwise stated, the XP spectra et BESSY were taken in normal
emission mode, i.e., the aperture of the analyzer was aligned in line with the
sample normal. The x- and y-positions with respect to the beam were cali-
brated at the beginning of each beamtime in a way that the recorded intensity
was maximal. During experiments the z-position of the sample was changed
from time to time to verify that no radiation damage occurred. ESCAlab mea-
surements were conducted with a fixed angle (nearly normal emission, ~ 80°)
between sample and analyzer. As the spot of the beam is considerably larger
than that at BESSY (approximately 4 cm? vs. 1 mm?) the position has to be
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kept fixed to avoid signals from molecules adsorbed on the sample holder.

NEXAFS Measurements

As described in Section a direct measurement of the photon energy depen-
dent absorption is not possible for solids. The spectra in this work were taken
in the partial electron yield (PEY) mode, where secondary electrons resulting
from decay processes following the absorption are detected. Contrary to the
total electron yield mode, where all electrons are recorded, the PEY mode uses
retarding voltages to prevent slow electrons from reaching the detector. All
NEXAFS data in this thesis were recorded with a retarding voltage of -250 V
for the N K-edge and -150 V for the C K-edge. Channeltron amplifier voltages
were typically kept constant for a series of experiments and were only varied
between preparations with considerably varying coverages to obtain the max-
imum possible intensity before reaching the saturation limit of the detector.

Simultaneously to the PEY spectra the photocurrent signal of a (partly
contaminated, see Section BI3) gold grid traversed by the X-ray beam was
recorded, which is used for calibrating the photon energy scale (Section B.1.3)).
In addition, the comparison of the Au grid curves (Fig. B:4b) for different
preparations allows to identify instabilities of the X-ray beam, which may
artifacts in the spectrum.

The incidence angle 6 between the surface normal and the electric field
(E—VGCtOI‘) of the linear polarized light was varied by rotating the sample with
respect to the incoming beam (see Figs. 2.4b and B.4d, inset). For the given
polarization (90% unless otherwise noted) the magic angle at the measured in-
tensity distribution becomes independent of the molecular orientation amounts
to 53°. For each of the three different angles (25°, 53° and 90° if not otherwise
noted) several spectra were recorded and averaged. This improves the signal-
to-noise ratio and allows to verify that no beam damage occurred. Typically
the curves for one angle were not recorded consecutively, but in sets of 25°—
90° followed by 90°— 25° to exclude possible hysteresis effects during sam-
ple rotation. For all the measurements in this work, no such effects could be
found. Normally the rotation of the manipulator in the analysis chamber was
not totally symmetric, therefore the determination of the best sample position
had to be conducted more accurately than for the XPS measurements. The x-
and y-positions were chosen to result in the maximum intensity for all three

angles, not only for a single one.
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Figure 3.3: XPS raw data (black markers) and different backgrounds (red): The
Shirley background (a) accounts for the typical step in XPS intensities before and
after the photoelectron peak, the linear background (b) is more straightforward and

assumes a constant slope.

3.1.3 Data analysis

The analysis of the XPS and NEXAFS data were performed with the software

Igor Pro*%"

using data processing and fitting routines which were developed in
the surface science group E20 (TU Miinchen) and further adapted during this
work *2¥ All graphs in this thesis which show experimental XPS and NEXAFS

spectroscopy data were created with Igor Pro.

XPS

As described above, the non-perfect reproducibility of the monochromator po-
sition at the nominal photon energy during measurements at BESSY requires
a calibration of the binding energy scale. The same routine was applied to
data taken at the ESCAlab, even if the energies there are more stable. To this
end reference spectra of substrate peaks were recorded for each measurement,
using the same set of parameters for both curves. Hence, the first step of the
data analysis for each single line consisted in fitting a Gaussian to the Cudps/s
or the Ag3ds,» peak of the substrate reference. Both the line and the reference
spectrum were then shifted by the difference to the reference values for Cudps,
(75.1 V) or Ag3ds/, (368.3 V) 12% A different approach, namely the measure-
ment of the Fermi-edge, was more problematic: the exact determination of the
edge is more difficult than fitting the peaks of the substrate and the counting
rates in the Fermi-edge region are typically low.

After the calibration of the energy scale, the raw data was cropped to

remove unnecessary parts of the background. To obtain quantitative informa-
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tion about the peak intensities, it is necessary to remove the inelastic XPS
background before the peak fitting. In this work a linear background was sub-
tracted for the N1s and a Shirley background for the Cls spectra. A linear
background, i.e, a straight line between the first and the last points of a spec-
trum, is used for backgrounds of constant slope (Fig. B:3b), while the Shirley
background accounts for the typical step in intensities before and after the
photoelectron peak (Fig. B:3h). The Shirley background B** has the form

B(E) = A / \P(E') — Py|dE' (3.1)

E'>E

where B(F) is the background at energy E, P, is the intensity of the back-
ground on the low binding energy side of the peak and P(E’) the total signal
at a given energy E’ [2, p. 204]. B(F) is thus proportional to the peak area
up to the energy F, i.e., it is assumed that each additional photoelectron gives
the same (constant) contribution to the background. For the data analysis
in Chapter [l an empirical polynomial background was subtracted, which is
motivated in Appendix [A.3

As the N1s and Cls spectra in this work normally consist of several, some-
times overlapping signals from different species in the molecule, the fitting
procedure is crucial for the interpretation of the data. Two main effects con-
tribute to the line shapes of XPS peaks: intrinsic broadening that originates
from the photoemission process leads to a Lorentzian lineshape, while addi-
tional Gaussian broadening is caused by the finite resolution of the instrumen-
tal setup [60, p. 573]. A reasonable choice of fitting functions is therefore given
by Voigt curves which convoluting Lorentzian and Gaussian curves. Spectra in
this work were fitted with an iterative least-square procedure, where the initial
guess for the four Voigt parameters (amplitude, energy, width and shape which
determines the ratio of mixing of Gaussians and Lorentzians) is varied within
a range of specified constraints in order to obtain the best agreement with the

experiment.

Up to October 2012, BESSY II was operating in decay mode, where the
beam current was 300 mA directly after the injection of electrons into the
storage ring and then it decreased continuously to 180 mA shortly before the
next injection. This change in intensity of the X-ray beam was taken into

account for quantitative XPS analysis.
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Figure 3.4: Different steps in NEXAFS spectroscopy analysis: (a) Raw data of graph
in Fig. A.T0K, taken at three different incidence angles 0, (b) Spectra of contaminated
gold grid, which is used for the calibration of the photon energy scale. The refer-
ence value (285.0 eV) is indicated by the dotted line, (c) Energy corrected spectra
after averaging, smoothing and normalization, the background of the clean crystal
(“Crystal”) and the transmission function (“Trans.”) are displayed, (d) Theoretical
curves for different adsorption angles a dependent on the incidence angle 6. Three

black circles indicate the relative intensities for a m-system co-planar to the surface.

NEXAFS

The background of NEXAFS curves is more difficult to access than the XPS
background. As an example the raw data of Fig. are displayed in Fig.
B.4h. Similar to XPS, the first step of the analysis of NEXAFS data is the
calibration of the energy scale. The photon energy scales were referenced
against characteristic peaks (399.0 eV for nitrogen, 285.0 eV for carbon, Fig.
B4b) of the Au grid spectra which were recorded simultaneously to the PEY
signal (Section B.1.2]).

For XPS the photon energy is kept fixed, thus the intensity of the incident
X-ray beam exhibits only minimal variations during one measurement. In con-
trast, NEXAFS spectroscopy is based on scanning over a photon energy range

which can lead to big variations in the intensity of the X-rays impinging the
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sample as the transmission of the beam through the (possibly contaminated)
beamline introduces an additional energy dependence of the beam intensity. A
further effect contributing to the background is given by the energy-dependence
of the substrate (bulk) signal. One possibility to account for the transmission
dependence is the division by a reference signal recorded simultaneously to
the PEY spectrum. However, this method is not well suited for thin layers of
adsorbates (as in the case of most preparations in this thesis) as it neglects
the contribution of the substrate background [61], p. 157]

Therefore in this work the following procedure was used: After calibrating
the photon energy scale, the spectra for each incidence angle 6 were averaged,
smoothed and normalized to the pre-edge region to account for differences in
the ring current (Fig. B.4k). Afterwards, the signal of the bare crystal (green
dashed line in Fig. B.4k) was subtracted from the sample spectrum, which
accounts for the contribution of the substrate to the background [61], p. 161].
The spectra were then divided by the transmission function (cyan dash-dotted
line in Fig.[3.4k) of the beamline which was determined once by taking the total
energy yield spectrum of a clean gold sample. This procedure was followed by
a normalization of the edge jump to one. In some cases the crystal function
had to be scaled to account for the damping of the signal due to the adsorption
of molecules and/or an additional constant background had to be subtracted
from the raw data. Appendix [A.2] shows that the deviation of the finally
derived adsorption angle for different background subtraction techniques is no
more than 5-8°.

After background subtraction the data were fitted to obtain angular depen-
dencies (not shown here). Due to limited photon energy resolution Gaussian
functions are well suited for the fit, while Lorentzian curves do not match the
shape of experimental resonances [61], p. 214]. The analysis focused on the 7*
region as the deconvolution is easier for the sharp 7* resonances than for the
broader ¢* structure. To reduce the number of independent parameters the
following procedure was applied: The peak assignment (e.g. by using the in-
formation from DFT simulations) allowed to deconvolute the spectrum in sets
of resonances originating from the same chemical or functional group species.
Within each set the intensities of the single peaks had to follow the same an-
gular dependence, while energies and widths were kept at fixed values relative
to the first peak. Thus, the fitting procedure had to optimize less independent
parameters (compared to an unrestrained fit) for the reproduction of the whole
7* range. The obtained relative intensities were compared to the theoretically
expected curves for different adsorption angles o (Fig. [3.4d), thus allowing the
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determination of « for the different subgroups of the system. For the definition
of the angles see inset of Fig. B.4ld. The relative intensities in the example are
indicated by three black circles which shows that the 7 system adsorbs parallel
to the surface (o = 0).

The interpretation of monolayer data can be difficult as strong interactions
with the substrate can lead to a considerable broadening of the resonances
and additional effects like charge transfers can further affect the intensities
(cf. Chapter Hl). Therefore the interpretation is never conducted for one single
preparation, but normally the whole set of experiments has to be taken into
account. Typically the peak assignment by comparison to DFT calculations
is much easier for multilayer data as the molecule-molecule interaction is less
strong than the molecule-substrate interaction. Especially in Chapter [ these
findings are applied to the interpretation of the (sub)monolayer curves to draw

conclusions regarding the interaction with the surface.

3.2 Computational Details

3.2.1 StoBe

Geometry optimization and electronic structure calculations in Chapter 4l were
performed for isolated molecules (without surface), employing the DFT pro-
gram package StoBe (Stockholm-Berlin)**® using a RPBE (revised Perdew,
Burke, and Ernzerhof**"%) functional. StoBe uses the LCAO approach (cf.
Section 2.3.3)) to describe the Kohn-Sham orbitals.

In a first step the molecule’s geometry was optimized by varying the atomic
positions until the forces on the atoms were smaller than 10~* Ha/Bohr. The
Hessian matrix was updated between consecutive steps using the Broyden-
Fletcher-Goldfarb-Shanno method. For the optimization all-electron triple-
zeta plus valence polarization type basis sets were used to describe the nitro-
gen, ¥ carbon'* and hydrogen'® atoms in the porphyrins (Table B3.3)).

STM measurements show that various porphyrin compounds, e.g., Co-TPP
on Ag(111)*¥ or TPyP on Cu(111),*" adsorb in a saddle-shape conformation
where the macrocycle is deformed such that two opposite pyrrole rings point
upwards and the other two point towards the substrate. Therefore a saddle-
shape conformation was used as starting geometry of the optimization. The
vibrational analysis of the optimized molecule geometries did not show any neg-
ative frequencies which excludes the possibility that the optimization routine

merely converged to a saddle point. The optimization lead to a flat conforma-
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Table 3.3: StoBe basis sets used for the geometry optimization (GO), the vibrational

analysis (Vib) and the electronic structure (ES) calculations for a given excitation

center.

Excit. center ~ Atom  Calculation Orbital Auxilary
_ N, C GO, Vib (T111/411/1) (5,2:5,2)
all H all (3111/111) (3,1:3,1)
all Cu all (63321/531/311) (5,5;5,5)
N N (exc.) ES II-IGLO (5,2;5,2)
N N (rest) ES (+5) (321/311/1) (+5) (4,4;4,4)
N C ES (7111/411/1) (5,2;5,2)
C C (exc.) ES ITI-IGLO (5,3;5,3)
C C (rest) ES (+4) (311/211/1) (+4) (3,3;3,3)
C N ES (7111/411/1) (5,2:5,2)

tion of the 2H-P and the Cu-P (cf. Fig. 12)). The 2H-TPP, however, remained
in a saddle-shape geometry with tilted phenyl rings (cf. Fig. [£2]), while the
Cu-TPP exhibits a flatter macrocycle with perpendicular phenyl groups (cf.
Fig.[L2). The calculated bond lengths and angles agree well with the solid state
structures determined by X-ray diffraction of 2H-TPP and Cu-TPPL2¢12T anq
2H-P 128 Details of the optimized geometries and comparison with literature
data can be found in Appendix [A Tl

The core level energies of the inequivalent nitrogen and carbon atoms, are
typically non-degenerate, but can have very similar energies. To ensure the
excitation of a specific atom in the molecule, the basis set of this excitation
center was of all-electron IGLO-III (individual gauge for localized orbitals'®)
quality for the electronic structure calculations, yielding an improved repre-
sentation of relaxation effects in the inner atomic shells. ECPs (effective core
potentials) for the 1s core and appropriate valence basis sets™” were used to
describe all other atoms of the same element type (Table. B.3]), thus the 1s
energy of the excitation center was easily identifiable. This approach has only
negligible effects on the calculated excitation spectra®! which is also confirmed
in Section [l where the XP spectra for 2H-P simulated with this approach are

identical to the all-electron calculations with FHI-aims.

Tonization (XPS) energies were determined by calculating the difference be-
tween the energies of the ground state and the core-hole state (Eq. 2.35]). For
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the simulation of NEXAFS spectra the transition potential approach (Section
2.3.4) implemented in StoBe was employed. For the last step of the absorp-
tion spectrum calculation the basis set was extended by using additional, large
132

diffuse even-tempered [19s19p19d| basis sets™*# at the excitation center to im-

prove the description of excitations to Rydberg and continuum final states
(double basis set techniquel®?)

To obtain a continuous spectrum for a direct comparison of calculated and
measured NEXAFS curves the calculated discrete excitation energies and cor-
responding dipole transition matrix elements were convoluted with Gaussians.
As it had been discussed above, Gaussians are a good approximation to the real
lineshapes and, since energy and amplitude are known, a single free parameter
(the width) has to be varied for the best agreement between theory and exper-
iment. To account for the reduced lifetime of the ¢* resonances which lead to
broader features above the ionization energy FE;,,, the width of the Gaussians

varied according to

by, for £ < E;,,
fE)y=1¢ " (3.2)
by, for E > E;,,+10 eV

with a linear increase from b; to by in between. In Section the transitions
for both C K-edge and N K-edge were broadened with b; = 0.5 eV and by =
4.5 eV, while in Sections 4.3 and by = 0.6 €V and by = 5.5 €V were used for
the C K-edge and b; = 0.7 ¢V and by = 5.5 eV for the N K-edge to reproduce
the experimental spectra in the best way.

The missing core hole relaxation of the excited final state due to the transi-
tion potential approximation was taken into account by shifting the excitation
energy scale by A;,,

Ajon = ETP _ pAKS (3.3)

won won

where ELP is the ionization energy obtained from the transition potential
calculation and E£X% is determined with Eq. 2335l For the C K-edge this shift
amounted to -1.4 eV, for the N K-edge to -1.6 ¢V (Table B4). An additional
global shift A,.; was introduced to account for relativistic corrections. For
carbon A,.; = 0.1 eV and for nitrogen A, = 0.3 eV 1% The agreement between
the corrected simulated and the measured spectra is high for the N K-edge,
for the carbon edge small additional shifts had to be introduced for an optimal
agreement between theory and experiment (Table [3.4]). They may originate
from either numerical basis set and/or experimental calibration effects. For

easier comparison these shifts are included in Figs. and 17
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Table 3.4: Correction shifts of the transition energy scale: A;,, corrects for the
missing core hole relaxation of the TP method, A, is the relativistic shift, Ay,
is the additional shift that is necessary for the best agreement between theory and

experiment.

Section System Nion Aol Aczp
4.2 2H-TPP, C K-edge -14eV 0.1eV 04 eV
4.2] 2H-TPP, N K-edge -1.6 eV 0.3 eV 0

4.3 [7 2H-P, C K-edge -1.4eV 0.1eV 0.1 eV

43 [ 2H-P, N K-edge -1.6eV 0.3eV 0.1eV

Table 3.5: Basis sets used for the geometry optimizations (GO) and calculations of
XPS energies with FHI-aims.

Functional Atom Calculation Basis
PBE N, C GO Tier2 Tight
PBE N, C XPS Tier3 Tight

B3LYP N, C XPS Tier2 Light

3.2.2 FHI-aims

Calculations of optimized geometries and XPS energies in Chapter [1] were
conducted for isolated molecules and for molecule clusters of varying size using
the DFT package FHI-aims (ab initio molecular simulations) ™

FHI-aims uses all-electron numerical atom-centered orbitals (NAOs), which
are grouped in sets of different quality. Light basis sets were used for first
pre-relaxation steps of geometry optimizations, though (at least for the PBE
functional) all relevant electronic structure calculations were performed with
tight basis sets. The basis sets are further grouped in levels (or tiers), where
the minimal basis is the lowest one with free-atom-like radial functions. Tier 1-
tier 4 employ further sets of radial functions, i.e., the accuracy should increase
with increasing tier. Typically the same tier is used for all elements. The basis
set level was converged, i.e., the first calculations were for example performed
with tier 2, followed by a test with tier 3 to check whether the properties have
changed substantially. The following basis sets were finally used in this work:

Contrary to the StoBe approach where ECPs are used for the non-excited

atoms to single out the excitation center, the electronic structure calculations
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with Aims are conducted using the same all-electron basis set for all atoms of
the same element type in both the ground-state and the core-hole state calcu-
lation. This has the advantage that the number of single-point runs is reduced
by nearly a factor 2, since only one ground-state calculation is necessary for
all excitations. This is relevant especially for systems consisting of more than
one molecule. On the other hand it also means that the identification of the 1s
orbital for a specific atom is not as easy as with StoBe, because of the (espe-
cially for the molecule clusters) large number of similar core hole energies. The
first step is therefore always to locate the 1s orbital of the atom of interest in
the ground-state calculation, followed by the removal of an electron from this
orbital. Ionization energies were consequently determined by calculating the
difference between the total energies of the ground-state and the core-hole state
(Eq. 235). Results for different basis sets and xc-functionals are discussed in
Section [7.2]

As described in Section B.2.1] all electronic structure calculations were pre-
ceded by geometry optimizations. Starting geometries were a slightly and a
strongly saddle-shaped 2H-P and the optimized geometry of the StoBe calcu-
lation. All optimizations of the 2H-P monomer converged to the same final
geometry which agreed very well with the StoBe results (cf. appendix [AT]).

One of the goals of the investigation of 2H-P multilayers in Chapter [1 is
to study the influence of the molecular stacking on the XPS energies. To this
purpose geometry optimizations and calculations of ionization energies were
performed for 2H-P dimers and trimers with varying geometric properties,
e.g., distances between molecules. All calculations involving more than one
molecule were performed using the Tkatchenko-Scheffler van-der-Waals cor-
rection (cf. Section 2.3.5]). Periodic boundary conditions were applied for the
structure optimization of indefinite chains of porphyrins. The unit cell was
chosen to be large in x- and y-direction (40 A each) assuming no interaction
between adjacent molecules (Fig. B.5]). Consequently, the k-point grid was set
up such that in x- and y-direction one, and in z-direction four points were used.
The molecule and the unit cell in z-direction were allowed to relax, until forces
on the atoms were below 1-107* eV/ A. XPS energies were consequently deter-
mined by cutting a trimer from the optimized chain and exciting the atoms of
the molecule in the middle (for details see Chapter [).
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Figure 3.5: Unit cell for stacking of 2H-P along the z-axis. (a) top and (b) side view

of symmetrical porphine chain; (c) top and (d) side view of tilted porphine chain
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Chapter 4

Self-Metalation

4.1 Introduction

As has been briefly discussed in Chapter [Il, the self-organization properties of
adsorbates on surfaces are the result of a complex interplay between molecule-
molecule and molecule-substrate interactions. How the nature of these inter-
actions are influenced by the choice of the adsorbate-substrate system is the
crucial point which needs to be understood for the deliberate construction of
nano-structures on surfaces. Free-base tetraphenyl-porphyrin (2H-TPP, Fig.
d.1h) adsorbed on a Ag(111) surface, for example, forms ordered islands, which
is not the case for the adsorption of 2H-TPP on Cu(111).%%¥ The same holds
true for free-base tetrapyridyl-porphyrin (2H-TPyP), which adsorbs as single
molecules on Cu(111),* but self-assembles on Ag(111)4

STM experiments dedicated to study the adsorption of different substituted
TPPs show that the choice of the substituents can influence the adsorption ge-
ometry and the orientation of porphyrins on the surface, which was attributed
to the fact that the binding to the surface occurs primary through the at-

134 While a myriad of investigations is devoted to the

tached phenyl groups.
behavior of substituted porphyrins, surprisingly there are far less studies about
the interaction between metal surfaces and the parent porphyrin compound,
the free-base porphine (2H-P, Fig. Ik) which consists only of the central
macrocycle. In this chapter the adsorption of free-base and metalated TPP is
contrasted with the adsorption of the respective porphine species.

To investigate how the presence of a central metal atom influences the ad-
sorption properties of porphyrins, experiments are conducted for metalated
and non-metalated species on the same substrate. To this end, it is possible
to use premanufactured metalloporphyrins®* which is comfortable when the

desired compound is commercially available, but has the disadvantage that
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Figure 4.1: Struktural formulas of (a) free-base tetraphenyl-porphyrin (2H-TPP),
(b) copper tetraphenyl-porphyrin (Cu-TPP), (c) free-base porphine (2H-P) and (d)
copper porphine (Cu-P). (a) and (c) are the initial free-base compounds used in the

experiments presented in this chapter, (b) and (d) follow from in situ metalation.

preparation conditions, especially evaporation temperatures, may differ from
those of the free-base porphyrins which always means a certain range of uncer-
tainty in the interpretation of the data. Besides, not every metallo-porphyrin
is easily available and stable under evaporation. Alternatively, it is possible
to evaporate free-base porphyrins and metalate them in situ on the surface.At
the beginning of this work, the typically employed procedure for the metala-
tion of porphyrins was the coevaporation of molecules and metal atoms on the
substrate, sometimes followed by an annealing step 4221251035 Thig makes
the preparation of clean samples even for reactive metalloporphyrins possible,
though the handling of metal evaporators is not always trivial in practice.
In this chapter an alternative approach, the self-metalation, i.e., the metala-
tion of adsorbed free-base porphyrins by substrate atoms, is analyzed. On-
campus XPS measurements performed prior to the present work showed that
self-metalation is possible**" but a systematic study including NEXAFS mea-
surements was lacking. Parallel to the work on this topic, self-metalation has
been reported for protoporphyrin IX (H2PPIX) on Cu(110) and Cu(100)47

The adsorption of 2H-TPP on Cu(111) (Section4.2) and of 2H-P on Cu(111)
(Section [4.3) is investigated with XPS, NEXAFS spectroscopy, aided by DFT
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Figure 4.2: Models of (a) 2H-TPP and (b) Cu-TPP displayed with conformations
obtained by geometry optimization of isolated molecules. The angles ajp;, apyrr and
Qeoord describe the inclination of the respective pyrrole rings out of the macrocycle
plane, ayy, refers to the rotation of a phenyl ring around the C-C bond that connects

it to the macrocycle. The model in (b) is characterized by acpord = 0 and a,p, = 90°.

calculations to study the respective adsorption geometries and electronic prop-
erties of the adsorbates. In both cases self-metalation to copper tetraphenyl-
porphyrin (Cu-TPP, Fig.dIb) and copper porphine (2H-P, Fig. L1d), respec-
tively, is used to analyze the influence the presence of the central copper atom
has on the adsorption properties. To describe adsorption geometries two prin-
cipal deformations are taken into account: The deformation of the macrocycle
by an inclination of the pyrrole rings out of plane which is described by a;,;
and e for the iminic and the pyrrolic components of the 2H-TPP (see
Fig. 12h) and 2H-P and apprq for Cu-TPP (see Fig. A.2b) and Cu-P can be
accompanied by a rotation of the phenyl rings (denoted as ayp,).

To summarize, the following three main issues are addressed in this chapter:

1. Study the adsorption of the free-base porphyrins 2H-TPP (Section [1.2))
and 2H-P (Section €3]) on Cu(111), with special respect to adsorption
geometries and electronic structure of the adsorbates. This is achieved
by comparing the results of mono- and multilayer XPS and NEXAFS

measurements. DFT calculations are used for the peak assignment.

2. Follow the self-metalation of the two compounds to Cu-TPP (Section [1.2)
and Cu-P (Section [43]) in order to analyze possible changes in molecule-

substrate interactions.

