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Abstract

Interfaces between metals and organic thin films are of paramount importance for
organic electronic devices. By photoemission spectroscopy (XPS), scanning tunneling
microscopy/spectroscopy (STM/STS), temperature programmed desorption/reaction
(TPD/TPR) and density functional theory calculations (DFT), chemical reactions and
diffusion processes during the formation of interfaces/interphases, and their electronic
structures are investigated.

The presented thesis focuses on two distinct substance classes, arranged by the
reacting functional groups of the involved organic phases. Various reaction systems
including organic-on-metal and metal-on-organic interfaces are visited.

In the first major topic, the surface coordination chemistry of thin films formed by
porphyrinoid molecules with coinage metals – the latter either as crystalline substrate
surface or dosed onto the films as atoms – is characterized. Molecular film thicknesses
extend from incomplete layers, i.e., submonolayer coverages, to a few ten nanometers,
i.e., multilayers. Metalation of 2H -tetraphenylporphyrin (2HTPP) at submonolayer
coverages and 2H -phthalocyanine (2HPc) for up to multilayer coverages is found to
be possible at elevated temperatures even from an atomically flat copper substrate.
TPD/TPR studies reveal that the presence of an exchange mechanism could be
responsible for the observed substrate based multilayer metalation.

Besides the interfacial chemical bond, i.e., between the surface and the metal
complex, secondary effects – such as charge transfer and weak band bending – are
characterized in detail for cobalt phthalocyanine adsorbed on Cu(111). Individual
molecules in porphyrin or phthalocyanine thin films are able to oxidize cobalt atoms
into formal Co(II) species. By modification of the reaction center from porphin to
corrole, i.e., essentially by the replacement of an iminic by a pyrrolic nitrogen in the
macrocycle, the formation of Co(III) complexes is rendered possible.

Moreover, multilayer metalation of 2HTPP molecules with deposited cobalt atoms
is investigated in detail by both laboratory X-ray source (XPS) and synchrotron-
based hard X-rays (HAXPES). Since the latter is a nondestructive method for bulk
composition probing, chemical and physical properties can be investigated. This
technique is also applied to obtain a depth profile of a layered battery cathode –
initially comprising lithium-nickel-manganese-oxide and lithium-titanium-oxide – after
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ex situ electrochemical cycling.
The second major topic is dedicated to the behavior of purposively designed terminal

oligophenylene dibromides on the flat hexagonal single crystal surfaces of copper and
silver.

Submonolayer amounts of oligophenylene dibromides deposited at cryogenic temper-
atures on the copper substrate show bromine detachment upon moderate temperature
increase along with an intermediate formation of metal-organic oligomers. Upon
further annealing, the metal is eliminated and entirely organic covalent structures are
formed on the surface in analogy to the Ullmann coupling.

The here presented surface reaction allows in situ synthesis of giant hexagonal
macrocycles consisting of thirty phenylene units. Macrocycles with altered numbers
of members are also accessible with reduced yield. Since these square, pentagonal
and heptagonal shapes are not fully compatible with the hexagonal motive of the
oligophenylene monomers, they exhibit strained geometries leading to modified elec-
tronic structures. These huge molecules are further used as organic quantum corrals
to achieve and analyze the induced surface state confinements.

Similar precursor compounds are deposited on a silver substrate in order to increase
the mobility of the organic molecules as well as to suppress the formation of covalent
bonds with the metal. This enables the generation of equilibrium based, self-assembling
structures. Utilizing building blocks with three-fold symmetry, defect-free molecular
fractal-like patterns – resembling Sierpiński triangles – are obtained.

Revealing the chemical and physical processes at the interfaces important for device
performance is the intent of this thesis. By fine tuning various intrinsic and external
conditions, structural and chemical control of two-dimensional supramolecular phases
is achieved.

Surface-assisted chemistry – here in situ metalation of porphyrinoid molecules,
synthesis of giant honeycombene macrocycles, and two-dimensional molecular self-
assembled networks – as well as the properties, e.g., adsorbate-substrate interaction, of
formed, and in some cases buried, interfaces/interphases between metals and organic
thin films are comprehensively studied with a wide range of complementary ultrahigh
vacuum based surface science techniques. The results and conclusions of the therefrom
emerged publications are summarized in this work.
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Kurzzusammenfassung

Grenzflächen zwischen Metallen und organischen Dünnschichten sind von herausra-
gender Wichtigkeit für organoelektronische Bauteile. Mittels Photoelektronenspek-
troskopie (XPS), Rastertunnelmikroskopie bzw. -spektroskopie (STM/STS), Tempe-
ratur-programmierter Desorptions- bzw. Reaktionsspektroskopie (TPD/TPR) und
Dichtefunktionaltheorie (DFT) werden chemische Reaktions- und Diffusionsprozes-
se während der Bildung von Grenzflächen/Grenzphasen, sowie deren elektronische
Strukturen untersucht.