3. Compare how the presence of the phenyl-substituents influences the ad-
sorption properties of metalated and non-metalated species by contrast-
ing the results from Section and

Section was already published in ref. 56l Section in ref. [57.
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4.2 2H-TPP on Cu(111)

4.2.1 Self-metalation

2H-TPP layers of different thicknesses were prepared on the Cu(111) surface,
following the procedures in Chapter [8l Taking into account the different scat-
tering cross sections, the XPS peak area ratio for the N1s and Cls signals was
in agreement with the expected value of 11 (44 carbon, 4 nitrogen atoms) for
all samples. No signals other than of Cu, N and C were detected. The ratio
and the absence of contaminations indicate the controlled evaporation of intact

molecules.

After the deposition of a 2H-TPP multilayer the N1s XPS spectrum shows
two principal peaks (Fig. 43b) as expected from the nonequivalence of the
nitrogen atoms in the 2H-TPP molecule. Peak A with a binding energy (Ep)
of 398.3 eV is assigned to iminic (=N-), peak B at Eg = 400.3 eV to pyrrolic
(-NH-) nitrogen atoms. A third small peak C (Ep = 403.4 €V) is tentatively
regarded to be a shake-up satellite following the argumentation in ref. [72. The
assignment of the two main peaks is corroborated by former experimental re-

Su1tS72’ 138

and the results of our DFT calculations for the ionization potential
of the iminic (Ecye. = 402.0 €V) and pyrrolic (Ecye. = 404.2 €V) nitrogen
atoms in an isolated 2H-TPP molecule (Table [A1]). Since molecule-surface
interactions are not taken into account in the XPS and NEXAFS calculations
the theoretically determined values and spectra are compared only to mea-
surements of multilayers where it can be assumed that the substrate hardly
has any direct influence on the molecules. While the calculated ionization po-
tentials are referenced to the vacuum level the measured binding energies are
referenced to the Fermi level which leads to an intrinsic difference of several eV
between the respective values. The XPS calculations confirm that the binding
energy of the pyrrolic nitrogen lies approximately 2 eV higher than that of the
iminic nitrogen.

A 2H-TPP sample with an approximate coverage of slightly below one ML
was prepared by evaporating free-base porphyrins onto the freshly cleaned
copper surface. As our method of controlling the coverage is associated with
a certain degree of uncertainty and it is necessary to avoid interfering signals
from a possible second layer, the coverage of our prepared sample was chosen to
be below one ML. The corresponding N1s XPS data (Fig.43k) show two peaks
that are assigned again to iminic and pyrrolic nitrogen species. A down-shift,
i.e., a shift to lower binding energies, with respect to the multilayer sample is

observed for both peaks. On a metallic substrate this is not unexpected and
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Figure 4.3: The N1s XPS spectra of (a) a 2H-TPP multilayer and (b) a 2H-TPP

monolayer adsorbed on Cu(111) show two peaks that are assigned to iminic (A, blue)

and pyrrolic (B, green) nitrogen species. After annealing the multilayer sample (3-

4 layers) to 420 K, the spectrum (c) shows a single main peak (D, red) which is

assigned to the equivalent nitrogen atoms of Cu-TPP. Further annealing to 490 K
leads to a Cu-TPP monolayer (d).
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Figure 4.4: The ratio of iminic (blue) and pyrrolic (green) N1s XPS peaks of a
2H-TPP monolayer is angular dependent. Whereas in the normal electron emission
mode (b) the peak ratio is just 0.4 it increases when the sample is rotated out of this

position by A = -25°(a), A = 10°(c) and A = 25°(d)

usually is explained by polarization screening effects >335 I the 2H-TPP
monolayer on Cu(111) the pyrrolic nitrogen peak shifts by a typical screening
value of -0.5 eV. The iminic nitrogen, however, shifts by only -0.1 eV which is a
first indication that its chemical state is strongly affected by the adsorption. As
a consequence the difference between the binding energies of the two nitrogen
species is reduced to 1.6 €V (see Section for more details).

Not only the energetic peak splitting but also the ratio R of the peak area of
the iminic divided by the pyrrolic nitrogen differs from the multilayer sample.
Small intensity differences of the two nitrogen peaks have been reported before,
though the values of R were much closer to one ™335 Here, instead of the
expected value near to one, the pyrrolic peak dominates over the iminic. We
found that this effect can be reproduced in a systematic way, i.e., that for a
series with increasing coverage (from submonolayer to multilayer) R increases
as well. Additionally, R depends not only on the thickness of the film but also
on the angle under which the data are taken. Fig. [£.4] shows the N1s spectra
of a 2H-TPP monolayer sample recorded for different angles between analyzer
and sample. R is smallest (0.4) for the normal emission mode (Fig. @4b) and
increases when the sample is rotated out of this position by angles of A =
-25°(a), A = 10°(c) and A = 25°(d). In the latter position both peaks have
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Table 4.1: XPS energies of different nitrogen species obtained from multilayer mea-
surements (E¢zp) compared with calculated ionization energies (Egq); nearly con-
stant energy difference between experimental and theoretical results (AEcqic eqp) for
2H-TPP (=N-, -NH-) and Cu-TPP (NCu).

Type Eeap Ecate AEcqic.exp
iminic (=N-)  398.3 6V  402.0 eV 3.7 eV
pyrrolic (-NH-)  400.3 eV 404.2 ¢V 3.9 eV
metalic (NCu)  398.8 eV 402.9 eV 4.1eV

nearly the same intensity.

We attribute this behavior to a photoelectron diffraction effect. Earlier
workt4042 yevealed that for the kinetic energy and elements of our experi-
ment forward scattering as well as backward scattering contribute substan-
tially to the photoelectron signal intensities. Diffraction can only produce
strong intensity variations if the electron emitting sources are surrounded by
the same geometry of the scatterers. Therefore, we suggest that the iminic
nitrogen atoms are pointing towards the surface with their lone-pair and are
responsible for a well-defined adsorption place by optimizing their interaction
with specific surface atoms. Similarly site-specific adsorption resulted from the
nitrogen-surface interaction as shown in recent work.##143 Assuming photo-
electron diffraction as the origin of the intensity variations would also account
for the coverage dependence of R. At low molecular coverage every 2H-TPP is
free to adopt the optimal adsorption place and geometry. With increasing cov-
erage the molecules are pushed away from these positions. Consequently, the
different scattering geometries around the nitrogen sources reduce the diffrac-
tion effects. Altogether, the peak positions and intensities indicate a strong
interaction of the molecule with the substrate that is mediated primarily via

the iminic nitrogen.

Next, we studied the change of the spectra induced by annealing. Fig. [4.3d
shows a multilayer sample (approximately 3-4 layers) that has been heated
to 420 K. The main feature is peak D at Egp = 398.8 eV with two shoul-
ders at 398.0 eV and 399.9 eV. The total area of both Cls and Nls spectra
remained nearly the same during the thermal treatment. After further an-
nealing to 490 K (Fig. E3k) the relative intensity of the shoulders decreases
and the position of the main peak shifts downward by 0.4 eV. The total inten-

sity of the signal is less than in the multilayer suggesting a desorption of the
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multilayer molecules with a remaining monolayer. A very similar spectrum
could be achieved by directly annealing monolayer and submonolayer samples

to temperatures above 420 K.

The reduction of the two peaks of the inequivalent nitrogen species to one
new main component is an indication for the metalation of the 2H-TPP since
metalloporphyrins possess four chemical equivalent nitrogen atoms generating
only one N1s peak. The binding energy of the coordinated nitrogen peak in the
multilayer (398.8 eV) is in accordance with that reported for directly sublimed
Cu-TPP (398.9 ¢V), Cu-TPP multilayers on gold (398.6 eV )** and is similar
to the N1s binding energy of metalloporphyrin films like a Co-TPP monolayer
on Ag(111) (398.8 eV),*! a Zn-TPP monolayer on Ag(111) (398.7 eV)*? and a
Fe-TPP multilayer on Ag(111) (398.6 €V). 1% Our calculations for the isolated
Cu-TPP predict an ionization energy that lies 1.3 eV below the energy of the
pyrrolic nitrogen, i.e., a binding energy of 399.0 eV, assuming the same work
function for 2H-TPP and Cu-TPP. Our experimental value of 398.8 €V lies
only 0.2 eV lower, confirming the assignment. Comparable to the 2H-TPP
spectra the Nl1s signal for the Cu-TPP shows a down-shift of 0.4 eV when
proceeding from multi- to monolayers which is attributed to screening and
suggest a weakly chemisorbed macrocycle. The low-energy shoulder in the
annealed multilayer spectrum (Fig. [4.3d, black dashed peak at Eg = 398.1 eV)
most likely mainly originates from the downshifted signal of the monolayer but
may also include intensity from residual, not metalated porphyrins.

The XPS results alone are not fully conclusive for the metalation as a de-
protonation of the pyrrolic nitrogen groups upon annealing potentially also
leads to the formation of a single N1s peak. Even though in three-dimensional
environments a formally doubly negative radical is extremely unlikely, on the
surface deprotonated species can be stabilized via the special interface condi-
tions at the metal substrate 145148 Additional evidence for the formation of
Cu-TPP is therefore provided by comparing N and C K-edge NEXAFS spectra
of 2H-TPP films with annealed 2H-TPP layers. The angle resolved nitrogen
edge spectra are displayed in Fig. L.5h-d, the carbon spectra in Fig. [L.5k-h,
respectively. The comparison of multi- and monolayers reveals substantial
changes in the Nls region (Fig. .5h vs. and .5k vs. [L.5d) as well as in
the Cls region (Fig. L5 vs. and .0 vs. [L.Bh) suggesting a strong influ-
ence of the substrate that leads to electronical and conformational changes,
which will be discussed in detail in Section At this point we want to
focus on the self-metalation and therefore consider only the multilayer spectra

(Fig. £5h and 5k, Fig. 5k and E5k).
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Figure 4.5: Comparing N K-edge (a-d) and C K-edge (e-h) NEXAFS spectra of (a+e)
a 2H-TPP multilayer and (b+f) a 2H-TPP monolayer shows the big influence of the
surface on the molecule. After annealing both the multilayer (heating to 420 K,
c+g) and the monolayer (heating to 490 K, d-+h) signatures are different from the
2H-TPP spectra and indicate the metalation to Cu-TPP. Values in the insets denote

the incident angle 6.
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The N K-edge 7* region of the 2H-TPP multilayer shows an isolated res-
onance (Fig. A.5h, peak A) at 397.6 eV, followed by four peaks (B-E) lying
between 399.8 eV and 403.6 €V and a o* region (405-415 ¢V) with broad struc-
tures. All resonances exhibit very similar angular dependencies. The general
structure of the data agrees well with others reported for 2H-TPPSLL35ILd
which confirms the intactness of the molecules. Annealing of a 2H-TPP mul-
tilayer leads to essential changes in the nitrogen spectra (Fig. L.3k). A single
resonance at low excitation energies (399.1 eV) is still present, but compared
with the freshly prepared multilayer curves its position is shifted by 1.5 eV
to higher photon energies. The number of peaks in the following structure of
the 7* region is reduced from four (peaks B-E) to two. Again, the angular
dependencies of the various peaks in Fig. L5k are very similar. Peak structure
and positions of Fig. EE5k are typical for metalloporphyrins in general®t135:150
and Cu-TPP in particular,*® which gives further evidence for the metalation
of the free-base porphyrin.

The NEXAFS C K-edge 7 region of the 2H-TPP multilayer (Fig. [1.5k)
exhibits six peaks. Peak F at 284.2 eV is followed by two dominant peaks
at 285.0 eV (G) and 285.4 ¢V (H). The adjacent features I-K are not easily
separable without fitting. Contrary to the nitrogen spectra the resonances in
the carbon region show different angular behavior: peaks G and K become
stronger with the angle # increasing, while peaks F and J become weaker (cf.
Section L2.2]). After annealing the multilayer sample to 420 K the position
as well as the number of peaks remain nearly unchanged (Fig. L5g), only the
angle-dependencies of peaks F and H differ from that in the 2H-TPP multilayer
signal. The changes in the carbon structure are therefore dominated rather
by conformational than by chemical effects, contrary to the changes to the
nitrogen data.

The experimental results were compared with simulated NEXAFS gas phase
spectra of isolated 2H-TPP and Cu-TPP molecules. Fig. compares the ex-
perimental magic angle (53°) multilayer curves (top) with the calculated data
(middle, bottom). As the differences between the measured spectra of 2H-TPP
and annealed films are mostly related to the nitrogen atoms we focus at this
point only on the N K-edge curves and discuss the C K-edge together with
the changes in Section £.2.2] The total simulated spectrum of 2H-TPP (Fig.
[4.6b, middle) consists of the sum of two spectra with varying excitation cen-
ter, the iminic (bottom panel, dashed blue line) and pyrrolic (bottom panel,
solid green line) nitrogen species. The good agreement between experiment
and simulation allows the assignment of the 2H-TPP peaks (cf. Section [£.2.2)
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Figure 4.6: Comparison of experimental (top) and calculated (middle, bottom) NEX-
AFS spectra for the C-edge 2H-TPP multilayer spectrum (a), the N-edge 2H-TPP
multilayer spectrum (b) and the N-edge Cu-TPP multilayer spectrum (c). (d) shows
the calculated N-edge TPP spectrum. The middle panel displays the sum of all cor-
responding single spectra, in the bottom panel this total spectrum is split up into
its single components. The insets show the position and number of the atoms used

for the calculation of the respective spectra.

and shows that the identification of a molecule is possible with this method of
combining experimental and theoretical results.

In Fig. [4.6k the experimental 53°-spectrum of the annealed multilayer (top
panel) is compared with the simulated spectrum for the excitation of a co-
ordinated nitrogen atom in the Cu-TPP molecule (middle panel). Spectrum
shows the calculated N K-edge spectrum of a dehydrated 2H-TPP (de-
noted as TPP). At this point, even without a detailed peak analysis (which
will follow in Section £.2.2)), the similarities in shape and position of the ex-
perimental data with the peak structure of Cu-TPP and the discrepancy to
that of the TPP rule out a possible temperature-induced dehydration in favor

of the self-metalation.
The in situ metalation of adsorbed porphyrins with on top deposited metal-

atoms has been reported for Fe, Co, Ni and Zn atomsA420L03LSOMAY T e
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metalation of 2H-TPP with vapor-deposited Zn atoms requires annealing to
at least 510 K*® while the reaction of Fe, Co or Ni atoms with predeposited
porphyrin films already takes place at room temperature#4°Ld42 DET cal-
culations predict a lower activation barrier for Cu than for Zn®® which is in
accordance with our observations as temperatures of at least 420 K were re-
quired for the self-metalation process.

The incorporation of Cu atoms into the porphyrin macrocycle either re-
quires the presence of a significant amount of adatoms on the terraces or the
removal of copper atoms from the topmost substrate layer. For the Cu(111)
facet the adatom-vacancy formation energy was calculated to be approximately
2 eVI52153 while the adatom detachment from kinks requires only 0.76 eV 124
Mass exchange with the terraces by adatom extraction sets in at 500 K and
is already at 600 K the dominant mass transport mechanism.'*#%92 The ex-
change leads to a surface gas with a coverage of typically several percent of

200 Tn our case metalation takes place at

a ML in this temperature range.
420 K, which is a smaller temperature as compared with the values above.
We suggest that the presence of the organic species, already mobile at that
temperature leads to a reduction of the detachment barrier and attribute the
metalation to the incorporation of adatoms of the surface gas. Consistently,
a recent work explained the formation of metal-organic networks at 420 K on
the same surface with the incorporation of the surface gas adatoms>” Like-
wise, Gonzalez-Moreno et al. conclude that a high density of adatoms is one
of the factors which enable the self-metalation of 2HPPIX on Cu(110) and
Cu(100) at room temperature.™** Compared with the detachment of adatoms
the extraction of an atom from the topmost layer of the Cu(111) surface is
energetically more costly. Nevertheless, we cannot rule out this mechanism
completely as the formation energy of Cu-TPP (cf. Supporting Information
of ref. 55)) seems to be sufficiently high to permit the extraction of a surface
atom, in particular given that it is possible that the presence of a strongly
interacting porphyrin can reduce the necessary energy barrier. A very recent

publication by Doyle et al. backs this scenario.*®

So far metalation processes were typically shown for monolayers of free-
base porphyrins though in few cases also multilayers were metalated 2*435 Our
data show that self-metalation is possible for films whose thicknesses exceed
one monolayer which raises the question of the transport mechanism involved.
Three scenarios seem reasonable: The first is that the metalation only takes
place directly on the surface and diffusion of the metalated porphyrins within

the film leads to several layers of Cu-TPP. In the second scenario neither free-
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base nor metalloporphyrins are mobile but metalation happens in channels
consisting of stacked macrocycles. The first layer of 2H-TPP is metalated by
the substrate. All other free-base porphyrin layers are metalated by receiving
copper atoms from the already metalated Cu-TPP layer underneath. Another
possibility is the diffusion of copper atoms from the substrate into the por-
phyrin film, subsequently the metalation takes place both at the porphyrin-
copper interface and within the film. To our knowledge the metalation of
porphyrin multilayers so far has been done by evaporating metal atoms on
top of the predeposited molecules®®13% which leads to a diffusion of the metal
atoms into the film*® The opposite case, a diffusion of copper atoms from
the substrate into a film of on-top deposited organic molecules is reported in
ref. 159 From our data it is not possible to conclude which of the scenarios
is correct, however, interdiffusion of either molecules or copper atoms seems
more likely than metalation through porphyrin channels because of the rather
high formation energy of Cu-TPP (ref. [55] Supporting Information).

4.2.2 Electronic Properties

The conformation of metalated and non-metalated films, i.e., mono- and mul-
tilayers of 2H-TPP and Cu-TPP were investigated by using angle-resolved
NEXAFS measurements. NEXAFS allows to probe the unoccupied states and
to obtain information on the conformation of the adsorbed molecules. Our
analysis focuses on the interpretation of the 7* region as the decomposition of
the broad ¢* region in single excitations is less feasible. For aromatic groups
the 7* states consist of p, orbitals that lie perpendicular to the plane of the
aromatic structure. Their NEXAFS signatures depend on the incidence angle
0, i.e., the angle between the linear polarization of the light and the surface
normal. In this study all spectra were taken for three incidence angles (cf. Fig.
[4.0). For an aromatic 7* system lying coplanar to the substrate the correspond-
ing peaks theoretically should be maximal for # = 0 and minimal for § = 90°.%1
According to the building-block principle the spectrum of a molecule composed
of several subgroups can be divided in the signatures of the subgroups as long
as the corresponding orbitals are independent from each other'® Thus, the
assignment of the peaks in the measured NEXAFS spectra to the subgroups
of the molecule is crucial for the determination of the molecule’s conforma-
tion with respect to the surface. Although the multilayer spectra already have
been briefly discussed in Section [A.2.1] the peak assignment and discussion of
the angle-dependency have yet to be done.

Below 404 eV the N K-edge 7* region of the 2H-TPP multilayer (Fig. d.5h)
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shows five main peaks (A-E) with very similar angular dependencies. The
intensity of all peaks decreases with increasing incidence angle. The peak
assignment and determination of the conformation will be based on results of
the DFT calculations.

The simulated NEXAFS N K-edge spectra (Fig. [£.6b, middle and bottom
panel) are compared with the experimental curve (Fig. L.Gb, top panel) taken
at the “magic angle” as the calculation assumes a gas phase configuration, i.e.,
no specific direction of the polarized light is taken into account. The theoretical
2H-TPP spectrum (Fig. .6b, middle) is a superposition of the curves of the
iminic (Fig.[£6b, bottom, blue dashed line) and the pyrrolic (Fig.[Z0b, bottom,
green straight line) nitrogen species. The spectrum of the iminic nitrogen
is shifted upward in intensity in order to better see the structure of both
curves. The calculations were performed for all four nitrogen atoms without
symmetry constraints. Spectra and energies were nearly identically for the two
respective kind of nitrogen atoms, thus the displayed two spectra contain all
information. In the inset of Fig. [4.6b the two excitation centers are indicated
by a light (pyrrolic) and a dark (iminic) sphere, respectively. The spectrum
of the iminic nitrogen atom shows a four-peak structure below the ionization
energy, starting with a single transition (peak a) followed by three peaks with
alternating intensities (low-high-low, peaks b-d). This structure is followed by
a single peak (peak e) whose energy lies over the ionization threshold. The
pyrrolic nitrogen shows a similar signature that is shifted upwards by 2.1 eV
which is originating from the energy splitting of the N1s core levels according

to our calculations.

In each spectrum the first peak consists of a single transition to the LUMO,
while the following peaks consist of a multitude of transitions. A detailed
listing of the main contributions to the spectral features is given in Table 42|
The alikeness of the pyrrolic and iminic nitrogen spectra can be understood
by looking at shape and energy of the excited unoccupied orbitals which are
similar for the excitation of the two different nitrogen atoms. In Fig. 1.7 the
final state orbitals (of the transition potential calculation) of the four strongest
7* transitions as well as the LUMO+1 are displayed. The LUMO is located
mainly at the macrocycle with non-vanishing components at the respective
excitation center which explains the very strong oscillation strength for this
transition. The LUMO-1 has a similar shape, although the main contributions
are located not at the excitation center but at the other nitrogen species. The
missing overlap with the N1s orbital of the excitation center results in values

close to zero for the respective element of the transition matrix. The simulated
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Table 4.2: Peak assignment for the N1s peaks in the 2H-TPP NEXAFS spectrum,

only main transitions below the ionization energies are listed

Peak! Exp.i(eV) Comp.ii(evV) OSVv ECY Transition"!

A 397.6 398.04 vs =N- 1. (1s) — 159. (LUMO)
399.98 s =N- 1. (ls) — 162. (LUMO+3)

B 399.8 400.03 w  =N- 1 (Is) — 163. (LUMO+4)
400.17 vs -NH- 1. (1s) — 159. (LUMO)
400.19 w  =N- 1. (Is) — 168. (LUMO19)

C 400.7 400.74 vs  =N- 1. (1s) — 170. (LUMO{11)
402.12 s -NH- 1. (1s) — 162. (LUMO13)

D 401.6-402.3  402.20 w  -NH- 1. (Is) — 163. (LUMO+4)
402.34 w  -NH- 1. (ls) — 167. (LUMO8)
402.86 vs -NH- 1. (1s) — 170. (LUMO+11)

E  402.6-403.6  403.62 s -NH- 1. (1s) — 177. (LUMO+18)
404.12 w  -NH- 1. (Is) — 185. (LUMO+26)

iPeaks in experimental spectra (cf. Fig. 5]

iExperimental peak positions (as measured)

fiiComputated peak positions (shifted by -0.9 eV to match experimental spectrum)
VOS: Oscillation strengths: vs: very strong (> 0.001), s: strong (0.0005-0.001), w:

weak (0.0001-0.0005)

VEC: Excitation center: n = 0.5 in transition state calculation

ViTransition (orbital numbers), final state orbitals for strong and very strong

transitions are displayed in Fig. .7
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Figure 4.7: Molecular orbitals obtained from transition state calculations; (a, b)

2H-TPP, (c) Cu-TPP, excitation centers are marked by an arrow.
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orbitals are consistent with those in recently reported DFT calculations on
2H-TPP #1100

The comparison of the simulated and the experimental spectrum at this
point already allows a peak assignment for the nitrogen region of the measured
data (table[.2)). A closer analysis is done by applying the information from the
calculations to the fitting of the experimental spectra. In Fig. 4.8 we show in
an exemplary case how the nitrogen curves of the 2H-TPP multilayer (cf. Fig.
A5h) were fitted using three sets of Gaussian peaks. Two sets represent the
iminic and the pyrrolic nitrogen species, the third an additional background
accounting for the increase of the adsorption intensity around the ionization
energy.®Y Each of the two nitrogen sets consisted of four peaks modeling the
simulated spectra with a single peak at lower energies (peak a) followed by a
triple peak structure (peaks b-d). Within each set the intensities of the single
peaks have to follow the same angular dependence and energies and widths
were kept at fixed values relative to the first peak. Thus, the fitting procedure
only optimizes three independent parameters for the reproduction of the whole
7 range. Fig. 4.8h shows the result of the fit for the 53° curves. The experi-
mental data points (symbols) are well represented by the total fit (straight red
line) which is a sum of the iminic (dashed blue line), the pyrrolic (dotted green
line) and the background (dashed-dotted cyan line) sets. For obtaining such
a good overall agreement only slight changes to the calculated peak parame-
ters had to be introduced in the modeling of the nitrogen sets. In Fig. 4.8b
the analysis of the angle-dependence of the multilayer N-edge is presented.
The normalized intensities obtained by fitting the whole series (symbols) are
compared with curves that show the theoretically expected dependency of the
normalized intensities on the incidence angle 6 for several angles a between
the m-type resonance and the surface normal (cf. inset in Fig. E.8b) assuming
a threefold symmetry of the surface (black curves) that needs to be taken into
account to cover the possibility that the molecules are rotated by different az-
imuth angles. The measured NEXAFS curve is an average of the signals from
differently orientated molecules. Our assumption that the azimuthal orienta-
tion of the adsorbed 2H-TPP molecules follows the threefold symmetry of the
surface is corroborated by STM studies of 2H-TPP on Cu(111). At 77 K%
as well as at room temperature'® the molecules adsorb in only three different
azimuthal orientations, following the symmetry of the surface. The values in-
dicate a tilt of 40° for both kind of pyrrol rings (with and without hydrogen)
of the macrocycle.

The 7 region of the C K-edge multilayer spectrum of 2H-TPP (Fig. [d.3k)
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Figure 4.8: Fits for the experimental multilayer N-edge (a) and C-edge (c) region
(for clarity only the 53° curves are shown). The good agreement of the sum (red
continuous line) of all single fits (dashed and dotted lines) with the experimental
data (symbols) allows to determine the conformation of the molecules. Therefore
the dependence on the incidence angle € of the normalized intensities (symbols)
obtained from the fit are compared with the theoretical curves of a 7 system on a
threefold symmetric surface (black curves, b and d). The curves for different angles
« between orbital and surface normal assumed a linear polarization of 0.9. The inset
in (b) illustrates the angles involved in the measurement and analysis. The circle

symbolizes the conjugated system which is coplanar to the surface for o = 0.
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shows five main peaks with different angular dependencies (peaks F-K). The
comparison with the C-edge NEXAFS spectra of benzenc'®? and Zn-OEP%3
suggests that the measured curves can, according to the building block prin-
ciple, be deconvoluted in one part originating from the carbon atoms of the
macrocycle and another one coming from the phenyl rings. To verify this
assumption DFT calculations were performed for one phenyl ring and the
corresponding part of the macrocycle (Fig. B.Gh, inset) assuming a fourfold
symmetry of the molecule. The results for the macrocycle (continuous green
line) and the phenyl rings (dashed blue line) are exhibited in the bottom panel
of Fig. .0k, their sum is displayed in the middle panel where it can be di-
rectly compared with the experimental 53° curve in the top panel. Generally,
the calculated data are well reproducing all the main peaks of the measured
curves. Both spectra are dominated by two main features (G/H and g/h, re-
spectively), whose splitting is more dominant for the experimental (peaks G
at 285.0 eV and H at 285.4 €V) than for the theoretical data. As well, peak F
at 284.2 eV and peaks [-K at higher photon energies have direct counterparts
in the simulated spectrum (peaks f and i-k, respectively). Taking into account
the deconvolution of the computated spectrum in two parts originating from
the macrocycle and the phenyl rings (Fig. E.6h, bottom) it becomes clear that
peak F can be assigned completely to the macrocycle signal while peaks G and
H are mainly originating from the phenyl rings with small contributions from
the macrocycle which is in good agreement with NEXAFS data of porphyrins
without meso-substituents®*1% For them and the other peaks which are a
superposition of signals originating from both parts the total angular behavior
depends on the relative intensities of the contributing resonances. As a test
of our theoretical description of the carbon edge, the same fitting procedure
as was described for the N region has been applied for the analysis of the C
region. Again the differences between the calculated peak parameters and the
ones necessary for a good fit agreement are small. For example the intensi-
ties of peaks I, J and K of the experimental curve are similar while peak k of
the calculated spectrum is nearly twice as high as peaks i and j. The same
trend was observed for TD-DFT calculations of 2H-TPP.#! The analysis of
the angular dependencies (Fig. [L.8d) indicate an angle of .. = 40° for the
orientation of the macrocycle and an angle of a,;, = 55°-60° for the tilt of the
phenyl rings. We assume that a,y, is exclusively related to the rotation of the
phenyl groups (cf. Fig. E2]) without an additional tilt of the whole subgroup
out of the molecular plane. The value of «,,.. describes an average of the

signal of the two different kind of pyrroles in the macrocycle. 4. is used to
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Figure 4.9: Fits for the experimental 50° curves N-edge (a) and C-edge (c) region of
a 2H-TPP monolayer lead to the analysis of the normalized intensities (b, d) which
indicates a substantial distortion of the macrocycle. The theoretical curves (black
curves, b and d) assumed a threefold symmetric surface and a linear polarization of
0.82.

corroborate the information obtained from the fit of the nitrogen curves as a
further disentanglement of the carbon signal is not reasonable. The two values
for the macrocycle orientation obtained from the C and the N edge agree well
and confirm the validity of our analysis.

It has to be pointed out that in the multilayer case it is nontrivial to relate
the determined angles to the conformation of the molecules since the overall
orientation of the molecule in the film is unknown. The determined value only
describes the angle between the 7 system and the surface normal, but does
not differentiate whether it originates from a deformation of a molecule whose
macrocycle plane is parallel to the surface or from a tilt of the whole porphyrin.
Nonetheless the fits affirm the validity of the peak assignment based on the
results of the calculations. For both regions the overall shape of experimental
and simulated spectra are consistent even though the relative intensities of the
peaks fit only qualitatively and not quantitatively.
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The 2H-TPP monolayer spectra of the nitrogen (Fig. 5b) as well as of the
carbon (Fig. .5f) region differ greatly from those of the multilayer. Generally
all peaks appear broadened. This increase of the peak width can be explained
by shorter lifetimes of the excited states caused by fast charge transfer between
substrate and molecules. Although the broadening complicates the comparison
between the individual peaks of multi- and monolayer spectra several differ-
ences are evident. In the N K-edge spectra (Fig. L.0b) the first transition of
the multilayer spectrum (peak A) is missing completely. This resonance was
assigned to the transition from the 1s orbital to the LUMO of the iminic nitro-
gen atoms. Its quenching in the monolayer spectra indicates a static electron
charge transfer from the substrate to the LUMO during adsorption. This is
well conform with recent publications by Tseng et al. who also correlate the ab-
sence of the first resonance to a filling of the LUMO*%* and by Rojas et al. who
report on a charge transfer from the copper surface to the thereon adsorbed
2H-TPP molecules®® Instead of this quenched resonance a step is observed
which does not show any significant angular dependence. This, as well as the
fact that the step is very broad (2 eV) suggests that it is not composed of
resonances from molecular orbitals but stems from the substrate. This feature
possibly could originate from the strong coordination of the nitrogen to the
substrate, so that transitions to unoccupied metal-adsorbate-states are possi-
ble 192 Such states typically are characterized by a negligible angle-dependence
of their intensity, corresponding well with our findings. Furthermore, compared
with the multilayer the nitrogen spectra of the monolayer exhibit a noticeably
different angular dependence. The spectra show one main peak (peak C’) that
corresponds to peak C in the multilayer spectra, while peaks B’, D" and E’ are
part of the broad structure around the main peak and do not appear as clear
single peaks. For a quantitative analysis again a fitting procedure was applied
to the three monolayer curves, this time with peak parameters more freely
chosen to optimize the fit agreement. As peak C was completely assigned to
resonances of the iminic nitrogen (Fig. [A.8h) it seems reasonable that for peak
C’ the same is valid. It was found that indeed the best fit was obtained for the
assumption that peak C’ completely arises from the excitation of the iminic
nitrogen species while the rest of the peaks are assigned to pyrrolic nitrogen
resonances and the 6 independent step at 398 eV to an additional background
(Fig.@9h). This fit gives an estimation for the tilting angles of the macrocycle:
Qimi = 60° for the iminic and a,,, = 40° for the pyrrolic nitrogen (Fig. £.39b).

In the same way the carbon region is analyzed. Compared with the mul-
tilayer curves (Fig. L5k and Fig. L.8c) the intensities of the first resonances
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Table 4.3: Angles derived from NEXAFS measurements of mono- and multilayers of
2H-TPP and annealed 2H-TPP (Cu-TPP) samples. imi, Qpyrr and ceporq describe
the inclination of the pyrrole rings out of the macrocycle plane, whereas ayy, refers
to the rotation of the phenyl rings (see Fig. L.2]). To interpret the angles in terms of

adsorption geometry further information has to be taken into account (see text).

2H-TPP Cu-TPP
Qimi  Opyrr Qph Qcoord Qph
multilayer 40°  40°  55-60° 20-30° 60°
monolayer 60° 40° 20° 10-20°  40-50°

(which were assigned to macrocycle excitations in the LUMO) of the monolayer
spectrum (Fig. and Fig. L0c) are reduced or disappear completely which
supports the conclusion from the N-edge analysis that an electron transfer from
the substrate to the adsorbed molecule occurs. As the remaining structure is
very broad and the peaks are smeared out the fit of the carbon region turns
out to be difficult. However, it is possible to find a reasonable fit that main-
tains the general shape (though with broadened peaks) of the part associated
with the resonances of the phenyl rings while the main changes happen in the
remaining structure connected to the macrocycle excitations (Fig. E9c). As
with the nitrogen region the best fit is obtained for vanishing first macrocycle
resonances which are replaced by a (smaller) step not showing any angular
dependence (Fig. L9k, orange). For the macrocycle the fitting procedures give
an angle of .. = 40° while the angle related to the phenyl rings is a,, =
20°(Fig. E9c and d). Mono- and Multilayer angles are displayed in Table 4.3

Due to the problem with the fits of the broadened structures the exact
values of the angles may differ from those given here, nevertheless the general
trends are certainly reasonably well reproduced. It has to be pointed out that
the NEXAFS results alone are not fully sufficient to propose a conformational
model of the 2H-TPP on the Cu(111) surface, as it is not possible to determine
whether the pyrrole and phenyl rings point up or down. Taking into account

44)[49|[54,[134

former STM results of adsorbed porphyrins as well as calculations on

66 our data suggest a saddle-shaped confor-

the conformation of porphyrins,
mation where the iminic nitrogen atoms point towards the surface (v, = -60°,
the negative sign is used to emphasize the orientation towards the surface) and
the pyrrolic nitrogen atoms point upwards (ay,,» = 40°). Generally the phenyl

rings of a saddle-shaped tetraphenylporphyrin are pairwise rotated out of the
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(a) 2H-TPP (b) Cu-TPP

side view W

top view

Figure 4.10: Side and top view model of (a) a free-base porphyrin with a marked
saddle-shaped conformation, where the iminic nitrogen atoms are pointing down-
wards, i.e., with the nitrogen lone pair towards the substrate and the pyrrolic nitro-
gen atoms are pointing upwards and (b) a slightly saddle-shaped Cu-TPP conformer
with a nearly flat macrocycle (for the atoms the same color code as in Fig. A2l is
used).

macrocycle plane by an angle c,. Contrary to the multilayer, where the deter-
mined angle of a,;, = 55°-60° is in good agreement with the angles determined
by ab initio calculations®? of a tetraphenylporphyrin in gas phase (apn = 63°)
and by STM of porphyrins adsorbed on Ag(111)2%43 the strong distortion
of the macrocycle allows a rather flat orientation of the phenyl rings (a,, =
20°). The adsorption geometry of the saddle-shaped free-base porphyrin in the
monolayer is depicted in Fig/4.I0h.

At this point, it is instructive to discuss the interaction between the copper
surface and the iminic nitrogen as indicated by the combined data of XPS
and NEXAFS. In XPS the increase of electronic density in the surrounding
of an excitation center leads to a shift to lower binding energies. Thus, with
the iminic nitrogen near to the surface and a filling of the LUMO, one would
expect a pronounced downshift of the iminic signal (peak A, Fig. 1.3) during
adsorption. Instead a rather weak downshift appears. As explanation, we
propose a charge donation-backdonation process similar to the one discussed
in ref. The backdonation reduces the electron density in the vicinity of
the iminic nitrogens by an emptying of lower-lying o-orbitals. An alternative

explanation could be the formation of an intermediate complex in which the H
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Table 4.4: Peak assignment for the N1s peaks in the Cu-TPP NEXAFS spectrum,

only main transitions below the ionization energies are listed

Exp.i(eV) Comp.l(eV) Strengthi Transition'V
399.1 308.97 vs 1. (1s) — 173. (LUMO)
400.96 w 1. (1s) — 176. (LUMO+3)
400.3-400.9  401.00 w 1. (1s) — 177. (LUMO +4)
401.13 W 1. (1s) — 181. (LUMO8)
401.4 401.71 vs 1. (1s) — 184. (LUMO-+11)
401.72 W 1. (1s) — 185. (LUMO+12)
402.30 W 1. (1s) — 190. (LUMO17)

402.3 402.42 s 1. (1s) — 192. (LUMO-+19)
402.53 W . (1s) — 193. (LUMO+20)

—_

'Experimental peak positions (as measured)

iComputated peak positions (shifted by -0.9 eV to match experimental spectrum)
iiOscillation strengths: vs: very strong (> 0.001), s: strong (0.0005-0.001), w: weak
(0.0001-0.0005)

NVTransition (orbital numbers), important final state orbitals are displayed in Fig.

47

atoms are still present and the N are only partially bonding to the Cu atom,
which was suggested by Doyle et al. in reference [158. However, this situation
is not consistent with our NEXAFS data which show a broad, nearly angle-
independent step-like feature instead of the reported resonance at 398.8 eV
and thus is ruled out.

Now we proceed with the analysis of the Cu-TPP mono- and multilayer
samples. It has been reported that the differences between the NEXAFS spec-
tra of 2H-TPP on the one hand and Zn-TPP and Co-TPP on the other hand
are much more prominent in the nitrogen than in the carbon region.®! We
found this to be true also for 2H-TPP and Cu-TPP. The C K-edge spectra of
our 2H-TPP multilayer before (Fig. 5k) and after annealing to 420 K (Fig.
A5k) are very similar, only peaks F and H show a different angular depen-
dence. This indicates that changes upon annealing are mainly related to the

carbon atoms in the macrocycle, whereas the phenyl rings are not affected. In
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agreement with this assumption are the marked changes in the nitrogen multi-
layer between the 2H-TPP (Fig. L5h) and the Cu-TPP (Fig. L.5k) multilayer.
The first resonance (peak A’) is shifted upwards and the number of peaks is
reduced, which is expected for the coordinated molecule with only one nitrogen
species.

Both the simulated NEXAFS N-edge of an isolated Cu-TPP molecule (Fig.
A6k, middle) and the experimental 53° curve (Fig. L8k, top) show four res-
onances in the 7* region (398-403 eV). A well-separated transition (peak a’)
at 399.0 eV is followed by a threefold structure with a low-high-low intensity
profile (peaks b’-d’). Similar to 2H-TPP the intensity of peak ¢’ is overesti-
mated by the calculation. The calculated peak e’ at 403.9 eV has no directly
visible counterpart in the experimental data. It lies close to the ionization
threshold where the applied broadening may be to small compared with the
smeared resonances of the experiment. The shapes of the Cu-TPP final state
orbitals resemble those of the excited 2H-TPP molecule (Fig. A7) which is
an explanation for the similarity of the single nitrogen spectra. Like for the
free-base TPP the first resonance (peak a’) is associated with the transition to
the LUMO of the excited molecule. An assignment of the main transitions is
given in table L4

The fit of the nitrogen spectra give an angle of ayorq = 30° for the pyrrole
rings of the Cu-TPP multilayer while the fit of the carbon spectra give an
angle of ay,, = 60° for the phenyl rings and o, = 20°-30° for the macrocycle.

As the angles determined from the multilayer are not necessarily related
to the conformation of the molecule, but can also indicate a tilt of the whole
molecule in a disordered multilayer, the monolayer will be used to analyze
the adsorption geometry of the Cu-TPP on the surface. Compared with the
multilayer both the nitrogen (Fig.[4.5d) and the carbon region (Fig.L5h) of the
monolayer show a broadening of the peaks, though the changes are not quite
as big as for the 2H-TPP which indicates a weaker interaction of the Cu-TPP
with the copper substrate. In the N-edge spectra the first resonance (peak
A’) is not quenched which leads to the conclusion that no electron transfer
to the LUMO occurs in this case. The fit of the N-edge region is easier as
in the case of 2H-TPP but still not as convenient as for the multilayer. It
gives a tilting angle of 10°-20° for the pyrrole rings which means that the
macrocycle of the adsorbed Cu-TPP is considerably less distorted than that
of the free-base porphyrin. The analysis of the carbon region again proves
to be more difficult because of the peak broadening and the large number

of contributing resonances: the fit is divided in a macrocycle and a phenyl
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part which results in angles of oy, = 40°-50° for the phenyl rings and ;4. =
10°-20° for the macrocycle supporting the fit of the N-edge region. Table 4.3
compares the results of the mono- and multilayer fits with the respective values
of the 2H-TPP samples. The metalation thus leads to a conformational change
from a free-base porphyrin with a strongly deformed macrocycle and rather
flat phenyl rings to a Cu-TPP with a nearly planar macrocycle and stronger
tilted phenyl rings (Fig. £10b).

4.3 2H-P on Cu(111)

4.3.1 STM

Typical STM data of a 2H-P submonolayer recorded after room temperature
deposition onto Cu(111) are shown in Fig. LTIl The porphines are imaged
as bright protrusion and the size of the features indicates adsorption with the
macrocycle plane aligned parallel to the surface. The molecules exhibit a de-
pression in the center and appear two-fold symmetric at positive and negative
biases (see Fig. MITh and b). The main molecular symmetry axis is defined
by the two bright protrusions of the macrocycle (dashed lines in Fig. L.1Th)
and the secondary axis by the opposing dimmer corners (solid lines in Fig.
MITh). The bright protrusions are caused by an electronic effect and mark
the positions of the two inner hydrogens as deduced from deprotonation and
tautomerization experiments in analogy to 2H-P on Ag(111)* and 2H-TPP
on Ag(111)2% Thus, the central macrocycle pocket does not deprotonate
upon adsorption on Cu(111) at room temperature. The three dense-packed
symmetry directions of the Cu surface (marked with solid lines in Fig. A.1Th)
were extracted from atomically resolved images. As for 2H-P/Ag(111)*® the
secondary axis of the porphines is aligned with the substrate’s dense-packed
<-110> directions, resulting in three equivalent orientations highlighted by the
solid colored lines in Fig. A.1Th.

Annealing the sample to 423 K drastically modifies the appearance of all
the porphines (see Fig. 11k and d). The center is now imaged as a protrusion
and the molecules exhibit a less prominent two-fold symmetry. This change
in contrast upon annealing is assigned to a deprotonation of the porphine’s
center related to a self-metalation with Cu atoms provided by the surface.
Reactions with surface atoms leading to metalated porphyrin species were

already observed under comparable conditions.”®** U2 The central molecu-
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Figure 4.11: STM images*®? of porphines on Cu(111) recorded at T ~ 6 K. (a)
Overview of 2H-P on Cu(111). The main axis of the molecules is defined by the two
bright protrusions (dashed lines). The molecules are oriented with their secondary
axis (marked with a solid line for three molecules) along the dense-packed directions
of the single crystal surface indicated by the star in the bottom right (Up=-1.3 V,
[;=0.08 nA, 20x10 nm?). (b) Detailed image of 2H-P showing submolecular res-
olution (Up=-0.2 V, [;=0.08 nA, 1.7x1.6 nm?). (c) Overview of porphines after
annealing to 423 K. In contrast to a) and b) the molecules show a central protru-
sion pointing to metalated species while the molecular orientation on the surface is
unchanged (U,=-1.35 V, [;=0.1 nA, 20x10 nm?). (d) Submolecular resolution of a
single Cu-P (Up=-0.2 V, I;=8.3 nA, 1.7x1.6 nm?).

lar protrusion (see Fig. L.11d) is most likely caused by an incorporated Cu
atom since Cu-P/Cu(110) shows a very similar feature,"™ which is absent for
2H-P 1% The two-fold symmetry of Cu-P/Cu(111) which prevails at all biases
is presumably resulting from the interaction with the substrate. A similar
symmetry reduction has been observed for Cu- and Co-phthalocyanines (Pc)
on Cu(111)1™ Recent DFT calculations reveal a planar molecular confor-
mation where the two-fold symmetry of Co-Pc originates from an electronic
effect due to the different adsorption geometries of the two molecular axes
Earlier studies report a minute non-planar deformation of Co-Pc/Cu(111) con-
tributing to the symmetry reduction by lowering one molecular axis by about
0.2 A towards the substrate @ Since Cu-P adsorbs in a similar fashion as
Co-Pc and Cu-Pc on Cu(111), namely with the darker molecular symmetry
axis aligned with the dense-packed directions of the substrate, the coupling
to the substrate is assumed to cause the two-fold symmetry. Our NEXAFS
data exclude a considerable molecular deformation as the origin of the sym-

metry reduction (see below). At submonolayer coverages the porphines do
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Figure 4.12: Comparison of experimental (histograms) nearest neighbor distributions
with a calculated distribution (solid line) of porphines on Cu(111) before (a) and after
self-metalation (b). The intermolecular distances were extracted from STM images
as represented in Fig. [ TTl The histograms for 2H-P and the Cu-P clearly resemble
each other, both evidence a narrow nearest neighbour distribution centered around
1.5 nm. This observation is consistent with the very similar interface structure for
both species. The solid lines in (a) and (b) represent a distribution calculated for
random adsorption using the constraints that the particles cannot overlapp, i.e., the
minimal intermolecular distance was set to 1.11 nm. It should be noted, however,
that this simple approach does not reflect the precise shape and symmetry of por-
phines. This procedure is based on the “Spatial Analysis Utilities S.A.U.“ software.
The comparison of calculated and experimental distributions clearly reveals that
the experimental data are not consistent with a random adsorption, but evidence a
short-range repulsive interaction between the porphines for both the 2H-P and Cu-P

species.
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not assemble into islands, neither before nor after metalation. Individual por-
phines distributed across the entire surface (Fig. d.11k) are observed despite a
considerable molecular mobility under preparation conditions evidenced by a
decoration of the steps. This behavior is similar to the cases of 2H-P/Ag(111)*
and 2H-TPP/Cu(111)1%1% where repulsive intermolecular interactions were
reported. Indeed, an analysis of nearest neighbor separations presented in the
Fig. reveals a short-range repulsion for both 2H-P and Cu-P/Cu(111).
Such repulsive interactions are frequently related to charge redistribution at
the molecule/substrate interface, hence the STM data are consistent with a
charge transfer from the Cu to the porphine for the free-base and the metalated
species. Thus the absence of strong attractive intermolecular forces overriding
the repulsive interactions prevents a 2D self-assembly of porphine aggregates
or nanostructures on Cu(111).

4.3.2 XPS

Thanks to its sensitivity to changes in the chemical environment of an atom,
XPS is a very valuable tool for monitoring the chemical state and metalation
of porphyrins and phthalocyanines 250

After the in vacuo deposition of 2H-P films of varying coverages by organic
molecular beam epitaxy the composition of the samples was checked with XPS
to exclude contaminations. Working at room temperature it was not possible
to grow thick multilayers, i.e., films of thicknesses exceeding two layers could
not be obtained at this temperature with the OMBE. In the following we refer
to this maximum coverage as bilayer, even though the intrinsic uncertainty of
the coverage determination could be as high as half a ML.

The N1s XP spectrum of a 2H-P bilayer (Fig. £.13b) shows two main peaks
(A and B) and two additional broad features (C and D) with lower amplitudes.
By comparing the binding energies (Ep) with the calculated ionization energies
of the isolated free-base porphine (Fig. E.13h), peaks A (Ep = 398.2 V) and
B (Ep = 400.3 €V) can be directly assigned to the iminic (=N-, peak A) and
the pyrrolic (-NH-, peak B) nitrogen species, respectively, in agreement with
former experimental results on free-base porphyrins.>*149 Features C (Ep =
401.5 eV) and D (Ep = 403.5 eV) are assigned to shake-up satellites.” They
are not reproduced by the calculation as multi-electron processes are not taken
into account.

After annealing the sample to 373 K (Fig. £13k) a new component (peak
E) at Egp = 398.9 eV emerges, while peaks A and B are still present, al-
though with reduced intensity. The binding energy is typical for a metallo-

7



Chapter 4: Self-Metalation

(a) Calc.

1 NCu
" e
O 1 1 1 1
408 406 404 402
3FO)RT 5 A A

Intensity (arb. units)

N =

O arsp ity ;
404 402 400 398 396
Binding Energy (eV)

Figure 4.13: Nl1s XP spectra of 2H-P on Cu(111). The (a) calculated ionization
energies of isolated 2H-P (=N- and -NH-) and Cu-P (NCu) allow the assignment of
the experimental N1s XP spectra (b-e). The two peaks of (b) a freshly prepared
bilayer of 2H-P are assigned to iminic (A, blue) and pyrrolic (B, green) nitrogen
species. By stepwise annealing to (c¢) 373 K, (d) 393 K and (e) 433 K additional
peaks (E and E’) appear which are assigned to coordinated nitrogen atoms in Cu-P
in the first (E’, orange) and second (E, red) layer. STM images and ball-and-stick
models of the molecule before (top) and after (bottom) the metalation illustrate the

change.
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porphyrin with chemically equivalent nitrogen species whose binding energy
lies between the values corresponding to the iminic and the pyrrolic nitrogen
as it is shown by our calculation (Fig. E.I3h) and consistently with previous

reports 51 EST2L35141

Further annealing to 393 K (Fig. LI3H) eliminates components A and B,
leaving a single broad peak. Even though no overlapping components can
be clearly resolved, the shape and FWHM of the peak suggest that it entails
more than one chemical species. It is therefore fitted with two Voigt curves.
While peak E clearly belongs to the coordinated nitrogen species in Cu-P,
the origin of the component at lower binding energy (Ep = 398.2 V) is not
obvious. If, as its binding energy would suggest, it stemmed from unreacted
iminic nitrogen atoms this would implicate a non-intact molecule, since the
pyrrolic component nearly vanishes. In this case the broad feature at 393 K
would stem from a mixture of metalated and deprotonated porphine molecules.
However, after further annealing to 433 K only one sharp peak (E’ at Ep =
398.3 eV) is left. At the same time the total area of both Cls and N1s spectra
is reduced, pointing to a desorption of second layer molecules with just one

layer remaining.