Die inhaltlichen Schwerpunkte dieser Dissertation liegen auf zwei verschiedenen
Substanzklassen und sind nach den reagierenden funktionellen Gruppen der involvier-
ten organischen Phasen geordnet. Eine Vielzahl an Reaktionssystemen, unter anderem
Organik-auf-Metall- und Metall-auf-Organik-Grenzflächen, werden dabei betrachtet.

Der erste Hauptaspekt befasst sich mit der Charakterisierung der Oberflächen-
Koordinationschemie von Dünnschichten aus porphyrinoiden Molekülen mit Münzme-
tallen – letztere entweder als kristalline Substratoberfläche oder in atomarer Form
auf die Dünnschichten dosiert. Die Stärken der molekularen Dünnschichten reichen
von unvollständigen Lagen, d.h. Submonolagen, bis zu einigen zehn Nanometern,
d.h. Multilagen. Als wesentliches Ergebnis lässt sich festhalten, dass bei erhöhten
Temperaturen die Metallierung von 2H -Tetraphenylporphyrin (2HTPP) Submono-
lagen und von 2H -Phthalocyanin (2HPc) Multilagen mit Kupfer sogar von atomar
flachen Oberflächen möglich ist. Untersuchungen mittels TPD/TPR ergeben, dass
die Gegenwart eines Austauschmechanismuses für die beobachtete Metallierung von
Multilagen verantwortlich sein könnte.

Zusätzlich zu der chemischen Bindung an der Grenzfläche zwischen Cobaltphtalo-
cyanin und Cu(111) werden sekundäre Effekte – wie z.B. Ladungsverschiebung (charge
transfer) und schwache Bandverbiegung (weak band bending) – detailliert charakte-
risiert. Einzelne Moleküle in Dünnschichten aus Porphyrinen oder Phthalocyaninen
können Cobaltatome zu formal zweiwertigen Co(II) Spezies oxidieren. Durch Modi-
fikation des reaktiven Zentrums der organischen Komponente, die im Wesentlichen
aus dem (formalen) Ersatz eines iminischen durch einen pyrrolischen Stickstoff im
Makrocyclus besteht, und Porphin in Corrol wandelt, wird die Bildung von Co(III)
Komplexen ermöglicht.
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Weiterhin wird die Metallierungsreaktion von 2HTPPP mit deponierten Cobaltato-
men, sowohl mit einer Laborröntgenquelle (XPS) als auch mit einer synchrotronba-
sierten Quelle für harte Röntgenstrahlung (HAXPES), im Detail untersucht. Da die
letztgenannte Methode zerstörungsfrei arbeitet, ist es möglich, die chemischen und phy-
sikalischen Eigenschaften im Volumen der Probe zu bestimmen. Dieses Verfahren wird
hier auch angewandt, um ein Tiefenprofil einer mehrschichtigen Akkumulatorkathode –
ursprünglich bestehend aus Lithium-Nickel-Magnesium-Oxid und Lithium-Titan-Oxid
– nach ex situ durchgeführten Lade- und Entladezyklen zu erstellen.

Der zweite Hauptaspekt widmet sich dem Verhalten von gezielt entwickelten end-
ständigen Oligophenylendibromiden auf flachen, hexagonalen Einkristalloberflächen
aus Kupfer und Silber.

Submonolagen aus Oligophenylendibromiden, die bei kryogenen Temperaturen auf
dem Kupfersubstrat abgeschieden wurden, zeigen bei einer moderaten Temperatur-
erhöhung eine gleichzeitige Abspaltung einer Bromspezies und die Bildung eines
intermediären metallorganischen Oligomers. Bei weiterem Erhitzen wird, in Ana-
logie zur Ullmann-Kupplung, das Metall eliminiert und kovalente, rein organische
Strukturen werden auf der Einkristalloberfläche gebildet.