The STM data of a submonolayer sample shows only metalated species
after annealing to 433 K, therefore we assign E’ to coordinated nitrogen in
Cu-P whose core level binding energies are shifted by -0.6 eV to lower binding
energies. For elements in a similar chemical state but adsorbed in the first,
respectively second layer on a metal surface such shifts between the respective
signals are explained with polarization screening by the metallic substrate.™
The value of the shift points to a weakly chemisorbed Cu-P and is in the
range of adsorbed tetrapyridylporphyrin (TPyP) on Cu(111) (-0.5 €V for the
macrocycle, -0.8 eV for the pyridine}* and Cu-TPP on Cu(111) (-0.4 €V,
cf. previous section).”® It can be expected that peak E’ is also present in Fig.
13k, but since it has the same binding energy as iminic nitrogen (peak A), an
unambiguous interpretation is not possible. However, carrying out the fitting
for Fig. 413k with the restraints that peaks A and B have the same intensity
the introduction of peak E’ is necessary to obtain a reasonable agreement
with the experimental data. Since the metalation process occurs for first layer
molecules, the presence of peak E’ in the Fig. .13k spectrum contributes to
a consistent picture of the metalation process. It should be noted that the
fitting of the broad peak in Fig. is not unambiguous. The fit presented
here agrees with our peak assignment since the area underneath peak E’ does
not change substantially upon annealing to 433 K (Fig. EI3k), as it should be
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Figure 4.14: The comparison between (a) a multilayer grown at low temperature
and (b) a submonolayer of 2H-P on Cu(111) reveals that the N1s XP spectra shift
less than the Cu-P data. The angular dependence of spectrum (b) is analyzed in
Fig. Annealing to (c¢) 373 K and (d) 393 K leads to a reduction of the pyrrolic
nitrogen signal (peak B), while the signal of the iminic nitrogen (peak A) seems to
increase. This change is ascribed to the appearance of an additional species (peak
E’), the metalated Cu-P, which appears at the same energy as the iminic nitrogen

peak.
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the case for the metalated species in the first layer.

To clarify the question why the iminic and the pyrrolic nitrogen species
do not show shifted components for the first and second layer we conducted
additional measurements. The comparison between the N1s binding energies
of a multilayer and a submonolayer of 2H-P (Fig. [1.14]) shows that peak A
(=N-) hardly shifts, a phenomenon that was already observed for 2H-TPP
and attributed to a donation-backdonation effect (see previous section). Peak
B (-NH-), on the other hand, exhibits a slight shift of 0.2 eV to lower binding
energy, which is consistently reflected in a moderate broadening of peak B
in Fig. £13b. The fitted curves for the iminic and pyrrolic species in Fig.
EI3b and I3k therefore include both first and second layer contributions.
We refrain from displaying those components separately as single curves as
was done for the metalated first (E’) and second layer (E) molecules in Fig.
13k and [£.13d, because it would overload Fig. .13k with details. The absence
of shifts for the non-metalated porphines will be discussed together with the
NEXAFS results in section [£.33]

Additional evidence for the assignment of the two components in the spectra
of the bilayer sample annealed to 393 K (Fig. 13d) is provided by the spectra
corresponding to a 2H-P submonolayer after annealing to 393 K. The Nls
region (Fig. [L14]) consists of a single peak with a much smaller width than
the peak in Fig. E13d, consistent with the presence of two species in the
annealed bilayer sample (Fig. £13d). These results further corroborate our
interpretation of the spectrum in Fig. and rule out other explanations
such as the formation of an intermediate state, since peak E (which is not
present in the annealed submonolayer data) clearly does not originate from
molecules in contact with the Cu(111) substrate. In addition, they indicate
that a temperature of 393 K is sufficient to metalate all the porphines.

In our study temperatures of 363-373 K were necessary to trigger the met-
alation reaction which is in agreement with Haq et al. whose temperature pro-
grammed desorption measurements for 2H-P/Cu(110) indicate a metalation
for temperatures between 360-420 K™ These values lie slightly below the
reported value of 400-420 K for the onset of the self-metalation of the more

504178 A

extended 2H-TPP molecule on Cu(111) (see previous section). recent

study by Ditze et al. determined the activation energy for the self-metalation
process of 2H-TPP on Cu(111) to be (1.48 4 0.12) eV ,* which can be regarded
as an upper limit for the activation energy in the present case.

The possibility to metalate second layer molecules (Fig. A.13H) raises the

question of the transport mechanisms involved and, consequently, the origin of
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Figure 4.15: The peak ratio between the iminic and the pyrrolic nitrogen species in
the N1s XP spectra of a submonolayer of 2H-P on Cu(111) is angle-dependent. Per
default, spectra are taken in normal emission mode (45°, b). Changing the angle
to 20° (a) reduces the dichroism. At 70°(c) the peak ratio is one. This effect can
be attributed to a photoelectron diffraction effect. At low coverages the porphines
do not cluster but adsorb in well-defined positions (cf. STM results). Therefore
the environment for each nitrogen atom is the same thus enabling the coherent
superposition of scattered photoelectron waves with the directly emitted component.
This interpretation is consistent with the adsorption of 2H-TPP on Cu(111) (Section
A2 and 2H-P on Ag(111)48
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the incorporated copper atom. Three possibilities were given in the previous
section for the multilayer metalation of 2H-TPP: 1) On-surface metalation
followed by a diffusion of the metalloporphyrins within the film, 2) Diffusion
of copper atoms from the substrate into the porphyrin film and 3) On-surface
metalation followed by a metalation of top layer molecules through stacked
macrocycles. Our interpretation of Fig. 1.13kc excludes the latter option, as
metalation through stacked porphines can not lead to a higher amount of met-
alated molecules in the second than in the first layer. We cannot discriminate
between the two other possibilities with our present data. The fact that we
were not able to grow thick multilayers at room temperature points to only
weakly interacting molecules in the second layer, hence it seems not unplau-
sible that the molecules are highly mobile at room temperature, which favors
the first explanation.

4.3.3 NEXAFS

The changes in molecular conformation and electronic structure of 2H-P dur-
ing the annealing process were monitored by angle-resolved NEXAFS spec-
troscopy.

For aromatic systems like porphine the 7* states are derived from p, orbitals
lying perpendicular to the molecular plane and are more easily interpretable
than the broader ¢* resonances. The intensities of all NEXAFS features de-
pend on the incidence angle 6, i.e., the angle between the linear polarization
of the light and the surface normal. For an aromatic 7* system lying parallel
to the substrate the intensity of the corresponding transitions in the spectra
exhibits a maximum for § = 0 and vanishes for § = 90°.%4

Fig. shows the nitrogen (a-e) and the carbon (f-j) K-edge NEXAFS
curves for the same samples that were discussed in subsection d.3.2] A detailed
peak assignment, the discussion of the single resonances and final orbitals of
2H-P will be addressed in Chapter [7]

The 7* region of the nitrogen spectra of the 2H-P bilayer (Fig. L.16b) ex-
hibits five maxima (A-E). The DFT-calculation in Chapter [7] show that the
spectrum can be deconvoluted in resonances originating from the two inequiv-
alent nitrogen atoms. In particular, peak A at 397.8 eV corresponds to a
single transition from the core level of the iminic nitrogen to the LUMO. The
peaks at higher energies typically incorporate several resonances. Contrary
to HyTBrPP on Cu(111)*® the NEXAFS spectra of the room temperature
deposited 2H-P bilayer match those of a porphyrin multilayer,**1°% thus for

the adsorption of 2H-P on Cu(111) we have no indication for the intermediate
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Figure 4.16: Angle-resolved N (a-e) and C (f-j) K-edge NEXAFS spectra of (a)/(f)
a submonolayer of 2H-P (recorded at RT') varies considerably from those of (b)/(g)
a bilayer of 2H-P, indicating a strong interaction with the substrate. Annealing the
bilayer to (c)/(h) 373 K and (d)/(i) 393 K leads to a change of the spectra which
are assigned to the formation of Cu-P. Further annealing to (e) 433 K reduces the

coverage to a (sub)monolayer of Cu-P. The insets illustrate the incidence angle 6.
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state found by Doyle et al %8

After annealing to 373 K (Fig. [£10kc) peak A decreases and an additional
feature (F) appears between peaks A and B. Increasing the temperature to
393 K leads to a further growth of peak F at 393 K (Fig. 16d) which, taking
into account the conclusions drawn from the photoemission data, is assigned
to the already metalated nitrogen species. Generally, the spectra in Fig.
show a reduced number of maxima and the first peak is shifted by 0.6 eV
to higher energies compared to peak A in the spectrum of the 2H-P (Fig.
HEI6b), which is typical for metalloporphyrins®™*1#2158 and therefore corrobo-
rates the conclusion drawn from XPS that at 393 K all 2H-P molecules are
metalated. Raising the temperature further to 433 K (Fig. EI6k) which, ac-
cording to the XPS data, leads to the desorption of the second layer molecules
results in a profound change of the curves, namely a broadening of the 7*
resonances and a partial quenching of the first peak. We find a similar be-
havior for a submonolayer of 2H-P (Fig. EI6h). The broadening points to a
strong molecule-substrate interaction. We assign the partial quenching of the
respective first resonance in Figs. and to the partial filling of the
LUMO by an electron transfer from the substrate to the molecules. Both in-
terpretations are consistent with DF'T calculations by Dyer et al. who reported
that the chemisorption of 2H-P on Cu(110) is related to an electron donation-
backdonation effect ™ The same observations were reported for the phenyl
meso-substituted 2H-TPP on Cu(111),°%%33 while for Cu-TPP on Cu(111) no
such charge transfer could be observed (see previous section). Because of its de-
formed adsorption geometry, the nitrogen atoms of the macrocycle of 2H-TPP
come closer to the surface than in the case of Cu-TPP. Both the 2H-P and
Cu-P macrocyclic compounds, however, can approach the surface to a smaller
distance which is consistent with the strong interactions leading to the electron
transfer from the Cu(111) to the LUMO of Cu-P.

Both sets of (sub)monolayer curves (2H-P in Fig. and Cu-P in Fig.
M.IGk) exhibit the same angular dependencies: the peaks in the 7* region
are maximal for § = 25° (solid line), decrease for the magic angle of § = 53°
(dashed line) and vanish for = 90° (dotted line) apart from the intrinsic steps
in the NEXAFS spectra. As described above, this points to a flat adsorption
geometry, coplanar to the surface for both 2H-P and Cu-P. With the resolution
of the N K-edge data, a deformation of the macrocycles of up to 10-15° cannot
be excluded at this stage. In Fig. [£16b-d, the small contributions in the
90°-curve indicate that for coverages exceeding one monolayer the molecules
partially start to tilt rigidly and/or deform.
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Figure 4.17: Comparison of experimental (a and c) and simulated (b and d) C K-

edge NEXAF'S spectra. Calculated resonances (bars) were broadened (solid line) to

allow a better comparison with the experiment. The experimental 53°-curve of (a) a
2H-P bilayer is well reproduced by (b) the calculation for an isolated 2H-P molecule.
Annealing to (c) 393 K leads to a change of peaks B and C in the measured data.

The assignment to the formation of Cu-P is corroborated by (d) the simulated Cu-P

spectrum.
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The analysis of the C K-edge spectra (Fig. I6}-j) provides a picture of
the annealing process consistent with the data of the nitrogen region. The
7* region of the bilayer at RT (Fig. .10k) exhibits five features A-E. Upon
annealing to 373 K (Fig. £16h) and 393 K (Fig. L10k) mainly peaks B and
C are affected in a systematic way while peaks A, D and E remain nearly
the same. Peak B of the freshly prepared 2H-P-sample (Fig. 4.10k) is located
midway between peaks A and C. Annealing to 373 K causes a partial shift
of peak B towards peak C (Fig. I6h). After increasing the temperature to
393 K, peak B has vanished completely and is replaced by peak B’ at higher
binding energies (Fig. [L16i). As was the case for the NEXAFS data of the
nitrogen region, the spectra at 373 K can be understood to be an average
of the curves of the pristine 2H-P and those of the newly formed, chemically
different species at 393 K. As could be expected for a rigid molecule, the
angular dependencies in the carbon region follow those in the nitrogen region,
again indicating a flat adsorption geometry for molecules in direct contact with
the Cu(111) surface.

To confirm that these changes are indeed related to the formation of Cu-P,
the experimental 53°-curves of the bilayer of 2H-P before (Fig. A17h) and after
annealing to 393 K (Fig. I7c) are compared to simulated spectra derived
from DFT calculations which were carried out for isolated 2H-P (Fig. EET7b)
and Cu-P (Fig. @I7d) molecules. Since molecule-substrate interactions are not
taken into account in our calculation, the simulated spectra are compared only
to the experiments with the highest coverages, assuming that in these cases the
copper surface does not directly influence the porphines in the second layer.
The comparison with the free-base porphine yields a very good agreement
between the measured and the simulated data. All experimentally observed
features (A-E) can be assigned directly to their calculated counterparts (a-e).
The Cu-P spectra show a distinct difference with respect to the ones of the
free-base molecule for peaks B/C and b/c, respectively, in close analogy to
the C K-edge spectrum of Ni-P.”¥ The calculated spectra reflect the changes
that were observed in the experiment, especially the disappearance of peak b
which is assigned to the iminic nitrogen species (cf. Chapter [[). Thus we can
conclusively assign the change in the experimental spectra to the formation of
Cu-P. Similar to the case of the N K-edge spectra, the curves in the carbon
region (Fig. [LT6]) are broadened for coverages of one monolayer and below and
the first resonance is partly quenched which corroborates the conclusions that
the molecules are chemisorbed on the Cu(111) surface and undergo an electron

transfer from the surface.
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Finally, it is instructive to compare the results obtained with the different
methods. The conclusion of an identical interaction of the free-base and met-
alated porphines with the copper surface is supported by STM and NEXAFS
observations, but at variance with the XPS data analyses. As described be-
fore, the N1s binding energies show a shift from first to second layer molecules
for Cu-P, but not for 2H-P. Generally, two effects contribute to the layer-
dependent shifts of photoemission peaks: The polarization screening of the
core hole by electrons from the metal substrate and additional charge trans-
fer(s) between surface and molecules. The shift of -0.6 eV for the Cu-P peak
is consistent with polarization screening shifts observed for Cu-TPP (Section
E2) and 2H-TPyP* on Cu(111) and 2H-TPP on Ag(111) and Au(111).*%
It is known for 2H-TPP on Cu(111) that both the iminic and the pyrrolic
components shift upwards compared to the respective peaks on Ag(111) and
Au(111)1* Consequently, the components of the iminic nitrogen in multilay-
ers and (sub)monolayers of 2H-TPP/Cu(111) have the same binding energy
while the peak of the pyrrolic nitrogen is slightly shifted downwards with re-
spect to the multilayer*™ This is very similar to our present study with the
difference that both components appear unshifted. We follow the explanation
in Section 4.2l where we attributed the upwards shifts to the electron backdona-
tion from the molecule to the substrate 33 We relate the similar shifts of both
nitrogen moieties to the difference in adsorption geometries: While 2H-TPP
adsorbs on Cu(111) in a strong saddle-shape conformation (cf. Section £.2),
which brings the iminic nitrogens in closer proximity to the Cu(111) substrate,
the distance to the substrate is the same for both kinds of nitrogen atoms in the
2H-P. The assumption of an electron donation-backdonation effect for 2H-P is
consistent with DFT calculations by Dyer et al. for 2H-P on Cu(110).** The
interpretation of the Cu-P data suggests an electron transfer to the LUMO of
the molecule, but either no backdonation occurs or it is not associated with
orbitals located at the nitrogen atoms of the copper porphine. However, we
cannot rule out a small backdonation as the value for the polarization screening

may even exceed -0.6 eV.

4.4 Conclusions

The results presented in this chapter demonstrate that a combination of the-
oretical and experimental spectroscopy techniques allows a detailed analysis

of the differences between mono- and multilayer films of metalated and non-

metalated porphyrins. All points raised in the three objectives formulated in
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Section [4.1] could be addressed by this systematic approach.

(i) The first issue was to study the interaction between the free-base por-
phyrins and the Cu(111) surface. For 2H-P and 2H-TPP on Cu(111) the
NEXAFS signatures differ substantially between mono- and multilayers. The
spectra of the monolayer samples appear broadened, indicating a strong in-
teraction with the surface. In addition, the first peak in both the nitrogen
and the carbon region is quenched, which points to an electron transfer from
the substrate to the LUMO of the molecules. The effect is more pronounced
for 2H-TPP than for 2H-P, indicating only a partial filling of the LUMO of
the porphine. 2H-TPP molecules in direct contact with the Cu(111) surface
adsorb in a strongly saddle-shaped conformation, i.e., a deformed macrocy-
cle where the iminic nitrogen (=N-) atoms are pointing towards the surface,
while the pyrrolic nitrogen (-NH-) atoms point upwards, combined with nearly
flat phenyl rings. The different distances between the two inequivelant ni-
trogen atoms and the copper substrate lead to different interactions with the
surface, which is reflected in different shifts of the respective N1s XPS peaks
between monolayer and multilayer data. The peak of the pyrrolic nitrogen in
the first layer shifts downward by -0.5 eV which is consistent with a polariza-
tion screening of the surface, while the iminic species only exhibits a slight
shift of -0.1 eV. The latter observation points to a strong interaction of the
iminic nitrogen with the surface, either by the formation of an intermediate
complex or via a donation-backdonation effect, i.e., the downward shift due to
screening is neutralized by an upward shift caused by an additional electron
transfer from the molecules to the substrate. All observations point to a strong
interaction of the iminic nitrogen with the surface, either by the formation of
an intermediate complex or via a donation-backdonation effect. In marked
contrast to the adsorption of 2H-TPP, 2H-P on Cu(111) adsorbs undeformed
and parallel to the surface, highlighting the influence of the phenyl substituents
on the conformation of the macrocycle. Consequently all atoms have the same
distance to the substrate, leading to similar interactions with the surface for
both nitrogen species.

(ii) One main issue in this chapter is the self-metalation, which was estab-
lished as an alternative approach to the conventional metalation technique of
co-depositing metal atoms and porphyrins. It was shown that on Cu(111) self-
metalation, i.e., the direct metalation of free-base porphyrin molecules with
substrate atoms, is possible for both the phenyl substituted 2H-TPP and the
free-base porphine (2H-P). Annealing of 2H-TPP and 2H-P mono- and multi-
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layer films to a temperature of 420 K (2H-TPP) and 360-393 K (2H-P) leads
to changes in XPS and NEXAFS signatures which are mainly related to the
atoms in the macrocycle. By comparing the experimental data to XPS results
and NEXAFS spectra obtained by transition potential DFT calculations these
changes are attributed to the coordination of the nitrogen atoms with copper
from the substrate. A detailed peak assignment of the experimental data could
be achieved (for 2H-P this will be shown in Chapter[7)). For the TPP molecules
the comparison of the experimental NEXAFS curves with the simulated spec-
tra shows that the main transitions and final state orbitals are very similar
for 2H-TPP and Cu-TPP, suggesting that the dissimilarity of the respective
monolayer spectra originate from differences in the interaction of free-base and
metalloporphyrins with the substrate. It could be shown that it is possible to
metalate more than one layer of porphyrins, demonstrating that the desorption
temperature of the metalloporphyrins lies above the temperature needed for
triggering the self-metalation reaction. No direct evidence for the transport
mechanisms could be obtained in this chapter, though the results in Chapter [7]
indicate that the distance of the nitrogen atoms to the substrate in an impor-
tant parameter for the probability of the copper atom capturing. By raising
the temperature further, the metalloporphyrins in higher layers desorbed with
only one remaining monolayer. This approach does not only allow to com-
pare the free-base porphyrins with their metalated counterparts, but gives the
possibility to study the influence of the surface on the molecular properties
of the metalloporphyrins. After the publication of Section B2 other groups
used self-metalation as well, e.g., by studying the activation energy of the self-
metalation reaction of 2H-TPP(Cu(111) > Nowakowski et al. reported that
for 2H-TPP/O/Cu(001) on-surface self-metalation of 2H-TPP sets in at a lower
temperature’®” and Goldoni et al. found that self-metalation is also possible
on Ni(111) and Fe(111) surfaces.*® The metalation of 2H-TPP to Cu-TPP
leads to a change in both molecular conformation and molecule-surface inter-
action: The Cu-TPP exhibits an only slightly saddle-shaped macrocycle and
tilted phenyl rings and contrary to the free-base case no electron transfer to or
from the molecule could be observed. For Cu-P (which remains flat), however,
the NEXAFS results indicate the same interaction with the Cu(111) surface
as for 2H-P, even if the XPS do not show any indication for a possible charge
backdonation.

(iii) This leads to the conclusion that the modified interaction of Cu-TPP

with the Cu(111) surface is the result of the conformational change upon an-
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nealing: The tilted phenyl rings prevent the macrocycle from coming close
to the surface, while the flat conformation of Cu-P allows a closer proximity
to the substrate, which promotes charge transfer. From the results reported
in this chapter (see also summary in Fig. B]) we can conclude the following:
(1) The distortion of the macrocycle is determined by both the presence of a
metal center and substituents. (2) The proximity of the macrocycle or parts
thereof (cf. strong saddle-shape which leads to a small N-Cu distance) is essen-
tial for the occurrence of charge transfer. The rotated phenyl rings of Cu-TPP
“lift” the macrocycle upwards, which does not allow electron transfers between

surface and molecule.
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Chapter 5

Metalation with Ru3(CO);s

5.1 Introduction

The self-metalation described in the previous chapter is a simple method for
the in situ metalation of free-base porphyrins. However, its use is limited by
the substrate material. So far, self-metalation of porphyrins has only been
reported for copper (Chapter d and ref. [137,[180), nickel*™® and iron’™ sur-
faces. A different approach was very recently reported by Papageorgiou et al.
who employed a metal-organic chemical vapor deposition approach to metalate
cyclodehydrogenated 2H-TPP on Ag(111) using the organometallic precursor
molecule ruthenium dodecarbonyl, Ruz(CO)s (Fig. BIk)2#Y The cyclodehy-
drogenated 2H-TPP, in the following denoted as 2H-TPP, is a derivative
of the meso-tetraphenylporphyrin 2H-TPP (Fig. EIk), obtained by annealing
2H-TPP films on Ag(111) to temperatures of at least 550 K" While the
annealing procedure can give rise to four different cyclodehydratation prod-
ucts, STM micrographs show that the prevalently occurring compound is the
2H-TPP* depicted in Fig. 5.Ib. M8 The advantage of this metalation technique
is the easy handling of Rus(CO)2, which is volatile under UHV conditions and
therefore it can be dosed on the surface by simply opening the valve which sep-
arates the sample and the compound container. In contrast, the use of a metal
evaporator for the deposition of ruthenium is technically challenging because
of the high sublimation temperature of Ru. The multitechnique study of Pa-
pageorgiou et al. showed that by cycles of exposure of a layer of 2H-TPP*? to
Ruz(CO);2, followed by annealing to 550 K, all free-base species transformed
to ruthenium porphyrins without leaving by-products (such as CO) on the
surface. However, the metalation did not occur in a single step. After the first
cycle of dosing Ru3(CO);2 and annealing, only half of the porphyrins were
metalated and the procedure had to be repeated to obtain a fully metalated
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Figure 5.1: Structural formulas of: (a) meso-tetraphenylporphyrin 2H-TPP, (b)
2H-TPP* which is obtained by annealing 2H-TPP to 550 K, (c) precursor molecule
ruthenium dodecarbonyl Rus(CO);2, (d) metalation product Ru-TPP<

porphyrin layer.

This chapter aims at elucidating the reaction pathway of this metalation
method. Additional information will be provided by an X-ray spectrocopy
characterization of purchased Ru(CO)TPP mono- and multilayers (Section
B.2), as well as of the behavior of pristine Rus(CO)5 molecules adsorbed on
Ag(111) as a function of temperature (Section [5.3). In Section 5.4 the depen-
dence of the reaction on the availability of free silver surface will be investigated
as a possible source for the non-complete metalation observed by Papageorgiou
et al. To this end, free-base porphyrin films (both 2H-TPP“ and 2H-TPP)
of varying coverages are prepared and exposed to Ruz(CO)2, followed by an
annealing of the sample. The metalation process will be followed with XPS,
while NEXAFS is primarily used to distinguish 2H-TPP and 2H-TPP*. Sec-
tion investigates whether 2H-P can be metalated in the same way and, if
this is the case, whether there are differences to the reaction of 2H-TPP and
2H-TPP. At variance with the other N1s spectra presented in this thesis,
a polynomial background was subtracted during data processing. The reason
is the slightly curved silver background in the nitrogen region which is exac-
erbated by the low signal of N 1s at submonolayer coverages. Using a linear
background would distort the results, as shown in Appendix [A.3]

5.2 Ru(CO)TPP on Ag(111)

Samples with varying Ru(CO)TPP coverages were deposited on the Ag(111)
substrate, following the procedure described in Chapter Bl Only the Ols re-
gion of the multilayer sample showed traces of oxygen, i.e., of the CO ligand.
For (sub)monolayer coverages no oxygen was detected. This suggests that ei-

ther the CO already dissociates during evaporation or later during adsorption
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Figure 5.2: Coverage dependent (a) Cls and (b) N1s XPS spectra of Ru(CO)TPP de-
posited on Ag(111). The shift between the submonolayer (blue dashed dotted line)/
monolayer (black solid line) and multilayer (green dotted line) peaks are assigned
to screening by the substrate for first layer molecules. The zoom-in in the Ru3ds;
region (a, inset) reveals that Ru-TPP in direct contact with the substrate is in a
RuY state whereas in higher layers in a Ru'! state. (c) Ru3d; /2 region of a multilayer
sample of Ru(CO)TPP. Increasing beam exposure causes the partial desorption of
the Ru containing adsorbate at 282 eV and changes the shape of the Ru peaks. (d)
Scanning a pristine position on a sample with a coverage of ~2 ML reveals that the

Ru signal retained its original shape (red solid line).
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on the metal surface. The latter would be analogous to Co-TPP/Ag(111),
where cooling the sample is required to attach CO to the metalloporphyrin.**

Therefore in the following the adsorbates are referred to as Ru-TPP.

The Nls region of the Ru-TPP samples (Fig. £.2b) is dominated by one
single peak at 399.0 eV (multilayer) and 398.7 eV (monolayer) originating
from the nitrogen atoms coordinated to the Ru center. The value is typical for
metalloporphyrins SH135050 The shift is usually assigned to be a consequence of
the polarization screening %7132 Consistently, the same shift is observed for
the Cls peak (Fig. 5.2h). Of special interest is the Ru3ds/, region (Fig. B.2h,
inset): For Ru-TPP in direct contact with the substrate (blue dashed dotted
line, black solid line), the corresponding Ru3ds, peak at 279.5 eV points to
metallic ruthenium (e.g., 280.0 eV for Ru bulk)1%4 For increasing coverage
(red dashed line, green dotted line), two new features appear at higher binding
energies, which we assign to the Ru!' expected for a free Ru-TPP molecule.
The binding energy of the Ru3ds/, peak in the multilayer sample (center of
mass of the peak: 281.2 eV) is consistent with this assumption (280.6 eV-
281.1 eV in refs 18182 In direct contact with the surface, this oxidation state
is reduced to Ru®. This effect was already reported for Co-TPP on Ag(111)180
and assigned to an electron transfer from the silver surface to the molecule.?
During repeated scanning of the Ru region (Fig. 5.2k) we observed a partial
desorption of the adsorbate at 282 eV and a general change of the shape of the
Ru3ds/s curve. This change does not occur at the Ru® component (Fig. B.24d).
Scanning a pristine position on a sample with a coverage of approximately 2 ML
returns the original shape, i.e., the alterations are caused by the exposure to the
X-ray beam. This behavior is most likely not related to pure Ru-TPP, but to
volatile adsorbates. The purity of the evaporated compound was 80%, making
it difficult to exclude contaminations present in the samples. However, this
effect does not influence the conclusions drawn about the coverage-dependence
of the oxidation state of Ru-TPP, as the average positions of the peaks remain

constant.

The NEXAFS C K-edge spectra of both mono- and multilayer (Fig. (.3)
exhibit very similar features as the multilayer on Cu(111) discussed in Chap-
ter 4l The peak assignment, i.e., the separation in contributions originating
from the phenyl rings and the macrocycle is consequently the same (see Fig.
[4.6). Fitting the peaks according to the procedure described in Chapter [
yields oy, = 50° for the rotation of the phenyl rings and a;eer0 = 30° for the
distortion of the macrocycle. The angles for the multilayer are slightly larger:
app, = 60° and aupeero = 35-40°, which might result from a tilting of the whole
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Figure 5.3: NEXAFS spectra of (a) a monolayer and (b) a multilayer of Ru-TPP
adsorbed on Ag(111), recorded at three different angles.

molecule in higher layers. In analogy to 2H-TPP on Ag(111) (ref. 168 and
Section 5.4)) and Co-TPP/Ag(111)*¥ we propose that the Ru-TPP adopts a
slight saddle-shaped conformation on the Ag(111) surface. A comparison of
the magic angle (53°) curves of mono- and multilayer does not show a sub-
stantial filling of the LUMO, i.e., the ratio between first and second peak does
not change significantly.

5.3 Ru3(CO);2 on Ag(111)

In the next step the adsorption of the pristine precursor Ruz(CO);2 on Ag(111)
without the presence of porphyrins is analyzed. Directly after deposition
at room temperature (Fig. 5.4 black line) three main features at 280.7 eV,
284.8 €V and 286.5 eV are discriminable in the Cls/Ru3d region, which are
assigned to the Ru3d doublet and the CO Cls singlet contribution, respec-
tively 222188 Consistently, a single peak originating from CO is observed in the
Ols region. Stepwise annealing of the sample to 502 K (Fig. 5.4, red, blue and
green lines) leads to a gradual loss of the CO signal and a shift of the whole
spectrum to lower binding energies. After annealing to 540 K!(Fig. 5.4 orange
line) no CO can be detected and the Ru peaks appear much sharper. Con-
comitantly, the total amount of ruthenium decreases by a factor of two during

Tt should be noted that the reading of all temperatures in this chapter was very sensitive to an
external grounding of the thermocouples, therefore for each preparation two different temperature
values could be obtained. The difference between the two (40-50 K) remained constant throughout
the beamtime duration. The lower value is considered to represent the accurate temperature reading
(and therefore reported as the respective sample temperature in this chapter), as it is consistent
with the 550 K both Di Santo et al. in ref. [I82] and Papageorgiou et al. in ref. [I81] reported for the
formation of a flattened 2H-TPP¢ layer.
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Figure 5.4: Cls and Ols XPS data of an annealing series of Ruz(CO)12/ Ag(111).
Directly after deposition three main features are discriminable: The Ru3d doublet
at 280.7 eV and 284.8 eV and the CO peak at 286.5 eV. After annealing, the CO
desorbs and the ruthenium peaks shift to lower binding energies. The individual

spectra after background subtraction are stacked to allow a direct comparison.

the whole annealing process. Together with the Ru3ds;, binding energy of
280.0 eV, which is consistent with Ru®*?? these results show that annealing
leads to desorption of the labile CO ligands and other possible contaminants
and the formation of clean metallic ruthenium. This is consistent with anneal-
ing series of Ruz(CO)12/Co(0001 )% and Ruz(CO)19/Au(111),"¥ which show
a desorption of CO (completed at 500 K) and a shift to lower binding energies
upon annealing. In both cases metallic Ru is found after the heat treatment.
Deviations from the reported binding energies of the adsorbed (not annealed)
Ru3(CO)12 and in the onset of CO desorption might be the results of the
modified interaction with the surface.

5.4 2H-TPP and Ru3(CO);; on Ag(111)

Next, the coverage-dependent metalation of 2H-TPP on Ag(111) is investi-
gated. On Ag(111) 2H-TPP is known to adsorb in a slightly saddle-shaped
conformation (Fig. 5.5k which is corroborated by our angle-resolved NEX-
AFS measurements of a submonolayer (Fig. 5.5b). Fitting according to the
procedure described in Chapters B and (] yields an average pyrrole ring tilt

angle of anacro = 25° and a phenyl ring rotation angle of a,, = 45°.
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Figure 5.5: Metalation of 2H-TPP /Ag(111) with Ruz(CO);2. (a) 2H-TPP adsorbs in
a slight saddle-shaped conformation, as evidenced by (b) angle-dependent NEXAFS
spectra of a sub-monolayer of 2H-TPP/Ag(111). Ruz(CO);2 does not adsorb on
2H-TPP films with coverages above one monolayer (c-h), whereas for a submonolayer
of 2H-TPP a large amount of the precursor sticks (i-1). After annealing to 500 K
the CO desorbs (m), the two N1s peaks (n) originating from the iminic and pyrrolic
nitrogen species (green lines) are quenched and a new peak (red) emerges, which is

assigned to the nitrogen in Ru-TPP.
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In a first step the adsorption behavior of the precursor on the 2H-TPP layer
is analyzed. The reference for the monolayer calibration in this section is the
amount of carbon and nitrogen of a saturated layer of 2H-TPP¢/ (Fig. 5.7c and
d). Taking into account that the surface coverage after cyclodehydragenation
by annealing of a 2H-TPP multilayer is reduced to ~88%,* the actual molec-
ular coverage of 2H-TPP for the monolayer formation is slightly higher due to
its reduced surface footprint. In a first step a sample with a 2H-TPP coverage
of approximately 1.3 ML (1.1 ML in 2H-TPP coverage) is deposited at room
temperature. 2H-TPP adsorbed on Ag(111) forms close-packed islands,*** so
that it can be assumed that at this coverage no bare silver is available. The
XPS Cls region (Fig. [5.5k) is dominated by one broad carbon peak, because of
the large number of inequivalent carbon atoms in 2H-TPP whose overlapping
contributions are not discriminable. The XPS N1ls region shows two peaks
at 398.1 eV (=N-) and 400.1 eV (NH), i.e., a peak splitting of 2.0 eV (green
lines, Fig. 5.Bd), which is in full agreement with literature data.?®=>452 After
exposing this surface to the Ruz(CO);2 vapor no Ru signal is detected, nei-
ther any change of the Cls and Nls spectra (Fig. BBk and f), indicating that
the precursor molecules have a negligible sticking coefficient to the porphyrins.
Consequently, after annealing to 530 K, no indications for a metalation can be
observed. In both spectral regions the reduced peak intensity is evidence for
the desorption of part of the molecular ensemble, consistent with the reduced
porphyrin coverage resulting by the 550 K annealing of a multilayer. In ad-
dition, the corresponding NEXAFS data (not shown) as a function of photon
energy indicate that the layer in Fig. [5.5e/f is not yet completely flat, but the
average adsorption angle is considerably reduced and the shape of the spectra
is closer to that of 2H-TPP* (Fig. ETb) than that of 2H-TPP (Fig. E.5b).
Therefore this flatter adsorption geometry is explained by the occurance of
cyclodehydrogenation events, in agreement with Di Santo et al**4 The shift of
both Cls and N1s spectra and the reduction of the N1s peak splitting were al-

1821 and attributed to an

ready observed by Papageorgiou et al**! and Di Santo
increased screening of the substrate caused by the flattening of the porphyrin

and the consequent closer proximity to the surface.

As it is now evident that the precursor does not adsorb on top of the
2H-TPP, in the next step a submonolayer of 2H-TPP with a coverage of ap-
proximately 0.4 ML was prepared (Fig. and j). Dosing Ru3(CO);2 onto the
sample hardly influences the N1s region (Fig.[5.5l). In the Cls region, however,
additional peaks, which originate from Ru (281.5 eV and 282.0 ¢V) and CO
(287.4 V) (Fig. B.Ik), are clearly discernible. The intensity of the porphyrin
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Figure 5.6: NEXAFS C K-edge data of (a) a submonolayer of 2H-TPP exposed to
Ru3(CO)12 and annealed to 500 K. Compared to the curves of the 2H-TPP sample
(Fig. B.Bb), the spectra are broadened and show a stronger dichroism. (b) The

submonolayer curves of the metalated 2H-P, after annealing to 505 K.

peak at 285.5 eV appears to be higher than before, due to their overlap with
the Ru3ds/, peaks. Ols measurements (not displayed) confirm the presence of
oxygen on the sample. Annealing to 500 K causes the desorption of CO (Fig.
[(.5m) and a downward shift of the Ru peaks. In the N1s region an additional
peak (red line, Fig. [5.5n) appears at 398.8 eV, which is a typical value for
metalloporphyrins, while the signals originating from the nitrogen atoms of
the free-base species are reduced. While at this temperature the metalation
is not yet complete, the corresponding NEXAFS C K-edge spectra (Fig. [£.0)
have changed substantially compared to the data of the untreated sample (Fig.
[B.5b). All curves appear broadened and the first transition is quenched, which
indicates a stronger interaction with the surface. The smaller intensity of the
90°-curve (blue) in the 7* region points to a much flatter molecular confor-
mation which allows an adsorption closer to the surface. Its origin might be
the stronger interaction with the Ru modified silver substrate, but it might
also originate from cyclodehydrogenation side reactions, which might have a
lower activation barrier in the presence of surface ruthenium. In analogy to the
free-base compounds, in the following the metalated flattened species will be
denoted as Ru-TPP*. As for the Ru-TPP films in Section 5.2 after annealing
all ruthenium is in an formal Ru® state (Fig. 5.5m).

To examine whether the sticking coefficient of the precursor on a porphyrin
covered surface is dependant upon the saddle-shaped or the flat porphyrin
form, samples with two different 2H-TPP*? coverages were prepared. For a
monolayer of 2H-TPP“, obtained by dosing on a substrate kept at 550 K for
long time with high flux (Fig. 5.7c and d), the peak splitting in the N1s region
is reduced to 1.6 €V, and an additional shoulder appears at higher binding
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Figure 5.7: Metalation of 2H-TPP?/Ag(111) with Ruz(CO)12. (a) The cyclode-
hydrogenated 2H-TPP¢ obtained by annealing 2H-TPP to 550 K is nearly flat and
adsorbs parallel to the surface, as shown by (b) angle-dependent NEXAF'S spectra of
a sub-monolayer of 2H-TPP/Ag(111). (c-h) Only a minimal amount of Rug(CO)12
adsorbs on a ML of 2H-TPP®, consequently only a small portion of the porphyrins
gets metalated. (i-1) For a submonolayer sample of 2H-TPP®® a larger amount of
Ruz(CO);2 sticks. (m-n) Annealing to 500 K results in partial metalation of the
2H-TPP* layer. (o-p) After annealing to 550 K all porphyrins are metalated, as
evidenced by the single peak in the Nls region.
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energies of the Clsp peaks. As stated earlier, this coverage was used as a
reference for the 2H-TPP monolayers in this chapter. The result after dosing
Ruz(CO);y is similar to the 1.3 ML preparation of 2H-TPP. Only a very small
amount of Ru adsorbs (Fig. 5.7k and f) and consequently only a small portion
of the porphyrins gets metalated (Fig. 5.7 and h). The NEXAFS C-edge of
a submonolayer of 2H-TPP* (Fig. E.7b), obtained by dosing at room tem-
perature and subsequent annealing to 550 K, agrees very well with the one

1154 and (in comparison with Fig. B.Bb) evidences

reported by Di Santo et a
the different electronic structure and/or interaction with the surface. Since the
free-base porphine adsorbs also flat (see Chapter [7]) and might consequently
adsorb in close proximity to the surface, the observed strong interaction be-
tween 2H-TPP“? and the Ag(111) surface is not (alone) the result of a smaller
macrocycle-substrate distance. The XP N1s and Cls spectra of the 2H-TPP<
submonolayer are identical to those of the saturated monolayer (Fig. 5.7 and
j)- The deposition of the precursor leads to an accumulation of Rug (281.3 eV
and 281.9 eV) and (CO) (287.3 eV, Fig. 6.7k), indicating that also in this case
the Ruz(CO);2 adsorbs on the bare Ag(111) surface and not on the molecules.
Subsequent annealing to 550 K leads to a fully metalated porphyrin layer on the
surface, as evidenced by a single peak in the N1s spectrum (Fig. B.7p). Lower
annealing temperatures only resulted in a partial metalation of the overlayer
(Fig. 5.7n). As before, the Ru peak shifts downward (to 280.2 e¢V) to a formal
Ru® state.

The experiments presented in this section show that it is possible to com-
pletely metalate a 2H-TPP* layer with a single Ruz(CO);, dosing step. The
amount of free silver is hereby a crucial parameter for the metalation process,

as the triruthenium dodecacarbonyl does not adsorb on top of the porphyrins.

5.5 2H-P on Ag(111)

In a similar fashion the metalation of 2H-P is investigated. Similar to both
2H-TPP species, no metalation can be achieved at higher coverages, because
the Rus(CO);12 molecules do not adsorb on top of the porphines (Fig. B.8h).
For coverages below one monolayer, the N1s data show that a full metalation is
possible (Fig. 5.8c). Of special interest is hereby the Cls region. For 2H-TPP
the large number of inequivalent carbon atoms prevents an easy access for
the interpretation of the spectra. The 2H-P exhibits only five inequivalent
carbon species (Chapter [7), which means that changes upon annealing are

more visible. And indeed, during the annealing series the Cls peak undergoes
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Figure 5.8: Metalation of 2H-P/Ag(111) with Ru3(CO)12. (a) For a coverage of ap-
proximately two monolayers the ruthenium carboxyl does not adsorb on the surface.
The (b) Cls and Ru3d region and (c) N1s region of a submonolayer of 2H-P show
the adsorption of Rug(CO);2. Annealing leads to the formation of Ru-P, as shown
by the growth of a new peak (red, 398.8 eV) in the N1ls curves.
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a visible transformation. After annealing to 470 K additional shoulders ap-
pear on both sides of the broad room temperature peak. The fully metalated
Ru-P layers exhibits two sharp peaks which are very similar to the Cls signals
from 2H-P adsorbed on Cu(111) (Fig. L8, Chapter [7) and Cu-P/Cu(111) (not
shown). The second peak appears at lower binding energies, which is typical
for a metal-coordinated carbon species*® This results suggest that after the
desorption of CO mobile Ru adatoms may diffuse below the porphines, i.e.,
that we effectively observe a Ru-P/Ru system. A different possibility is the co-
ordination of Ru-P to ruthenium porphine chains, forming an organometallic
surface networks. Additionally, the presence of the Ru on the surface prevents
a desorption of the molecules, as the coverage of 2H-P/Ag(111) gradually de-
creases during annealing*¥ which is not the case here.

The C K-edge NEXAFS spectra corresponding to the sample annealed to
505 K (Fig. £.6b) is clearly that of a metalloporphyrin (see Chapter [ and ref.
50). In contrast to the NEXAFS spectrum of Ru-TPP“/Ag(111) discussed
in the section before, the Ru-P spectra are hardly broadened. This indicates
that the modification of the electronic structure of 2H-TPP* upon annealing

is caused by the cyclodehydration reaction, rather than by the metalation.

5.6 Conclusions

In summary, it could be shown that metalation by metal-organic chemical
vapour deposition is possible for 2H-TPP, its high-temperature derivative
2H-TPP and 2H-P. For all three compounds annealing temperatures of
550 K were required for a complete metalation. Coverage dependent mea-
surements show that the crucial point is the amount of bare silver, as the
Rus(CO);2 precursor does not adsorb on top of the molecules. For all cover-
ages of free-base porphyrins, as well as for the pure Ruz(CO);2 compound, no
carbon monoxide could be detected after annealing to 550 K, i.e., the metala-
tion reaction happens without leaving by-products on the surface. Moreover,
the critical catalytic role of the silver surface in the MOCVD metalation pro-
cess was elucidated. The porphyrin metalation temperatures coincide with the
formation of clean surface Ru. Therefore a reaction mechanism can be confi-
dently proposed: the Ru precursor adsorbs on the bare Ag surface, where it
thermally decomposes resulting in reactive Ru atoms which can metalate sur-
face porphyrin species. The comparison with the carbon to ruthenium ratios
for purchased Ru-TPP shows that it is possible to accumulate an excess of

Ru on samples with submonolayer porphyrin coverages, which might consti-
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tute a problem for possible applications. However, this problem can be easily
solved by controlling the amount of deposited porphyrins: As the sticking of
Ruz(CO);y is limited to the free silver, higher porphyrin coverages mean that
the accumulation of Ru and consequently the reaction are self-limiting. This
constitutes a big advantage over the use of electron beam evaporators for the
deposition of the metal atoms, for which the dosage of the right metal amount
is an additional challange. The XPS and NEXAFS data of mono- and multi-
layers of pre-synthesized Ru-TPP point to a saddle-shaped molecular confor-
mation, as well as a reduction of the formal +2 state of the ruthenium in the
free porphyrin to Ru in direct contact with the silver substrate, probably by
a charge transfer between substrate and molecule. The same was found for the
in vacuo metalated porphyrins, indicating that the apparent oxidation state
is not influenced by the proximity to the substrate, which can be expected
to be different for the saddle-shaped TPP species on the one hand and the
flat 2H-TPP“ and 2H-P on the other hand. Indications for organo-metallic
coupling of Ru-P molecules on the surface should be verified by further inves-
tigations with scanning probe techniques. This suggests that the reactive Ru
atoms resulting from the precursor are active not only for the pophryrin met-
alation, but furthermore may lead to the formation of surface organo-metallic
nanostructures on the surface.

106



Chapter 6

Adsorption of a gold porphyrin
compound on Au(111)

In addition to the technological applications mentioned in the previous chap-
ters, another important field of application is given by the development of
bio-medical products, e.g., the usage of oxovanadium porphyrins in the devel-
opment of anti-HIV drugs®’ or gold porphyrins for anti-cancer treatments.*
Generally, gold(I) and gold(III) compounds are investigated for possible ther-
apeutic use for the treatment of rheumatoid arthritis, malaria, HIV, bronchial

I compounds

asthma and cancer 123 Crucial is hereby their stability, as Au
are known to be reduced to Au! in vivo, i.e., inside the body ™ Au' meso-
tetraphenylporphyrin (Au!(TPP), Fig. 6.Ih) molecules were reported to be

I and a factor 100 more effective in com-

stable with anti-cancer properties
parison to, for example, Zn''(TPP) 1 For a targeted drug delivery inside the
human body, gold nanoparticles (AuNPs) have been recently employed as car-
riers. 1% For a potential combination of Au!(TPP) as therapeutic agent and
AuNPs as carrier the question of the stability of the porphyrin and the ox-
idation state of the gold center arises. For a system comprising of free-base
porphyrins and AuNPs the formation of Au® porphyrins was shown by Kane-
hara et al.?% In this chapter the adsorption of [Au!(TPP)|*Cl~ on a Au(111)
surface is studied using laboratory XPS. Special attention is given to two is-
sues:' The first is whether the C1~ ionic ligand is retained upon the porphyrin
surface adsorption and, if this is the case, in which charge state it is. The sec-
ond, even more crucial point, is whether the oxidation state of [Au!'{(TPP)|*

is stable upon adsorption.

To this end, [Au™(TPP)|TCl~ films with varying coverages were deposited

{The results of this chapter have been published in ref. 58]
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Figure 6.1: Cls (b-e) and Audf (f-k) XPS spectra of [Aul'(TPP)|*Cl~ monolayer
and multilayer samples. (a) Space filling model of the saddle-shaped Au-TPP (gray:
C, blue: N, white: H, yellow: Au). The binding energy of (b) the Cls multilayer
peak lies 0.7 eV above that of (d) the submonolayer. (k) The Au4f raw data of the
clean Au(111) substrate exhibits two peaks, corresponding to the Au® doublet. ()
After deposition of a multilayer the Au® peaks are attenuated and a new feature at
91.7 eV (Au'll) appears. (g)-(j) Audf region after subtraction of the clean substrate
data. The Au'™ doublet is present for all molecular coverages (g-i), but not for the

clean substrate (j).
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Table 6.1: Au4f, Cls and CI2p XPS binding energies (in €V) of mono- and multilayer

[Au(TPP)|*Cl~ samples and comparison to literature values.

Au4f7/2 Au4f5/2 Cl2p3/2 Cl2p1/2 Clb

multilayer (Fig. [6.1b) 88.4 91.7 198.1 199.6  285.1
submonolayer (Fig. [6.1) 88.2 91.6 - - 284.4
Aull:  NaAuCly (ref. 200)  87.4 91.1
Au(OH)s (ref. 201 87.7 91.4
Aul: (ref. 202) 84.6
(ref. 203) 84.7
Au®:  (ref. [122,204) 84.0 87.6
Cl=:  (ref. 200) 199.0
on Au (ref. 200) 197.0
C1I%:  (ref. [122) 200 202

on a clean Au(111) substrate. Fig.[6.Ih displays the saddle-shape conformation
of Au(TPP) on the Au(111) surface.”*12419% Because of the large number of
inequivalent carbon atoms, the single contributions cannot be resolved and
the Cls region exhibits only one broad peak (Fig. [6Ib-d). When going from
submonolayer coverage (Fig. [6.1d) to a relatively thick multilayer (Fig. [6Ib)
the peak position shifts by 0.7 eV to higher binding energies, which can be
attributed to stronger polarization screening in the (sub)monolayer. The entity
of this shift points to a rather strong interaction with the surface. Similar shifts
(0.5 eV) have been reported for Co-TPP/Au(111)*% In contrast, the Cls peak
of Co-TPP adsorbed on Ag(111) only shifts by 0.2 eV '8¢

The multilayer spectra show a clear contribution in the Cl2p region (not
shown). The corresponding XPS binding energies are consistent with the pres-
ence of C1~ ions (Table[6.1)). In contrast, for submonolayer and monolayer cov-
erages no Cl could be detected within the limit of detection. High-resolution
STM images show no evidence for a Cl~ ion attached to the porphyrin*® in
agreement with the XPS measurements. The amount of chlorine that appear
as additional species in the ultra-low coverage STM images is below the lab-
oratory XPS detection limit. Both techniques suggest that upon adsorption
on Au(111) decomposition of the [Au!Y(TPP)|"Cl~ molecules takes place, fol-
lowed by desorption of a large part of the Cl~ ions.
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The oxidation state of the gold center is less easy accessible, because the
gold signal is dominated by the Au’ peak doublet of the underlying Au(111)
substrate (Fig. [6.Ik). Only for a thick multilayer (as evidenced by the strong
damping of the Au® peaks in Fig. 6.If) an additional feature at 91.7 eV is
visible in the Audf spectrum, corresponding to a Au'4f; ;» peak (Table[6.1]). In
order to analyze films with lower coverages it is therefore necessary to separate
the molecular from the much stronger substrate contribution. Therefore the
spectrum of a clean Au(111) surface was subtracted from the raw data (Fig.
[6.Tk-1). To account for the attenuation of the substrate signal caused by the
limited inelastic mean free path of the photoelectrons, the signal of the bare
Au(111) had to be scaled. Afterwards a Shirley background (black dotted line)
was subtracted, followed by a peak fitting with Gaussian curves. The Shirley
background hereby empirically accounts for the modified inelastic background
caused by the adsorption of the molecules. The result of this procedure for
the multilayer of Fig. and g shows a doublet (blue dashed lines, Fig.
6.1k) whose binding energies agree with gold in the Au'! state (Table G.1]), as
it can be expected for a multilayer of [Au(TPP)|*Cl~. An additional peak
(green dashed line) accounts for an residual structure present after background
subtraction. More interesting are the results for lower coverages. For both a
sample with submonolayer coverage (Fig. [6.Ih) and a film of 1-2 ML (Fig.
6.15) the Au™™ doublet is clearly visible, indicating that the oxidation state of
the Au-TPP is preserved upon adsorption. Of course, it is questionable if a
reduced oxidation state for a small portion of the molecules would be visible
with the method employed here, but the comparison between Cls and Au4f
ratios of different coverages is consistent with uniform layers of porphyrins
in the Au'! state. To rule out that the resulting doublet is an artifacts of
the background subtraction, the data of two clean substrates were subtracted.
The resulting spectrum (Fig. B}j), while still displaying small residual Au®

features, does not show any signal in the Au'!!

region. These results confirm
the indications obtained by earlier STM measurements, that Au-TPP adsorbs
as [Au(TPP)| 17

In summary, it was shown that the XPS core level binding energies of
multilayers of [Aul(TPP)|*Cl~ are in agreement with the presence of Au'!!
and CI™ ions, i.e., the intact molecule can be sublimed in vacuo. In direct
contact with the Au(111) surface the compound decomposes and most of the

Cl~ ions desorbs, leaving [Au!'(TPP)| molecules on the surface.
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Chapter 7

Growth and reorientation of 2H-P
on Ag(111) and Cu(111)

7.1 Introduction

In the previous chapters the comparison of mono- and multilayers of vari-
ous adsorbed porphyrins had been used as a tool for the investigation of the
interaction between the molecules and the respective substrate. The prepa-
ration of 2H-P/Cu(111) (Chapter [43]), however, proved to be an exception,
since it was not possible to grow films of thicknesses exceeding two mono-
layers at temperatures close to room temperature. This behavior not only
differs from the evidence presented in previous chapters of this thesis, e.g., for
2H-TPP/Cu(111) (Chapter .2)), but also from that of other porphyrin sys-
tems, such as 2H-TPyP /Cu(111),* 2H-TPP/Ag(111)*¥" and Co-TPP/ Ag(111),%
where coverages higher than that of a bilayer could be achieved at room tem-
perature. Other organic molecules, such as N ,N-diphenyl oxalic amide, only
form saturated monolayers at room temperature, even though thicker layers
can be grown at low temperatures??® This immediately raises the question
whether the limited growth of 2H-P/Cu(111) is temperature-dependent as well
and will be the first issue investigated experimentally in this chapter (Section
[[37d). In a second step, the growth of 2H-P on Ag(111) will be studied by
means of XPS and NEXAFS (Section [7.3.2)), to obtain information on the role
of the substrate. To facilitate the peak assignment and therefore the analysis
of the XPS and NEXAFS data, DFT simulations of the X-ray spectroscopy
signatures of a free 2H-P molecule were performed (Section [[.2]). The results
of this section are not only relevant for the interpretation of the data in the
present chapter, but also are, given the significance of 2H-P as fundamental

prototypic tetrapyrrole system, a reference for the interpretation of the X-ray
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Figure 7.1: Model of 2H-porphine (2H-P). Its flat conformation was confirmed by
a geometry optimization of the molecule in gas phase. N1-N2 (C1-C5) denote the

inequivalent nitrogen (carbon) atoms.

spectroscopy data of substituted porphyrins as well. However, since our experi-
ments probe the whole molecular film ensemble and not isolated molecules, the
comparison between the simulated and the measured data should be performed
with caution. The discussion of XPS and NEXAFS signatures in Chapter [ is
based on the assumption that the multilayer data is well suited for such a com-
parison, because the weak molecule-molecule interactions dominate over the
usually stronger molecule-substrate interactions far from the interface. The
good agreement between experiment and theory so far justifies this approach.
Nevertheless, it is instructive to test the sensitivity of the calculated spectra
with respect to molecule-molecule interactions. To this end the XPS energies
for different configurations of stacked 2H-P molecules are compared in Sec-
tion [.4l The role of impurities on the results presented in this chapter is
discussed in Section [.3l Finally, the role of the different growth parameters
(temperature, coverage) for the self-metalation of 2H-P/Cu(111) will be briefly
discussed in Section [7.6l

7.2 Spectroscopic signatures

Fig. [[1] shows the spectroscopic signatures of 2H-P derived by DFT calcu-
lations. To validate the simulation, the computed spectra are compared to
experimental data corresponding to a multilayer of 2H-P grown at low tem-
peratures (100-125 K) on a Cu(111) substrate (see Section [(.3]). Calculations
were performed on isolated molecules using StoBe according to the procedure
described in Section B.2, unless noted otherwise.