Die hier präsentierte Oberflächenreaktion erlaubt die in situ Synthese von hexagona-
len Makrozyklen, die aus dreißig Phenyleneinheiten bestehen. Ringsysteme mit anderen
Größen sind, wenn auch mit reduzierter Ausbeute, erhältlich. Da diese quadratischen,
penta-, und heptagonalen Gebilde nicht vollständig mit dem hexagonalen Motiv der
Oligophenylenmonomere verträglich sind, weisen sie gespannte Geometrien auf, die zu
einer veränderten elektronischen Struktur führen. Weiterhin werden diese Riesenmole-
küle als rein organische Quantengehege (quantum corrals) genutzt, um die durch sie
induzierten und begrenzten elektronischen Oberflächenzustände zu untersuchen.

Ähnliche Vorläuferverbindungen werden auf ein Silbersubstrat abgeschieden, um die
Mobilität der organischen Moleküle zu erhöhen und um gleichzeitig die Bildung von
kovalenten Bindungen mit dem Metall zu unterdrücken. Dies ermöglicht die Erzeugung
von gleichgewichtsbasierten, selbstorganisierten Strukturen. Durch die Verwendung von
Bausteinen mit dreizähliger Symmetrie können defektfreie, molekulare fraktalartige
Muster erhalten werden, die an Sierpiński Dreiecke erinnern.

Die Intention dieser Doktorarbeit ist es, die chemischen und physikalischen Prozesse
an Grenzflächen, die für die Leistungsfähigkeit von Bauteilen wichtig sind, aufzude-
cken. Durch sorgsames Einstellen von immanenten und externen Parametern konnte
chemische und strukturelle Kontrolle über zweidimensionale supramolekulare Phasen
erhalten werden.

Aspekte der oberflächenunterstützten Chemie – hier die in situ Metallierung von
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porphyrinoiden Molekülen, die Synthese von riesigen, wabenartigen Makrozyklen
(honeycombenes) und zweidimensionalen molekularen selbstorganisierten Netzwerken –
sowie die Eigenschaften, z.B. Adsorbat/Substrat-Wechselwirkungen, von gebildeten,
und in machen Fällen verborgenen, Grenzflächen bzw. Grenzphasen zwischen Metal-
len und organischen Dünnschichten werden mit einer Vielzahl von sich gegenseitig
ergänzenden, ultrahochvakuumbasierten Techniken der Oberflächenwissenschaften um-
fangreich untersucht. Die Ergebnisse und Folgerungen, die sich im Rahmen der daraus
entstandenen Publikationen ergeben haben, sind in dieser Arbeit zusammengefasst.
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Abbreviations

Symbols
(hkl) Crystal plane
(hkil) Crystal plane (hexagonal)
[hkl] Crystal axis
. . .∣x Evaluated at x

∣. . .∣ Absolute value
d Total differential
δ Difference

Range
∞ Infinity
∫ Integral
∑ Sum
′ Alternative
⋅ (Dot-)Product
∝ Proportional
≈ Approximately
≡ Identical

Constants1

π Pi 3.14159265358979
Ag Lα X-ray line 2984.3 eV
Al Kα X-ray line 1486.7 eV
e Euler’s number 2.71828182845905

Elementary charge 1.60217663⋅10−19 C
h Planck constant 6.62607 ⋅ 10−34 J⋅s

4.13567 ⋅ 10−15 eV⋅s
h̄ Reduced Planck constant 1.05457 ⋅ 10−34 J⋅s

6.58212 ⋅ 10−16 eV⋅s
Mg Kα X-ray line 1253.6 eV
R Gas constant 8.3144621 J/K⋅mol

1 Including units and the used accuracy.
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Functions
δ Delta function
cos Cosine
exp Exponential function
f Fermi-Dirac function
inf Infimum
lim Limit
ln Natural logarithm
log Common logarithm

Variables2

β Heating rate K/s

∆ Dipole barrier
ε Orbital energy eV
θ Coverage d.l. ML
ϑ Emission angle °
λ Inelastic mean free path m
ν Pre-exponential frequency factor 1/s

Photon frequency 1/s

ϱ Density of states 1/J⋅m3

σ Photoionization cross section m2

φ Angular efficiency factor
Φ Work function eV

Injection barrier eV
Ψ Wave function
A Area m2

d Thickness m
E Energy J eV
EA Electron affinity eV
F Flux 1/m2⋅s

I Intensity a.u. 1/s

Current A
IE Ionization energy eV
J Total angular momentum
K Calibration factor

2 Given together with the context dependent units. “d.l.”, i.e., dimensionless, is omitted were
possible.
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M Tunneling matrix
n Atomic density 1/m3