The experimental N1s XPS multilayer spectrum (Fig. [[2h) exhibits two
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Table 7.1: Calculated ionization energies (E.q.) for the inequivalent nitrogen and
carbon species in the 2H-P molecule (Fig. [[1]). Ecqe (shifted) displays the same
energies after shifting them by -4.45 eV (carbon) and -4.21 eV (nitrogen) for a better
comparison with the experimental data (cf. Fig. [[2). The difference A relative to
the lowest binding energy is given with respect to N2 and C5. The nomenclature of
the peaks follows the one in Fig. [[.2l

Atom Ecate Ecaie (shifted)  Type A Peak
N1 404.5 eV 400.3 eV -NH- 2.2 eV B
N2 402.3 eV 398.1 eV =N- 0.0 eV A
C1 289.2 eV 284.8 eV C-C 0.3 eV D
C2 290.2 eV 285.8 eV C-NH 1.3 eV E
C3 289.0 eV 284.6 eV C-C 0.1 eV D
C4 289.7 eV 285.2 eV C-N 0.8 eV E
C5 288.9 eV 284.4 eV C-C 0.0 eV D

main peaks at binding energies (Ep) of 398.1 eV (peak A) and 400.2 ¢V (peak
B) followed by broader features at 403.5 eV (peak C). This structure is typ-
ical for free-base porphyrin complexes and is a result of the two inequivalent
nitrogen species in the molecule. By comparison with the calculated ioniza-
tion energies (Fig. [[2b, Table [[1]) peak A can be directly assigned to iminic
(=N-) and peak B to pyrrolic (NH-) nitrogen atoms in the 2H-P molecule.
This assignment agrees with the results for 2H-TPP (Chapter @) and available
N1s literature data on porphyrins?42200 it a]so indicates that the nitrogen
core levels are hardly influenced by the presence of substituents, as expected
given the localized nature of the 1s orbitals. Features C are assigned to shake-
up satellites;™ therefore they are not reproduced by the calculated spectrum,
as multi-electron processes are not taken into account.

Porphyrins comprise several different carbon species giving rise to a broad
Cls spectrum (see Fig. [[.2k), that is challenging to disentangle into the indi-
vidual component contributions. Therefore the analysis often disregards the
information lying there as deduced by the small amount of porphyrin XPS
studies which address the Cls region. Even for the “simple” 2H-P the inter-
pretation of the Cls region is more challenging than in the N1s region, as the
measured data (Fig. [[.2k) does not show clearly separable peaks. Peak D at
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Figure 7.2: The experimental XP spectra of a 2H-P multilayer on Cu(111) in the (a)
N1s and the (c) Cls region are well reproduced by the respective simulated spectra
(b and d). For peak nomenclature see Fig. [l The calculated nitrogen (carbon)
energies (Table [[T]) were broadened with Gaussians (FWHM of 0.95 €V) and shifted
by -4.21 eV (-4.45 eV) to facilitate the comparison with the experiment.

114



Spectroscopic signatures Section 7.2

~ 1.0F_—: . ' T
0 -U[— StoBe RPBE iii_iglo
= — Aims B3LYP Tier2L ﬁ (a) N1s
| — Aims PBE Tier2 _|
:f 0.8r— Aims PBE Tier3
o)
= 0.6f |
N
2 04 i
2
o 0.2r _
=
=
0.0 ' ' ! '
6 4 2 0 -2
— T T T
)  3.0— StoBe RPBE ii_iglo .
= — Aims B3LYP Tier2L (b) C1s
S | — Aims PBE Tier2 ]
. —— Aims PBE Tier3
o 20+ i
®
v - -
P
' 1.0r 4
c
® I ]
<+
<
0.0 ' '
4 2 0 -2

lonization energy (eV)

Figure 7.3: Comparison of StoBe and FHI-aims results for the nitrogen (a) and
carbon (b) region. Like in Fig. the calculated discrete excitation energies are
broadened with Gaussians (FWHM 0.95 eV). The ECP/RPBE StoBe calculation
and the tier3/PBE FHI-aims calculation yield exactly the same spectra, while the
tier 2 FHI-aims calculations differ slightly (by no more than 0.1 V).

284.6 €V is followed by a broad shoulder E at higher binding energies and by a
satellite at 288.0 eV (F). The good agreement of the experimental curve with
the simulated spectrum of the five inequivalent carbon atoms (Fig. [[.2d) allows
us to disentangle the contributions to the spectal features D-E. The binding
energies of the C-C bonded carbon atoms C1, C3 and C5 (see Fig. [[.2)) are
very similar (Table [[T]) and contribute to peak D. Shoulder E originates from
atoms C2 and C4, which are bound to the two different nitrogen species. The
broad structure F is assigned to shake-up processes. This knowledge is antici-
pated to provide the basis for the disentanglement of the carbon XPS signals
of more complex porphyrins.

Fig. compares the N1s and Cls spectra obtained with the two different
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codes (StoBe and FHI-aims) employing different functionals. Calculations with
StoBe using PBE and IGLO-IIT and FHI-aims using PBE and tier 3 result in
identical XPS spectra. The differences to the spectra obtained with FHI-aims
and tier2 basis sets are minimal (< 0.1 eV), which confirms that the use of
ECPs in the StoBe calculation is justified in this case.

Compared to XPS data the NEXAFS spectra are more complicated be-
cause of the larger number of contributing resonances. In Fig. [[4h (C K-edge)
and Fig. [[5h (N K-edge) the measured NEXAFS spectra (black symbols) are
compared to the respective simulated curves (solid red lines). Our analysis
will mainly focus on the 7* region as the broader ¢* structures are harder to
decompose. Below 290 eV the C K-edge 7* region shows five main features (A-
E) (Fig.[[4b). The structure is dominated by peaks A, C and E with smaller
contributions from features B and D. The decomposition of the spectrum is
enabled by comparing it to the result of the calculation. The last five panels
in (Fig. [4]) display the excitations (black bars) and broadened spectra (black
solid lines) of the contributions arising from the five inequivalent carbon atoms
C1-Ch. The sum of all five individual spectra is shown by the red solid lines in
the two topmost panels. As it was the case for the XPS results, two different
kind of carbon atoms can be discriminated. The C-C bound carbon atoms
(C1, C3, C5h) generate distinct spectra, other than the C-N bound species (C2
and C4). The respective first resonances are transitions to the corresponding
LUMOs of the transition potential state. Their position (Table [[.2) qualita-
tively and quantitatively follow the XPS energies (Table [[T]), which indicates
that the respective shifts of the spectra are an initial state effect. When con-
sidering the shape of the spectra, however, three different structures can be
discriminated. C2 and C4 on the one hand and C1 and C5 on the other hand
exhibit a very similar number and relative intensities of peaks, while C3 is a
slightly modified version of C1 and C5. This points to a modified structure
of the unoccupied orbitals. Fig. displays the final state orbitals obtained
in the transition potential calculation. For comparison the ground state (GS)
orbitals are displayed in the first column of the figure.

The 7* region of the N K-edge spectra (Fig. [[5]) exhibits 5 peaks A-E,
which is typical for free-base porphyrins like 2H-TPP POELL3S For 2H-P ref.
207 shows a similar structure, but less resolved, which matches older reports on
2H-TPP of three peaks (A and B/C and D/E).**" The shape of the calculated
spectrum (red solid line) follows the experimental one, but the agreement is
not as good as for the C K-edge. Peak A is the only one which can be assigned

unambiguously to an excitation from the iminic nitrogen atom N2. While the
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Figure 7.4: The experimental C K-edge NEXAFS spectrum of 2H-P (black symbols)
is well reproduced by the calculated curve (red solid line). The zoom-in in the 7*
region (panel b) reveals that all features of the measured data are also present in
the simulation. Below, the discrete excitations and the broadened spectra of the five
inequivalent carbon atoms C1-C5 are displayed by black bars and black solid lines.
Corresponding final state orbitals are displayed in Fig.
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Figure 7.5: The agreement between the experimental N K-edge NEXAFS spectrum
of 2H-P (black symbols) and the calculated curve (red continuous line) is acceptable,
but not as good as for the C K-edge. The zoom-in in the 7* region (panel b)
reveals that all features are reproduced, however, not in perfect agreement with
the experiment. Below, discrete excitations and broadened spectra of the nitrogen
atoms N1 (-NH-) and N2 (=N-) are displayed (black bars and continuous lines).
Corresponding final state orbitals are displayed in Fig.
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Table 7.2: Peak assignment for the 2H-P C K-edge NEXAFS spectrum of the main

contributions below E;,,

Peak! Peak!  Exp.l Comp.V  Type" Transition"!
Qs 284.2eV C-C 5. (1s) — 63. (LUMO)
A az 28426V 2842eV C-C 5. (1s) — 63. (LUMO)
Qay 2845V C-C 5. (1s) — 63. (LUMO)
04 285.0eV C-N 5. (1s) — 63. (LUMO)
B 285.0 eV
09 285.5 eV C-NH 5. (1s) — 63. (LUMO)
Bs 285.6 ¢V C-C 5. (1s) — 65. (LUMO+2)
B3 285.7¢V. C-C 5. (1s) — 65. (LUMO+2)
C 285.7 eV
51 285.9e¢Vv. C-C 5. (1s) — 65. (LUMO+2)
Y5 2872eVv. C-C 5. (1s) — 67. (LUMO-+4)
3 2872eV C-C 5. (1s) — 66. (LUMO-+3)
D " 2874eV 2875e¢V  C-C 5. (1s) — 67. (LUMO-+4)
€4 287.8e¢V  C-N 5. (1s) — 66. (LUMO-+3)
E €2 288.3 eV 288.2¢V  C-NH 5. (1s) — 66. (LUMO+3)

iPeaks in experimental spectra (cf. Fig. [4b)

iiPeaks in computed spectra (cf. Fig. [[4k-g)

HiExperimental peak positions

VComputed peak positions (shifted by 0.1 eV to match experimental spectrum)

VAtom type of excitation center: n = 0.5 in TP calculation

ViTransition (orbital numbers), final state orbitals are displayed in Fig.
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Figure 7.6: Kohn-Sham orbitals obtained from FHI-aims and StoBe calculations. In
(a) the ground state (GS) orbitals of the HOMO-1, the HOMO, the LUMO and the
LUMO+1 from an all-electron calculation (FHI-aims) are displayed. The shape of
these four orbitals is identical for the PBE and the B3LYP calculations and agree
well with literature data. In (b) the first row displays the 1s orbitals, indicating the
respective excitation centers. All other pictures shows final state orbitals obtained
from the transition potential (TP) calculations. The LUMOs («;, d;) are similar
to the undisturbed LUMO, but are slightly distorted due to the creation of the
“half” core hole. The similar shape (apart from the different localization of the hole)
of the respective final state orbitals for C1-C5, C2-C4 and N1-N2 are reflected in
the similarity of the corresponding NEXAFS spectra (cf. Figs. [[4] and [I5]). The
nomenclature «;-0; follows the denotation of peaks in Figs[7.4] and
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Table 7.3: Peak assignment for the 2H-P N K-edge NEXAFS spectrum of the main

contributions below FEj;,,

Peak! Peak! Exp.1i Comp.V  Type” Transition"!
A Qo 397.7 eV 397.8 eV =N- 1. (Is) = 79. (LUMO)
B o 400.0 eV 400.0 eV -NH- 1. (1s) — 79. (LUMO)
C B2 401.0 eV 400.5 eV =N- 1. (1s) — 82. (LUMO+3)
B1 402.7 eV -NH- 1. (1s) — 82. (LUMO+3)
D-E 402.1-403.1 eV
Y2 402.7 eV =N- several

iPeaks in experimental spectra (cf. Fig. [L5b)

iiPeaks in computed spectra (cf. Fig. [[5k-d)

iiExperimental peak positions

VComputed peak positions (shifted by 0.1 eV to match experimental spectrum)
VAtom type of excitation center: n = 0.5 in TP calculation

ViTransition (orbital numbers), final state orbitals are displayed in Fig.

relative transition energies suggest that peak B originates from «; and peak
C from [, the relative intensities and energies do not fit the experiment. The
same is true for peaks D/E, where the agreement is worse, so that it is not
possible to assign f; and 2 unambiguously. The general shape (two similar
spectra, shifted by approximately 2 eV), but not relative energies and inten-
sities, agree well with calculations in ref. 207. It not obvious which of the
literature data shows the best agreement between theory and experiment, be-
cause often the respective data are not compared directly in one graph, but the
TD-DFT simulations by Schmidt et al®¥ for 2H-TPP are deemed the closest
match. It always appears that peaks A, B and C can be assigned without prob-
lems (yielding the same results as those concluded from the StoBe calculation
here), but for higher energies the assignment is not unambiguous. Compara-
ble to the results obtained for 2H-TPP (Section [2)), the N K-edge spectrum
can be divided into two spectra with a similar number and relative position
and/or intensity which originate from the two different nitrogen species. The
two respective single curves are shifted by approximately 2 eV (the same as
for the XPS energies), which indicates an initial state effect.
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7.3 Growth

The present section is dedicated to the investigation of growth of 2H-P multi-
layers. Therefore we prepared samples with varying coverages on both Ag(111)
and Cu(111) substrates. The substrate temperatures during deposition were
varied for different preparations. We discriminate between growth at (or close
to) room temperature (RT, 300-320 K) and growth at low temperature (LT,
100-125 K). The temperature during data acquisition was the same as during
deposition, unless noted otherwise. Since the nitrogen signatures varied to a
much smaller extend than the respective carbon curves during the experiments,
only the carbon data are shown and discussed in this section. The NEXAFS
data in the nitrogen region exhibits the same angle dependence as the carbon

region.

7.3.1 Growth on Cu(111)

As it was mentioned before, it was not possible to grow thick multilayers on
Cu(111), i.e., films whose thicknesses exceeded approximately two layers. Fig.
[[Th shows overview spectra (hw = 700 eV) of a clean copper sample (black)
and of three consecutive dosing steps (red, blue, green) of 15 min duration.
In the last step, the sublimation temperature of the 2H-P was raised from
483 K to 493 K to further increase the molecular flux in order to rule out
that the limited growth is the result of a reduced flux at 483 K, i.e., caused
by a progressively emptier crucible. The growth in steps two and three is
minimal (as shown by the Cls and the Nls region, see insets), indicating
that it is indeed not possible to grow thicker layers. As the same crucible
with molecules was employed successfully to grow further 2H-P layers in the
same beamtime, it can be excluded that simply the crucible with molecules
was empty. The reproducibility of the limited growth with a different copper
crystal (see Section and Fig. [[T7) indicated a true physical effect.

As it was discussed in Section .3, 2H-P adsorbs flat and parallel to the
Cu(111) substrate in the first layer grown at RT (Fig. [[.8h), as evidenced by
the absence of 7* resonance intensity in the 90°-curve (blue dotted line) of the
NEXAFS spectra. The NEXAFS spectra look substantially different from the
DFT data derived in Section [[.2l The first peak is partly quenched and the
other features are broadened. We attribute this behavior to an electron transfer
from the substrate to the LUMO of the molecule and generally to a strong
interaction with the copper surface. This is in agreement with the findings of
Dyer et al. for 2H-P on Cu(110).*** The strong interaction is reflected in the
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Figure 7.7: Overview spectra (fuw = 700 e€V) measured at BESSY evidencing the
limited growth of 2H-P on Cu(111). Panel (a) shows a series of curves for an exper-
iment consisting of sequential dosing of 2H-P. The black curve is that of the clean
Cu(111) substrate. Afterwards molecules were dosed three times, by 15 min, which
did not change the adsorbed amount substantially from the first evaporation. The
spectra in (b) compare the 2H-P surface amounts after dosing at RT and LT, show-
ing that it is possible to grow thicker layers on a cooled substrate. The spectrum in
(c) was acquired at a different beamtime for a different batch of molecules, showing

the presence of contaminants C12p and Ols.
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drastically changed XPS Cls spectrum (Fig.[Z.8), which is very similar to that
of 2H-P, annealed in the presence of Ruz(CO);5 in Section BB A tentative
explanation suggests either a coordination of the outer carbon atoms by metal
atoms such as was described in refs. [I71,177 (which seems unlikely given the
STM evidence in Fig. ETT) or a strong interaction of the carbon atoms with
the copper substrate, which constitutes such a strong chemical environment for
the carbon atoms that the intramolecular differences are negligible and only
the two sharp main peaks observed in Fig. [[.8¢ remain. The molecules of the
bilayer have a small adsorption angle (small features in the 7* region of the
90°-curve in Fig. [[.8b), the NEXAFS spectra are now again consistent with
the shape predicted by theory. The structure of the corresponding XPS Cls
region (Fig. [[8F), however, still differs from the calculated one: It shows a
more pronounced shoulder on the low binding energy side and appears to be

a mixture of first layer contributions and the expected multilayer signature.

Cooling down the sample during deposition results in a further increase
of coverage (Fig. [[.7b), so that multilayers could be achieved up to a point
where the substrate peaks are strongly reduced in intensity (Fig. [7c). Fig.
[[7b and ¢ both show overview spectra of layers at low temperature, with a
slightly higher coverage in Fig. [[.7c as shown by the relative intensities of Cls
and Cu3p peaks. The data were taken at different beamtimes, which is the
reason for the different absolute counts. Fig. [[.7c evidences contaminants on
the sample, a large Ols peak and a small Cl2p peak. They will be discussed
in more detail in Section [[3l The corresponding C K-edge NEXAFS and
XPS Cls data are shown in Fig. [[.8 ¢/g and d/h. Fitting of the NEXAFS
data yields an average tilt angle of 40°with respect to the Cu surface, which
may either point to all molecules tilted by the same angle (Fig. [[.8 middle
panel) or, as NEXAFS averages over all domains, to molecules ordered in the
2H-P single crystal structure (consisting of porphine dimers stacked in a T-

shape fashion )4

or a random combination. The similarity of the spectra for
both preparations indicate that the contaminants, which are not detectable
in the first preparation, do not influence the adsorption angle and the shape
of the carbon photoemission peak substantially. The XPS structure of Fig.
[[8g is very similar to the calculated one and was used in Section for the

comparison with the calculation.

In comparison to other porphyrins it is unexpected that for 2H-P /Cu(111)
the desorption temperatures of second and higher layers are different. In this
regard, the porphine behaves rather like other (smaller) conjugated molecules,

such as benzene adsorbed on Cu(111). In the first layer, benzene adsorbs par-
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Figure 7.8: Growth of 2H-P on Cu(111). (a) and (b) are grown at room temperature
(RT). Due to the limited growth at RT (Fig. [7)), the sample was cooled for (c)
and (d). On the left side angle-resolved NEXAFS C-K-edge spectra (25°: black
solid line, 53°: red dashed line, 90°: blue dotted line) for coverages increasing from
(sub)monolayer (a) to multilayer (d) indicate the adsorption geometry: In the first
layer (a), the porphines adsorb flat on the surface. The molecules in the bilayer (b)
exhibit a small tilt angle with respect to the Cu(111) surface. The multilayers grown
at low temperatures have an average tilt angle of 40°. These geometries are illustrated
in the middle panel. The right panel (e-h) shows the corresponding XPS Cls data
(black markers, hiw = 385 eV for e-g and 435 €V for h). The red solid line represents
the overall fit of the data. The shape of the Cls curve changes substantially, from
sharp features at (sub)monolayer coverages (e) to a broad peak for the multilayer (h),
which is identical to the 2H-P monomer spectrum obtained with DFT calculations.

The inset in (h) shows a zoom-in of the Cls region to highlight the difference to Fig.
[9h.
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allel to the surface.?"” Raising the coverage above that of the saturated mono-
layer leads to the formation of a stable bilayer, where the benzene molecules
are adsorbed perpendicular to the first layer. This bilayer has a slightly
higher (5 K) desorption temperature than the multilayer.*® The results of
2H-P/Cu(111), while following very similar trends, are slightly different. The
NEXAFS data of the bilayer (Fig. [[.8b) only shows a small average angle,
ruling out a completely upright standing second layer. This can be explained
by the bigger size of the porphine, possibly resulting in a stronger molecule-
substrate interaction. The repulsive interaction between individual 2H-P molecules
evidenced in Section [4.2] (Fig. L.11]) was also reported for benzene/Cu(111) by
Xi et al2%

7.3.2 Growth on Ag(111)

To study the role of the substrate, the growth of 2H-P on Ag(111) at room tem-
perature (Fig. [[.9) was monitored by means of polarization-dependent NEX-
AFS spectroscopy (left column) and XPS (right column).! The number and
shape of the NEXAFS peaks do not vary substantially during the deposition
series and agree well with the theoretically calculated monomer curves dis-
cussed in Section [[.2 In the first layer in direct contact with the substrate
(Fig. [[9a) the molecules adsorb undeformed and parallel to the surface, as
indicated by the 90°-curve (blue dotted line) whose intensity is zero in the
m* region, apart from the intrinsic absorption steps. With increasing cover-
age (Fig. [[9b-d) the intensity of the 90°-curve increases until the dichroism
is reversed for the thick multilayer (Fig. [.9d). Because of the thickness of
the layer, the coverage dependent orientation and the consequent damping of
the first layer signals the coverages cannot be quantified accurately. Fig. [[.9h
certainly shows (sub)monolayer data, while the final coverage in Fig. [[L9d is
estimated in the 8 ML range. For the thick layer in Fig. [[.9d the average angle
is 90°, i.e., the molecules adsorb perpendicular to the surface. Fig. [[.9%c and
exhibits smaller angles. It is not possible, however, to determine from the
NEXAFS data whether the average measured angles (except for the 0° and 90°
curves, which are unambiguous) originate from molecules which are all tilted
the same way or from molecules with different orientations whose contribu-
tions are averaged in the spectra (cf. Fig. [[.§]). Therefore it is not possible
to determine from NEXAFS alone how the molecules grow for intermediate
coverages. The adsorption geometries are illustrated in the middle panel of

Fig. [[9 The right column (Fig. e-h) shows the corresponding XPS Cls

iThe data were acquired at LT, which does not influence the tilt angle (see Section [3.3)
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Figure 7.9: Room temperature growth of 2H-P on Ag(111). On the left side angle-
resolved NEXAFS C K-edge spectra (25°: black solid line, 53°: red dashed line, 90°:
blue dotted line) for coverages increasing from (a) (sub)monolayer to (d) multilayer.
The central column illustrates the adsorption geometry: In the first layer (a), the
porphines adsorb planar on the surface. The angle increases with increasing coverage,
until the molecules stand upright on the surface for a multilayer (d). These changes
are illustrated in the middle panel. The right panel (e-h) shows the corresponding
XPS Cls (black markers, w = 435 €V). The red solid line represents the overall
fit of the data. The shape of the Cls curve changes in a systematic way, from a
very broad structure at (sub)monolayer coverages (e) to a more defined shape for
the upright multilayer (h). None of the four spectra matches the 2H-P monomer
spectrum obtained with DFT calculations. The inset in (h) shows a zoom-in of the
Cl1s region to highlight the additional feature at 284.8 eV.
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curves (black markers, hw = 435 eV). The shape of the Cls curve changes in a
systematic way, from a very broad structure at (sub)monolayer coverages (Fig.
[[.9e) to a more defined shape for the perpendicular multilayer (Fig. [[.9h). In
between (Fig. and Fig. [[g), the characteristic peak at 284.1 eV grows.
None of the four spectra matches the 2H-P monomer spectrum obtained with
DFT calculations. The multilayer spectrum is the closest, but even with a
broadening of 0.7 eV (cf. Fig. or later) the experimental data cannot be
reproduced exactly. This topic will be discussed further in Section [7.4]

As was the case for 2H-P/Cu(111) (Fig. EI1lin Chapter ) STM studies of
submonolayers of 2H-P/Ag(111) evidence a net repulsion between molecules®®
Our X-ray spectrocopy data indicated a strong interaction between 2H-P and
the copper substrate, concomitant with an electron donation-backdonation
effect. In contrast, for 2H-P/Ag(111) we do not observe such a strong inter-
action. Number and relative intensities of the resonances of the 53°-curve of
mono- and multilayers (Z.9h and d) do not vary much, so that we can rule out
a substantial charge transfer. A small, partial electron transfer which would be
consistent with our data, was evidenced by the UPS measurements described
in ref. 48 One possible interpretation, namely a different distance between
2H-P and the respective substrate, can not be verified with the present data,
but should be accessible by DFT calculations which take the substrate into

account.

The next step was dosing 2H-P at low temperature on Ag(111), which re-
sults in the same coverage as dosing at room temperature (cf. Fig. [ ITh and
b). However, the average angle of the molecules is 40° (Fig. [[.I0h) instead of
90° for the layers grown at RT, identical to the multilayer grown on Cu(111)
at LT (Fig.[CI0c). The corresponding XPS spectrum (Fig. [.10k) differs from
that of the ordered layer consisting of upstanding 2H-P and is similar to both
the calculated curve for the monomer and the Cls spectrum of the multilayer
grown at Cu(111) at low temperatures (Fig. [[I0g). As mentioned above dur-
ing the discussion of the porphine growth on Cu(111), the 40°-angle of the
low temperature phase is consistent with the 2H-P crystal phase®”® which con-
sists of porphine dimers stacked in a T-shape fashion. The phase of upright
standing porphines, however, is certainly different from the crystal phase, i.e.,

demonstrating templated growth.

This behavior is in strong contrast to the growth of the more extended, sub-
stituted porphyrins, such as 2H-TPP on Ag(111), where the NEXAFS data of
multilayers deposited at RT point to flat macrocycles and tilted phenyl rings 12

i.e., the macrocylces are certainly not perpendicular to the surface. As dis-
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cussed before for the adsorption on Cu(111), the coverage- and temperature-
dependent tilting of 2H-P on Ag(111) is reminiscent of the behavior of small,
aromatic molecules like benzene and pyridine, which were found to tilt de-
pending on the sample preparation conditions. Pyridine/Ag(111) deposited
at low temperatures (100 K/140 K) shows a coverage-dependent change in
tilt-angle, accompanied by different bonding to the surface: For low coverages
the molecules are either flat or have an angle of 45° to the surface (the liter-
ature data are not consistent) and bind primarily through the = orbitals or
nitrogen lone-pairs, whereas for higher coverage the molecules start to tilt and
finally appear randomly oriented #1%2 An explanation for the temperature-
dependent tilting (30°) of benzene on Pd(111) is given in ref. 212: Compared
to the flat adsorption at RT?Y more molecules stick to the surface and the
“surface crowding” is the reason for the tilting, caused by steric hindrances*!#
On other substrates like Cu(111)** and Ru(001)** the benzene molecules do
not tilt uniformly: the first layer adsorbs flat while the second layer stands
(nearly) perpendicular to the first one. This scenario would be consistent with
the NEXAFS data presented here. The alternative possibility of a uniform tilt
of all molecules, as observed for example for diphenyl-oxadiazole on Cu(111)%

seems equally probable.

7.3.3 Reorientation

To study the energetics involved, we investigated how the orientation of the
molecules depends upon changes in temperature after the deposition. To this
end, multilayers of 2H-P were dosed on cold Ag(111) and Cu(111) substrates,
which (as discussed before) leads to thick films with average adsorption angles
of 40° for both substrates. Carbon NEXAFS and XP spectra of the resulting
layers are identical (Fig. [[T0h and ¢ for NEXAFS, Fig. [[I0k and g for XPS).

Slow annealing to room temperature leads to a reorientation of the molecules
on both substrates until they are perpendicular (Fig. [ZI0b and d). Slow an-
nealing was achieved by switching off the cooling of the manipulator, so that
the temperature increased slowly in the course of one or more hours.! The
reorientation is also reflected in the XPS Cls spectrum of 2H-P/Ag(111) (Fig.
[CI0F), which shows the more distinct features for the perpendicular molecules,
as it was observed for the multilayer directly grown at room temperature (Fig.

iThe point about slow annealing is stressed because we saw indications of multilayer desorption
(and a bilayer left) if the film deposited at LT was brought in contact with a manipulator kept at
RT, i.e., a fast annealing. As this result was not reproduced for lack of beamtime, it will not be

discussed further.
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Figure 7.10: Reorientation of 2H-P molecules on Ag(111) and Cu(111). Left column:
NEXAFS C K-edge spectra, right panel: High resolution XPS Cls data of the same
preparations. Multilayers grown at LT on a Ag(111) (a)/(e) and a Cu(111) (c¢)/(g)
substrate: The molecules exhibit an average angle of approximately 40°. The corre-
sponding XPS peak is broad and resembles that of the monomer. Slow annealing to
RT (b/f for Ag(111) and d/h for Cu(111)) leads to a reorientation of the molecules:
they adopt a perpendicular orientation with respect to the surface. The correspond-

ing XPS peaks are more defined, like the ones for layers directly grown at RT (Fig.

[7.9).
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Figure 7.11: High resolution carbon (a) NEXAFS and (b) XPS data of a perpen-
dicular 2H-P multilayer on Ag(111) grown at RT. This spectrum is the one which
deviates most from the calculated monomer spectrum. The sharp features at binding
energies higher than that of the main peak appear also in other spectra of perpen-
dicular molecules (see for example Fig. [[L.Oh and [ZI0f), but are always much less

prominent than in this example.

[C9h, inset).

In the last step, we cooled down the samples again to check whether the
reorientation is reversible. However, we could not observe such a change, which
indicates that the perpendicular molecules indeed form a more stable phase.
This seems surprising as the geometry optimizations show that the symmetric
chain is energetically less favorable than the tilted one (Section [74]). The
reason for the higher stability of this phase might not be an energetic one, but
rather that steric hindrances for the closer packed molecules hinder a switch

to the more preferred state.

7.4 Influence of different parameters on the Cls XP spec-

tra

As was briefly discussed in the last sections, there is a direct connection be-
tween the orientation of the molecules and the shape of the multilayer XPS
Cls spectra. In general, the curves of the layers grown at low temperatures,
are broader and the features are less distinct. This result is not surprising it-
self and would point to a more disordered layer whose molecules have slightly
different chemical environments. The agreement with the theory is very high
for an empirical broadening of 0.95 eV.

It is, however, unexpected that the Cls spectra of the multilayers with
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perpendicular molecules (which are sharper) do not agree as well with the the-
ory. Of course, different broadening of the calculated binding energies lead to
different shapes of the resulting curves (Fig. [[.12]), but (contrary to the LT
cases) it is not possible to find a single FWHM value to match the experi-
mental spectrum. There is an additional feature on top of the shoulder at
approximately 284.8 eV (see Fig. [[.Oh, inset), which is not reproduced by the
theory. Moreover, the shape of the spectra is not identical for all layers with
similar orientation. The reoriented layer in Fig. only shows a hint of the
structure that is present in Fig. [[.h, and which was more prominent for a
different 2H-P film preparation shown in Fig. [[.1Tb.

7.4.1 Influence of broadening values

The comparison of several FWHM values for the broadening of the calculated
discrete binding energy values (Fig. [[12]) shows that this cannot be the source
for the discrepancy between theory and the measured RT phase. Even when
ignoring the extreme case (Fig. [[11)) and only comparing the data from Fig.
[[8g (Cu(11l), LT, Fig. [12h) and Fig. [[9h (Ag(111), RT, Fig. [[12b) to
calculated data with varying FWHMSs, it becomes evident that molecules from
the perpendicular phase generate a spectrum that cannot be easily reproduced
by the theory.

7.4.2 Influence of the molecular orientation

XPS measurements with varying photon energies iw were conducted for mul-
tilayers dosed at a Cu(111) substrate at LT (Fig. [[.13h) and a Ag(111) sample
at RT (Fig.[[9b). A variation of the photon energy leads to a variation of the
kinetic energy of the photoelectrons and consequently to a modified inelastic
mean free path of the electrons ™ Therefore measurements with 385 eV (Ej;,
~ 100 eV) are much more surface-sensitive and only probe the topmost layers.
All experimental and theoretical curves in Fig. [[.13] were normalized to the
intensity at 284.1 eV, in order to compensate for the different photon fluxes at
varying photon energies. The measurements for LT-Cu(111) hardly show any
dependence on Aw, the changes being minimal. The shape of the RT-Ag(111)
sample, however, varies with hw. A first tentative explanation takes into ac-

count that the molecules are oriented differently. For flat molecules Aw should

fiiphotoelectron diffraction effects are neglected here, due to the large integration angle selected

by the operation mode of the electron energy analyzer.
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Figure 7.12: Influence of broadening values on the shape of the simulated spectra.
The shape of the measured experimental data (black markers) of (a) the LT phase
can be nicely reproduced by the simulation (red solid line) of a porphine monomer,
using a broadening (FWHM) of 0.95 eV to obtain continuous spectra (blue dashed
lines) from the calculated energies and intensities (blue bars). The sharper features
of (b) the RT phase cannot be reproduced perfectly, even by applying a smaller
broadening of 0.7 eV.
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Figure 7.13: XPS Cls spectra collected at normal emission for different photon
energies. (a) Multilayer on Cu(111) and (b) multilayer on Ag(111). (c)-(d) are
simulated curves (FWHM = 0.75 eV) which take into account that the signal may
be partly damped, depending on the orientation of the molecule (see text for details).

(e) is the sum of (¢) and (d).
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not change the shape of the spectra, as electrons emitted from inequivalent
carbon atoms have to travel the same distance in the film. For perpendicu-
larly oriented molecules the photoemission signal from atoms at the bottom of
the porphine (Fig. [ 13| right side) are attenuated due to the larger distance
traveled through the material before reaching the detector. To quantify this,
we performed depth-resolved XPS simulations.

To this end we considered two perpendicular orientations of the molecule:
In one case one of the iminic nitrogen atoms (Fig. [LI3k), in the other case
the pyrrolic nitrogen atoms (Fig. [.I3M) is closer to the surface. The topmost
carbon atoms are set to z = 0, their signal is not damped at all. The intensity
of all other atoms 7 at a depth z; are modified according to

I =1Iy-exp <—%> (7.1)
where [ is the un-damped intensity which is always set to 1 in the simulations
and A is the attenuation length. The resulting shape for different values of
A vary for both orientations. For very short attenuation lengths (A = 2 A)
in Fig. 13k (Fig. [[I3d) it can be clearly observed that the iminic (pyrrolic)
contributions influence more significantly the shape of the high-energy shoul-
der. For larger values of A\ these differences vanish, as it should be expected.
As we do not know how the molecules are oriented on the surface the average
of both orientations is shown as well in Fig. [[.T3e.

Since the porphine is symmetric the effect of the damping is not as strong
as it would be for an asymmetric molecule, because there are always weak and
strong contributions from the same kind of carbon atom. This is the reason
that only at small attenuation lengths differences are observed in the spectrum.
Nevertheless, the trend of the photon energy dependence of the experimental
curves is reproduced by the calculations and the results are consistent with
the molecular orientation derived from NEXAFS spectroscopy measurements.
For LT-Cu(111) samples we hardly see any dependence on the photon energy
because the atomic z-values of the flatter conformation of the porphines vary

less than those of the perpendicular molecules.

7.4.3 Influence of the molecular stacking
Optimization of the molecule-molecule distance
To gain insight in the driving force of the resulting molecular orientation

in the multilayer films initially we considered the total energies of the possible

different stacking geometries of 2H-P molecules. To this end ensembles with
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Figure 7.14: Four principal alignment configurations of parallel porphine dimers
obtained from FHI-aims geometry optimizations. In all cases the top molecule is
depicted in gray and the lower molecule in black. The xy-plane is defined by three
C3 atoms of the lower 2H-P. See text and Table [[4] for discussion of details.

a different number of molecules were optimized with FHI-aims using a PBE
functional and the Tkatchenko-Scheffler van-der-Waals correction. StoBe is
not well suited for this task as it is not possible to include van-der-Waals

interactions in the simulation.

We started with the optimization of porphine dimers to keep computational
costs low. The dimers were pre-optimized with tier 1 basis sets followed by an
optimization at tier 2 level. The starting geometry consisted of two porphine
monomers as optimized in Section which were placed in parallel at a dis-
tance of 3 A from each other. We tested fully symmetric starting geometries
as well as a geometry where the upper molecule was rotated by 90° with re-
spect to the lower one and also shifted the top molecule by 0.1 A in x- and
y-direction to test for (other) local minima. For these molecules stacked in
parallel we obtained four motifs, as are depicted in Fig. [.T4h-d. In all four
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Table 7.4: Details of the optimized dimer geometries.

all atoms only N

B d[A] as[A]l ay[A] a[A]  d[A] as[A] ay[A] alA]
Dl tierl 0 3.64 0.00 0.00  0.00 3.61  0.00 0.00  0.00
Dltier2 0 3.66 0.06 0.06  0.08 3.63  0.00 0.00  0.00
D2tier1 90 3.63  0.00 0.00  0.00 3.57  0.00 0.00  0.00
D2 tier 2 90 3.63  0.00 0.00  0.00 3.58  0.00 0.00  0.00
D3tierl 0 343 1.11 1.16  1.61 342  1.07 1.08  1.52
D3tier2 0 343 1.14 1.05  1.55 3.42  1.07 1.07  1.51
D4 tier1 90 3.34 1.20 1.17  1.68 3.33 1.16 1.17  1.65
D4 tier 2 90 3.34 1.16 1.20  1.67 3.34 1.16 1.17  1.65

images the top 2H-P molecule is depicted in gray and the lower molecule in
black. The molecules are stacked along the z-axis, i.e., the xy-plane is always
defined by three C3 atoms of the lower 2H-P molecule. These configurations
can be described by three variables: the molecule-molecule distance d, the
displacement of the molecules in x- and y- direction a and the angle [ which
describes a rotation about the z-axis between the two molecules. for example
Dimer 2 (Fig. [[.14b) and Dimer 4 (Fig. [[.14d) are defined by g = 90°, the
others by f = 0. The definition of the distances is a bit more difficult as the
porphines are not perfectly planar. One possibility would be to define planes
through specified atoms of each molecule and compare the plane-to-plane dis-
tance. As this is also not unambiguous (a specified point for the evaluation
has to be used) a different method is employed here: The atom coordinate
averages for each molecule were calculated assuming that the deformation of
the porphines is small. d and a are then defined as the distances between the
averaged centers. The results are summarized in Table [[4l a, (a,) is the
displacement of the center in x (y), and a is given by a = /a2 +a2. For
comparison the distances were additionally determined while only taking into
account the nitrogen atoms.

Generally we found that fully symmetric (i.e., not displaced) starting con-
figurations lead to symmetric final geometries (Fig. [[14h and [Z14b), while
a small displacement of the two molecules resulted in the configurations dis-
played in Fig. [[ 14k and Fig. [[T4d. Hereby the geometries of dimer 1 (Fig.
[[I14k) and dimer 3 (Fig. [[.14k) are defined by 3 = 0, while for dimer 2 (Fig.
[[14b) and dimer 4 (Fig. [[14d) 8 = 90°. The distance d between dimers is
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mostly consistent for both methods of determining d (i.e., by either taking all
atoms or only nitrogen atoms into account). Consistently with ref. 216 the
symmetrically stacked dimers (dimers 1 and 2) exhibit the biggest distance
from each other (approx. 3.6 A), while the displaced dimers show a smaller
spacing (3.3-3.4 A). In addition, it can be noted that for § = 90° the dis-
tances are slightly smaller than for the respective unrotated configurations.
The adsorption energies E,g = 2 - B0 — Edimer of the four different dimers
determined with two different basis sets are listed in Table E}re refers
to the total energy of the monomer, EZ"" to that of the dimer. The way
the adsorption energies are defined means that for E,; > 0 the compound is
stable, and for E,; < 0 unstable. From the values given in Table it fol-
lows at once that the dimers are not stable when van-der-Waals interactions
are not taken into account (columns 2 and 4). Including van-der-Waals in-
teractions (columns 3 and 5) leads to stable dimers. In full agreement with
the findings by Miick-Lichtenfeld and Grimme (ref!*) the displaced and ro-
tated dimer 4 is energetically the most favorable, the fully symmetric dimer 1
the least energetically favorable. The small discrepancies in absolute energies
(13.6 keal/mol, i.e., 590 meV for dimer 1 in ref. 216) can be attributed to the
different description of the dispersion interaction. The values obtained in our
calculation seem reasonable when compared to the values obtained by Marom
et al. for NiPc and MgPc#}" There the determined values are approximately
0.5-0.7 eV larger than the ones presented in Table [Z.5] which is accounted by
the stronger interacting metal center.

Since it is possible that the properties of a porphine dimer are different from
those of a 2H-P molecule which is sandwiched between two or more porphines,
not only dimers, but also trimers, quadromers, pentamers and an indefinite
chain of stacked porphines, i.e., using periodic boundaries, are analyzed. Con-
sistently with the dimer results, the indefinite chain of tilted molecules (corre-
sponding to dimer 3, Fig. B0k and d) is more stable (Table [[.H]) than the fully
symmetric chain (corresponding to dimer 1, Fig. B.5h and b). The molecule-
molecule distance for fully symmetric stacked porphines does not vary much
for increasing number of molecules (Table [.6]), while the adsorption energy
per molecule increases. The results can partially explain the reorientation of
the molecules during annealing (Fig. [[.T0): The non-symmetric conformations
are more favorable. This can be interpreted such that at low temperatures
the completely symmetric perpendicular configuration cannot be realized. By
annealing to RT the system gains energy and can transfer to the less favorable

state. Once the molecules stand up in an upright position on the surface, steric
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Table 7.5: Adsorption energies for the four dimers depicted in Fig. [[.T4] and the

symmetric and tilted chains, determined with periodic boundaries.

Tier 2 Tier 3
Eadi Evgw ii Ead i EvgllW ii
a a

Dimer 1 -319 meV 683 meV -325 meV 677 meV

Dimer 2 -313 meV 728 meV -320 meV 720 meV

Dimer 3 -263 meV 944 meV -268 meV 939 meV

Dimer 4 -254 meV 954 meV -259 meV 949 meV

Chain (symm.) - 703 meV - 695 meV
Chain (tilted.) - 992 meV - 982 meV

Adsorption energy: E,q — 2 - Ef¢ne — pdimer

"Including semi-empirical van-der-Waals corrections

Table 7.6: Adsorption energies and molecule-molecule distances: symmetric stacking

(cf. Fig. [[14h), geometries optimized with tier 2, energies determined with tier 2.

Dimer Trimer  Quadromer Pentamer Periodic
E,;' 342meV 464 meV 525 meV 562 meV 683 meV
di' 363A  365A 3.63 A 3.63 A 3.64 A

Adsorption energy per molecule (for n molecules): E,q = (n - B — B ™) /n
iPeriodic: size of unit cell; Rest: like in Table [[4] only nitrogen atoms taken into

account

hindrances prevent switching back to the original position. It should be noted,
however that the two indefinite chains analyzed here are not the only possible
configurations. While “T-stacked” monomer configurations as depicted in the
middle panel in Fig. [[.8 are expected to be less stable (when extrapolating

218 we do not have reference

the trend obtained for the dimer calculations),
energy values of the crystal phase (“T-stacked” dimers) and for totally random
orientations, so that the assumption that the molecules in the 40° LT-phase
are tilted uniformly, cannot be verified with the presently available data. As
next step the calculation for the adsorption energy of the crystal phase should

be performed, in order to elucidate this question.
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Figure 7.15: (a) Comparison between simulated XP spectra obtained by taking into
account all 20 different carbon atoms of one porphine (black dashed line) and only
five inequivalent carbon atoms, respectively. (b) and (c¢) compare the calculated XP
spectra of the four porphine dimers to the spectra of the monomer (Fig. [[.2d) and
to the experimental data (Fig.[[.9h). (d) displays the XPS spectra obtained from a

trimer out of the optimized indefinite chains.

XPS spectra of optimized geometries

Subsequently the influence of the different stacking on the XPS spectra is an-
alyzed. The results are presented in Fig. [.T5l Firstly, it was checked whether
the assumption of only five inequivalent carbon atoms with degenerate ioniza-
tion energies is justified for the dimers. The similarity between XPS spectra
obtained by taking into account all 20 different carbon atoms of one porphine
(Fig.[.I5h, black dashed line) and that for only five inequivalent carbon atoms
(Fig.[[.I5h, red solid line) shows that also for dimers it is still justified to reduce
the calculation effort by only simulating the spectra of the five atoms displayed
in Fig. [l The simulated XPS curves of the four dimers are compared to the
spectrum of the monomer and to the experimental data of a perpendicular
2H-P film in Fig. [[.I5kc and d. While there are small differences between the
respective spectra, the modifications are certainly not big enough to explain
the different shape of the measured spectrum of perpendicular porphine layers
(e.g., in Fig. [[.9h). To rule out that it makes a difference whether the investi-
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Figure 7.16: Simulated XP spectra for different molecule-molecule distances, com-
pared to experimental data (markers). The optimized value is 3.64 Afor an indefinite
symmetric chain (cf. Fig. B.5h and b).

gated 2H-P interacts with one or with two adjacent porphines, the next step
was the calculation of XPS spectra of trimers. These trimers were cut from the
indefinite symmetric and tilted chains. This method was chosen, because the
creation of a core hole in the periodic system would give random total energies,
as it corresponds to a system with indefinite charge. Fig. shows that the
resulting spectra do not vary much from those of the dimers. Therefore we
can rule out that the differences observed in the XPS Cls data of multilayers
grown at LT and RT are caused by the interaction of stacked porphines.

XPS spectra: dependence on molecule-molecule distance

Another possibility is that the porphines in the perpendicular multilayers
are so close packed that the molecule-molecule distances e in the film do not
correspond to the values obtained in the geometry optimizations. Therefore we
evaluated the spectra at different values of d for the symmetric porphine chain
(Fig. 35k and b). To this end the z-value of the unit cell (cf. Fig. B3] was kept
at the desired value, followed by a relaxation of the porphine inside the unit
cell. As before, a trimer was cut from the in such a way optimized indefinite
chain and the ionization energies were calculated. However, the curves seem to
be very stable and small variances in d hardly influence the shape of the spectra
(Fig. [[I6k). Only below 3.0 A the shape started to change (Fig. [ZI6b), but
as the modified spectra also do not fully agree with the experimentally derived
curve and the change in distance is rather large (0.8 A correspond to 22% of
the original distance of 3.6 A), we rule out this mechanism for the shape in

Fig. [.h.
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Chapter 7: Growth and reorientation of 2H-P on Ag(111) and Cu(111)

Table 7.7: Binding energies of oxygen and chlorine contaminants.

Substrate  Tdosing  Tmeas Eb(Cl2p3s2)'  Ep(Cl2ps)n)! Ey (Ols)t

Ag(111) RT RT - - -
Ag(111) LT LT 198.0 eV - 533.1 eV
Ag(111) LT RT 197.9 &V - .
Cu(111) RT RT 198.6 &V : ;
Cu(111) LT LT 197.6 eV 201.2 eV 533.3 eV
Cu(111) LT RT 198.1 &V ; ;
H,041 - - 532.9 eV
HoO/Cu(110)2X - - 533.4 eV
HoO/Ag(111)%2 - - 534 eV
CO3/Cu (chemiesorbed ) - - 531.4 eV
CO,/Cu (physisorbed)%22/223 - - 534.4-534.6 eV
COs/Ag (physisorbed %43 - - 534.8 eV
CO/Cu?24 - - 533.7 eV
Cl~ /Cual 198.0 eV - -
CuC1200 198.6 eV - -
Cl~ /A g2l 197.2 &V : .
AgC[200 197.9 eV - _

[Au'TPP|*Cl~ /Au(111)°8 197.9 eV - -

‘Measured at ESCAlab (cf. Fig. [[17).
iiMeasured at BESSY.

7.5 Role of impurities

As it was briefly mentioned before, in one of the beamtimes we discovered
impurities on our cooled samples (Fig. [[7c). The recorded Ols peaks have
binding energies of 533.3 eV (Cu) and 533.1 eV (Ag) which are consistent
with an adsorption of HyO on copper and silver (Table [[7]). We can exclude
that the oxygen stems from CO; as the binding energies for chemisorbed (ph-
ysisorbed) CO lie below (above) the measured values. While the binding
energy of CO would agree roughly with our experimental value, the different
peak structure (CO/Cu shows strong shake-up intensities) and the absence of
the corresponding carbon peak excludes the possibility of carbon monoxide on

our samples.
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Figure 7.17: XPS overview spectra (measured at ESCAlab, hw = 1486.6 e¢V) of
the growth of 2H-P multilayers on Ag(111) and Cu(111) at room temperature (RT)
and low temperature (LT). All four preparations used the same evaporation time and
sublimation temperature. The red dotted line in each graph represents the respective
curves of the clean substrate for comparison. The shape of the background and the
relative intensities are different from the measurements at BESSY (Fig. [[L7) due
to the much higher photon energy. The insets show the corresponding Cl2p. The
overview data corroborate the conclusions drawn before: On Ag(111) the substrate
temperature during deposition does not influence the thickness of the final layer (a
and b), while on Cu(111) the growth is limited at RT (c) and unlimited at LT (d). No
Cl12p could be detected for 2H-P/Ag(111) at RT (a), while at LT (b) the doublet can
be clearly resolved (experiment: black markers, red solid line: overall fit, blue dashed
lines: individual fitted peaks). On Cu(111) at RT (c) small traces of chlorine could
be detected. The highest amount of Cl was found on the cooled copper substrate
(see Table [T.8 for quantitative analysis).
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Chapter 7: Growth and reorientation of 2H-P on Ag(111) and Cu(111)

Table 7.8: Quantitative analysis of Cl contaminations.

Fig~ Substrate Tdosing Treas ClSi ClQPi ClS/ClQpii CIZQH—Piii

[Ih Ag(111)  RT RT 9607 0 - 0
TIb Ag(11l) LT LT 9096 244 84.6 1:4.2
- Ag(111) LT RT 9379 175 121.7 1:6.1
IZ Cu(11l)  RT LT 6907 56 280.0 1:14.0
I Cu(111) LT LT 16757 521 73.0 1:3.6
- Cu(111) LT RT 16348 162 229.1 1:11.5

iFitted areas after background subtraction.
iiRatio of areas Cls/Cl2p, corrected for the photoionization cross sections
(0.03103/0.01367 = 2.26993)%

HiChlorine atoms per number of 2H-P molecules (20 carbon atoms)

The second unexpected species is chlorine which is not a typical residual gas
in an UHV chamber. It seems to originate from the synthesis of the porphines
(which are specified with 95% purity) and only occurs after the evaporation
of molecules. To quantify the amount of CI in the sample, we performed
additional XPS measurements. The Cl2p spectra are displayed as insets in the
corresponding overview spectra in Fig. [[.I71 On Ag(111) at RT we did not
find any chlorine (Fig. [[I7h), on Cu(111) at RT we observed a small amount
(Fig. [[TTc), i.e., approximately one chlorine atom per 14 porphine molecules
(Table [I.g]). For films grown at LT a much higher amount of chlorine sticks
onto the sample, for both substrates approximately one chlorine atom per four

2H-P molecules.

After annealing the LT-samples to room temperature for one night (~ 12
hours), the amount of chlorine is reduced in both cases, though it seems to stick
more on Ag(111) than on Cu(111). The qualitative results are summarized in
Fig. [[. 191 It should be kept in mind that the quantitative analysis is not very
precise because of the small intensities of the Cl. It is not clear whether the
chlorine adsorbs on the substrate or onto the molecules, as the binding energies
of the Cl2pg/y peak (Table [L7) vary by as much as one electron-volt, and the
assignment is not unambiguous. From the fact that the amount of chlorine
is reduced after annealing to room temperature, while the carbon intensity
remains the same, it can be concluded that the CI is not or only weakly bound
to the porphine but rather is a byproduct present in the purchased powder

144



Influence of the growth mode on the self-metalation Section 7.6

sublimes together with the 2H-P molecules. The binding energies of Cl agree
both with Cl~ adsorbed on Cu or Ag and with Cl~ attached to a porphyrin
(Table [T.7)), but certainly point to a negatively charged chlorine ion.

How does the presence of the contaminants influence the growth modes
and shape of the Cls peaks? For 2H-P layers grown at RT on Ag(111) no con-
taminants were detected, therefore the templated perpendicular growth and
the consequent change in Cls spectra truly result from the interplay between
molecule-substrate and molecule-molecule interactions. The same effects can
be obtained by annealing a film which has been dosed at LT, which also re-
sults in perpendicular molecules, but with chlorine present (see also summary
illustrated in Fig. [.T9]). Hence, the presence of Cl does not seem to influence
the tilting of the molecules and therefore can be excluded as the reason for the
different average angle of the layers grown on a cooled substrate.

The limited growth of 2H-P on Cu(111) at room temperature also seems to
be a physical effect not based on the contaminants, as water is not present at
all and chlorine only in a small percentage (one chlorine atom per 280 carbon
atoms, i.e., 14 porphine molecules). We cannot rule out, however, that the
presence of water on the cooled samples does not influence the tilt of the
molecules, since an additional water film between the porphines may prevent
the formation of the perpendicular layers.

7.6 Influence of the growth mode on the self-metalation

To study the influence of the growth mode on the self-metalation described in
Chapter Ml three different samples were prepared and analyzed with XPS. The
first sample is a 2H-P bilayer grown on Cu(111) at RT (Fig.[[.I8h), the second a
multilayer deposited at LT on the same substrate (Fig.[[.I8b) and the last one
a multilayer which was first deposited at LT and afterwards annealed to 300 K
for 1 h (Fig.[I8). The N1s XPS spectra of the pristine porphine layers (top
panels) show two peaks, assigned to iminic (blue) and pyrrolic (green) nitrogen
species. After annealing to 393 K (middle panel), the porphines of the first two
samples are fully metalated (single red peak), as it could be expected from the
results in Chapter[d. However, the spectra of the molecules in the third sample,
which- according to the results of Section have already switched to an
upright position, remain nearly unchanged. Even after raising the temperature
further to 433 K (bottom panel) the film is not fully metalated. This indicates
that the nitrogen atoms need the be close to the surface in order to capture

a copper atom from the substrate which is prevented by the limited mobility
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Figure 7.18: N1s XPS spectra of a Cu(111) sample with (a) a 2H-P bilayer grown
at RT, (b) a multilayer grown at LT and (c) a multilayer grown at LT and annealed
for 1 h to room temperature. The pristine porphine layers (top panels) show two
peaks: iminic (blue) and pyrrolic (green). After annealing to 393 K (middle panel),
the porphines at a) and b) are fully metalated (single red peak), while ¢) remains
nearly unchanged. Even after annealing to 433 K (bottom panel) sample c) is not

fully metalated.

of the stacked porphines. These results also indicate that the first layer of
porphines in contact with the susbtrate already starts to tilt.

7.7 Summary

We characterized the growth of the most fundamental tetrapyrrole compound,
the 2H-porphine (2H-P), on the coinage metal surfaces Ag(111) and Cu(111)
using a combination of X-ray photoelectron spectroscopy (XPS) and near-
edge X-ray absorption fine structure (NEXAFS) spectroscopy with density
functional theory (DFT) calculations. Angle-resolved NEXAFS measurements
reveal the adsorption geometries of the porphines: On both substrates for cov-
erages up to one monolayer the molecules adsorb without appreciable distor-
tion and parallel to the respective metal surface. For increasing coverage, the
orientation of the molecules depends on the chosen substrate and its temper-
ature during the growth of the films (see Fig. [[.19). Multilayers grown at low
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Summary Section 7.7

temperatures (LT) exhibit a similar average tilting angle (~ 40°) on both sub-
strates. The corresponding carbon XP and NEXAFS curves agree very well
with the simulated gas phase spectra and can therefore be easily disentan-
gled. The calculation reveals that the carbon signals of both the XPS and the
NEXAFS curves can be decomposed into two groups: peaks at lower binding
energies stem from carbon atoms which only bind through C-C bonds, and
a second set of peaks at higher binding energies originates from C-N bonded
carbon atoms.

In contrast, a different growth behavior is observed for molecules dosed
at room temperature. On Cu(111) the growth is limited to a coverage of
approximately two layers, while on Ag(111) multilayers can be grown without
restriction. In contrast to the orientation of 2H-P in the bulk crystal structure,
the molecules in these multilayers are oriented perpendicular to the surface.
The same orientation is observed for multilayers grown at 95-109 K on Cu(111)
and Ag(111) surfaces, after slowly annealing to room temperature. This reori-
entation process is irreversible, i.e., subsequent cooling of the samples does not
reverse the tilting angle back to the original configuration. Different molecular
orientations result in a modified shape of the Cls XPS curves. The dependence
of this shape on the incidence photon energy can be explained using depth-
resolved DFT calculations by taking into account the damping caused by the
different adsorption geometries. Simulations of ionization energies for differ-
ently stacked molecules show no indication for a packing-induced modification
of the XPS spectra. Of special interest is the influence of the adsorption ge-
ometry on the self-metalation of the system. It was shown that self-metalation
is prevented or at least hindered for the perpendicular adsorbed porphines, a

fact that was attributed to the missing contact with the substrate.
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Figure 7.19: Summary of the growth and reorientation of 2H-P multilayers on
Ag(111) and Cu(111) at different temperatures. Regardless of the substrate and
the substrate temperature during the growth, the porphines adsorb flat and copla-
nar in the first layer in contact with the metal surface. For higher coverages the
molecules start to tilt. At room temperature the growth is limited to a bilayer on
Cu(111), while on Ag(111) growth is unlimited and the molecules take a perpen-
dicular orientation to the surface. At low temperatures (100-130 K) no differences
can be found for the two substrates: it is possible to grow very thick layers (until
the substrate signal is not detectable by XPS) which exhibit an average tilt angle of
40°i.e., the molecules may be tilted uniformly as it is sketched here, or oriented in
the crystal structure . When the layers are slowly annealed to room temperature,
i.e., the cooling is switched off and the heating up takes place in the course of one or
more hours, the molecules start to tilt until they are upright. Cooling down again

does not change the orientation back to the original angle.
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Chapter 8

Conclusions and Outlook

The use of surface-confined porphyrins in possible applications (e.g., in solar
cells, anti-cancer drugs, nano-electronics) depends not only on their intrin-
sic functional properties, but is also strongly determined by their interaction
with underlying atomic layers. In this work the adsorption and growth of
metalated and non-metalated porphines and meso-tetraphenylporphyrins on
coinage metal surfaces were comprehendively studied using a combination of
X-ray spectroscopy methods and density functional theory calculations. The
main focus laid on investigating how the properties, more precisely the molecu-
lar conformation and the electronic structure, of adsorbed free-base porphyrins
are influenced by (i) the metalation of the macrocycle, (ii) the substituents,
(iii) the substrate and (iv) the overlayer thickness, coverage and heat treat-

ment.

Notably the free-base porphine (2H-P), as prototype tetrapyrrole mycro-
cyclic compound representing an ideal model system for the investigation of
porphyrin-substrate interactions, was explored. This work presented a detailed
insight in 2H-P on different substrates and compared its adsorption behavior
to that of its phenyl substituted derivative, the free-base tetraphenylporphyrin
(2H-TPP). To this end, 2H-P and 2H-TPP layers of varying thicknesses were
deposited on Ag(111) and Cu(111) surfaces by organic molecular beam epitaxy
(OMBE) and analyzed with XPS and angle-resolved NEXAFS spectroscopy.
In a second step the free-base porphyrins have been metalated in situ to com-
pare the properties of metalated and non-metalated porphyrins. Contrary
to the commonly employed method of in situ metalation, via physical vapor
deposition of the desired metal, two novel methods were introduced and/or
employed in this thesis. The first is the self-metalation, i.e., the metalation of
free-base porphyrins with substrate atoms of the Cu(111) surface to yield cop-
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per porphine (Cu-P) and copper tetraphenylporphyrin (Cu-TPP). The second
technique is the metalation via chemical vapor deposition of a ruthenium car-
bonyl precursor molecule on Ag(111) to yield Ru-P and Ru-TPP, which was
compared to pre-synthesized Ru-(CO)TPP molecules. To conclude on the in-
teraction between adsorbates and surface, multilayer and monolayer films were
prepared. While the properties of the latter are dominated by the anchoring
to the substrate, it can be assumed that only molecule-molecule interactions
need to be taken into account for the analysis of the multilayer sample. One
crucial point for the interpretation of the XPS and NEXAFS spectra is the
peak assignment. In this work the use of DFT to simulate the corresponding
spectra allowed to explain compound specific features which in turn enabled
the interpretation of the spectroscopy data, which is not trivial due to the
complexity of the porphyrins.

For 2H-P and 2H-TPP on Cu(111) the NEXAFS signatures differ substan-
tially between mono- and multilayers. For both molecules a detailed peak
assignment of the multilayer curves could be achieved by comparison with the
computed DFT spectra, providing the necessary information for the fitting of
the angle-resolved NEXAFS data. The spectra of the monolayer samples ex-
hibit broadened features, indicating a strong interaction with the surface. In
addition, the first peak in both the nitrogen and the carbon region is quenched,
which points to an electron transfer from the substrate to the LUMO of the
molecules. The effect is more pronounced for 2H-TPP than for 2H-P, indi-
cating only a partial filling of the LUMO of the porphine. 2H-TPP molecules
in direct contact with the Cu(111) surface adsorb in a strongly saddle-shaped
geometry, i.e., a deformed macrocycle where the iminic nitrogen (=N-) atoms
are pointing towards the surface, while the pyrrolic nitrogen (-NH-) atoms
point upwards, combined with nearly flat phenyl rings. The different dis-
tances between the two inequivelant nitrogen atoms and the copper substrate
lead to different interactions with the surface, which is reflected in different
shifts of the respective N1s XPS peaks between monolayer and multilayer data.
All observations point to a strong interaction of the iminic nitrogen with the
surface, either by the formation of an intermediate complex or via a donation-
backdonation effect. In marked contrast to the adsorption of 2H-TPP, 2H-P
on Cu(111) adsorbs undeformed and parallel to the surface, highlighting the
influence of the phenyl substituents on the conformation of the macrocycle.
Consequently all atoms have the same distance to the substrate, leading to
similar interactions with the surface for both nitrogen species. Annealing of
2H-TPP and 2H-P samples with different coverages led to gradual changes in
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Figure 8.1: Summary of adsorption geometries, occurrence of charge transfer (CT)

and net interactions (IA) between molecules in (sub)monolayer samples.

both XPS and NEXAFS spectra. DFT calculations allowed to assign these
changes to the formation of Cu-TPP and Cu-P, respectively. It could be
shown that it is possible to metalate more than one layer of porphyrins. The
metalation of 2H-TPP to Cu-TPP leads to a change in both molecular con-
formation and molecule-surface interaction (see summary in Fig. B1)): The
Cu-TPP exhibits a reduced saddle-shaped deformation of the macrocycle with
phenyl rings rotated out of the surface plane. Contrary to the free-base case no
electron transfer to or from the molcule could be observed. For Cu-P (which
remains flat), however, the NEXAFS results indicate the same interaction with
the Cu(111) surface as for 2H-P, despite the lack of XPS evidence for a possible
charge backdonation. This leads to the conclusion that the modified interac-
tion of Cu-TPP with the Cu(111) surface is the result of the conformational
change upon annealing: The tilted phenyl rings prevent the macrocycle from
coming close to the surface, while the flat conformation of Cu-P allows a closer
proximity to the substrate, which promotes charge transfer.

A second type of metalation for 2H-TPP and 2H-P on Ag(111), i.e., via the

precursor molecule Ruz(CO);o, was analyzed with special attention to the role
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of the silver substrate in the metalation process. To this end, different cover-
ages of the free-porphyrins were exposed to Ruz(CO);s, followed by annealing
to 550 K. For coverages of one monolayer and above, the precursor did not
stick on the sample as was evidenced by XPS measurements, irrespectively of
the porphyrin constituent of the molecular overlayer. The lower the molecular
coverage, i.e., the larger the area of free silver, the higher was the detected
amount of Ruz(CO);5 on the sample. Depending on this surface availability of
the precursor, the free-base porphyrins were completely or partially metalated
after the subsequent annealing step. The annealing temperature required for
the porphyrin metalation coincided with the formation temperature of clean,
metallic Ru clusters on Ag(111) by Ru3(CO)y2. It was therefore concluded
that the Ag substrate plays a catalytic role in the metalation of porphyrins
by this metal carbonyl: the precursor sepcies adsorbs only on the free silver
patches, where it is fully decomposed by heat treatment and therefore pro-
vides Ru adatoms active for the porphyrin metalation. We found indications
for the formation of metal-organic networks resulting from annealing 2H-P in
the presence of the precurser, which certainly should be verified by scanning

probe techniques.

For the application in anti-cancer drugs, the oxidation state of Au-TPP is
crucial. Mono- and multilayers of [Au(III)-TPP]*Cl~ adsorbed on a Au(111)
surface were investigated by XPS with special focus on whether the oxida-
tion state of the gold center is preserved upon adsorption. We found that
to be the case for all investigated coverages. The Cl~ ion was only detected
in multilayer, but not in monolayer preparations. Taking into account STM

measurements on the same system %

this result suggests a decomposition of
[Au(IIT)-TPP]*Cl~ upon adsorption, followed by desorption of a large part of

the Cl~ ions.

The last chapter presents a comprehensive characterization of the growth
of 2H-P on Ag(111) and Cu(111). On both substrates for coverages up to
one monolayer the molecules adsorb undeformed and parallel to the respective
metal surface. Due to the absence of attractive intermolecular forces repulsive
interactions between molecules dominate, preventing an assembly in islands.
For increasing coverage the orientation of the molecules depends on the sub-
strate and its temperature during the growth of the films. Multilayers grown
at low temperatures (LT) exhibit a similar average tilting angle (=~ 40°) on
both substrates. The corresponding carbon XP and NEXAFS curves agree
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very well with the simulated gas phase spectra and could therefore be dis-
entangled. However, for molecules dosed at room temperature, a different
growth behavior was observed. On Cu(111) the film thickness is limited to
a coverage of approximately two layers, while on Ag(111) multilayers can be
grown without restriction. In contrast to the orientation of 2H-P in the bulk
crystal structure, the molecules are oriented perpendicular to the surface in
these multilayers. The same orientation is observed for multilayers grown at
low temperatures on both Cu(111) and Ag(111) surfaces, after annealing to
room temperature. This reorientation process is irreversible, i.e., after subse-
quent cooling the molecules retain their upstanding conformation. Different
molecular orientations result in a modified shape of the Cls XPS curves. The
dependence of this shape on the incidence photon energy could be explained
using depth-resolved DFT calculations. Simulations of ionization energies for
differently stacked molecules showed no indication for a packing-induced mod-
ification of the XPS spectra. The molecular orientation plays an important
role in the self-metalation of 2H-P/Cu(111) as the upstanding layers obtained
by annealing a porphine film grown at low temperature could not, or only
partially, be metalated. This suggests that the distance of the nitrogen atoms
to the substrate plays an important role for the self-metalation. This conclu-
sion may seem trivial, but as long as the mechanisms for the metalation of

porphyrin multilayers remain unknown, it is not self-evident.

Generally, the results presented in this work laid the fundament for fu-
ture investigations and/or applications. Of special interest are the findings
for the growth of the free-base porphine, which combines the functionality of
porphyrins (e.g., the possibility to be metalated) with a growth behavior sim-
ilar to that of small aromatic molecules like benzene. If future experiments
can confirm that, as our results indicate, the upright standing 2H-P film is
well ordered, this opens the door for all applications which require oriented
m-stacked layers, e.g., for application where charge transport inside films plays
a crucial role (transistors, solar cells). The preparation of the horizontally
stacked 2H-P layers can take place at room temperature and the films appear
to be stable over a certain temperature range, which is a prerequisite for appli-
cations manufactured in a larger scale. If future experiments can confirm that
(i) it is possible to metalate the upright standing 2H-Ps, (ii) they maintain
their orientation upon metalation and are (iii) packed close enough, this gives
the opportunity to create horizontal metal nano-wires which are not in direct

contact with the metal surface. Taking into account the results derived in
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Chapters [ [B] and [, self-metalation, as well as metalation via the Ruz(CO)io
precursor are not well suited for this task, so that the conventional method
of dosing metal atoms on top of the porphyrins shows the greatest promise.
With this approach it might even be possible to use masks for creating any
desired structure.

In summary, it could be shown that each of the many contributing fac-
tors (metal center, substituents, surface, preparation conditions) that steer
the complex behavior of porphyrins on surfaces can be accessed by system-
atic studies. A crucial point plays the analysis of free-base porphine films as
it allows to conclude on the role of attached substituents. The in situ met-
alation of mono- and multilayers of free-base porphyrins is an ideal way to
study the influence of the central metal atom on the molecular conformation
and electronic properties. This systematic study shows the complexity that
has to be taken into account when predicting the behavior of new porphyrin-
substrate systems, which is a prerequisite for the rational design of functional
interfaces. The advantages of the combined DFT and X-ray spectroscopy ap-
proach presented in this work are evident: Complex adsorption geometries like
the strong saddle-shape of 2H-TPP/Cu(111) can not only be predicted, but
even be quantified by determining the angles between small subgroups and the
surface. Of course, the application of this approach is not limited to porhyrins,
but can in principle be extenteded to even more complex molecular systems.
The next step would be to explicitely include the influence of the surface in
the simulation of the X-ray spectroscopy data. This allows to verify the con-
clusions drawn from experiments (regarding e.g., shifts, quenching of peaks)
which are related to fundamental aspects of interface functionalization (such
as charge transfer) and should therefore be of interest for the whole surface

science community.
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Appendix

A.1 Optimized molecule geometries

Figure A.1: Optimized geometry of 2H-TPP, optimized with StoBe using the RPBE
functional, for details see Section [3:22.1] and for the color code see Fig. [Tl
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Figure A.2: Optimized geometry of Cu-TPP, optimized with StoBe using the RPBE
functional, for details see Section B.2.1] and for the color code see Fig. [
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Figure A.3: Optimized geometry of 2H-P, optimized with StoBe using the RPBE
functional, for details see Section [3.2.1] and for the color code see Fig. [Tl
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Figure A.4: | optimized with StoBe using the RPBE functional, for details see Section
B.2.1] and for the color code see Fig. [[L1]
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A.2 NEXAFS background subtraction
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Figure A.5:

Comparison of different methods for the processing of NEXAFS data,
demonstrated for the carbon spectra of a submonolayer of 2H-TPP/Ag(111)
(cf. Fig. B.Bb). This coverage was chosen as the signal of the Ag(111) crystal
is expected to play a bigger role for submono- than for multilayers. (a) Angle-
dependent NEXAFS spectra obtained after following the procedure described
in Section B.1.3] i.e., by subtracting the signal of the bare Ag crystal (“Cryst.”)
and division by the transmission data (“Trans.”), (b) a division by Trans. alone
leads to small changes in the resulting spectra, while (c¢) a division by Cryst.
yields identical spectra. (d) and (e) compare the angles derived from curves
(a)/(c) and (b); they vary by approximately 5-8°.
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A.3 2H-P/Ag(111): background subtraction
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Figure A.6:

Background subtraction for the XPS N1ls region of a submonolayer of Ru-
TPP/Ag(111). (a) The raw data (markers) show a single peak, as it could
be expected for the nitrogen region of a metalloporphyrin sample. The back-
ground is sloped; the red and green lines show that it is not possible to assign a
constant slope. (b) The blue circle in the overview spectrum marks the nitro-
gen region, (c) Tentatively a linear background (red line) is subtracted, which
results in the spectrum shown in (d). From both (b) and (¢) it becomes clear,

that this method is insufficient, since it leads to an artifact (green dashed line)
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at 400.0 eV. (f) only the metalloporphyrin peak (red dashed line) is left after
the subtraction of a slightly curved polynomial background (e, red line). For
all samples in Chapter [§] with coverages in the (sub)monolayer range this type
of background was used. However, one should keep in mind that this rather
empirical method has to be used with caution and the raw data have to be
studied carefully to avoid a loss of information by subtracting the background
in this fashion. It certainly is not well-suited for the analysis of multilayers,
as (i) the information on shake-up satellites would be lost and (ii) the un-
derlying silver background is attenuated, i.e., the slope of the background is
reduced (which also means that a standard background correction method can
be applied.)

A.4 Used software

This section lists the software used in this thesis.
e DFT codes: StoBé?*® and FHI-aims”

e XPS and NEXAFS data processing and peak fitting were performed using
Igor Prot#%121 All graphs containing XP and NEXAFS spectra were
created with Igor Pro.

e Structural formulas in Figs. B and B.1] were created with Chemtool?2°

and JChemPaint?*"

e Balsac?*® was used to create the ball-and-stick-models in Figs. [l £.2], £.3]
413 and [T11

e Qutput generated by StoBe and FHI-aims and the visualization programs
Molekel**® and Jmol**” were used to create the orbital pictures in Figs.

47 and [T.6]

e Furthermore, Adobe Illustrator CS2 (Version 12.0.1, 2005), POV-Ray
(Version 3.5) and OpenOffice (Version 3.3.0), as well as ASE%!L were
used to create the other graphs in this work.
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