Desorption order
Molecular generation

R Rate 1/s

Ratio
t Time s
T Temperature K

Analyzer transmission function
V Potential V
x Position m
y Photoelectric ground state efficiency factor

Position m
z Position m

Indices

0 Basis
µ Summation index
ν Summation index
B Binding

Bias
bi Built-in
c Cover layer
des Desorption
e Electron
F Fermi
h Hole
kin Kinetic

M Metal
max Maximal
min Minimal
p Pristine
P Pristine layer
r Reacted layer
s Substrate
sa Sample
sp Spectrometer
t Tip
vac Vacuum
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Methods
DFT Density functional theory
ESCA Electron spectroscopy for chemical analysis
HAXPES Hard X-ray photoemission spectroscopy
IPES Inverse photoemission spectroscopy
LEED Low energy electron diffraction
NEXAFS Near edge X-ray absorption fine structure
PES Photoemission spectroscopy
ToF-SIMS Time-of-flight secondary ion mass spectrometry
STM Scanning tunneling microscopy
STS Scanning tunneling spectroscopy
TPD Temperature programmed desorption
TPR Temperature programmed reaction
UP Ultraviolet photoemission
UPS Ultraviolet photoemission spectroscopy
XAFS X-ray absorption spectroscopy measurements
XP X-ray photoemission
XPS X-ray photoemission spectroscopy

Materials
2HPc 21H,23H -Phthalocyanine

2H -Phthalocyanine
Phthalocyanine

2HTTBPP Tetrakis(3,5-di-tert-butylphenyl)-21H,23H -porphyrin
2HTPP 5,10,15,20-Tetraphenyl-21H,23H -porphin

2H -Tetraphenylporphyrin
Tetraphenylporphyrin

2HTPyP 5,10,15,20-Tetra(4-pyridyl)-21H,23H -porphin
2H -Tetrapyridylporphyrin
Tetrapyridylporphyrin

3HHEDMC 2,3,8,12,17,18-Hexaethyl-7,13-dimethyl-21H,23H,24H -corrole
3H -Hexaethyldimethylcorrole
Hexaethyldimethylcorrole

Ag Silver
Al Aluminum
Al2O3 Aluminum oxide
Ar Argon
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Au Gold
Br Bromine
C Carbon
Cl Chlorine
CO Carbon monoxide
Co Cobalt
CoHEDMC Cobalt(III) 2,3,8,12,17,18-hexaethyl-7,13-dimethyl-corrole

Cobalt-hexaethyldimethylcorrole
CoPc Cobalt(II) phthalocyanine
CoTPP Cobalt(II) 5,10,15,20-tetraphenyl-porphin

Cobalt-tetraphenylporphyrin
Cu Copper
CuPc Copper(II) phthalocyanine
CuTPP Copper(II) 5,10,15,20-tetraphenyl porphin

Copper-tetraphenylporphyrin
CuTPyP Copper(II) 5,10,15,20-tetrapyridyl porphin

Copper-tetrapyridylporphyrin
DBmTP 4,4′′-Dibromo-meta-terphenyl
DBmQaP 4,4′′′-Dibromo-meta-quaterphenyl
DBm′′QiP 4,4′′′′-Dibromo-meta′′-quinquephenyl
DBpTP 4,4′′-dibromo-para-terphenyl
F Fluorine
Fe Iron
FeTPP Iron(II) 5,10,15,20-tetraphenyl porphin

Iron-tetraphenylporphyrin
H Hydrogen
He Helium
Li Lithium
LNMO Lithium nickel manganese oxide
LTO Lithium titanium oxide
Mn Manganese
N Nitrogen

NH Pyrrolic nitrogen
N Iminic nitrogen
NM Metalated nitrogen M=Co, Cu

NP Pyridylic nitrogen
Ni Nickel
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NiPc Nickel(II) phthalocyanine
O Oxygen
P Phosphorous
Pd Palladium
ph Phenylene unit
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1 Introduction

Nowadays, well-characterized single crystal surfaces under ultra-high vacuum condi-
tions routinely serve as model systems for studying elementary processes on surfaces
in the field of surface science. Due to the reduced coordination of surface atoms and
the broken periodicity in the surface normal direction, study and characterization of
physical and chemical reactions on solid surface is very intriguing. Variations of the
solids’ terminations, e.g., by deposition of molecules, lead to altered properties of both
partners. Extension of the top layer leads to metal-organic or organic-metal interfaces
which are wide spread in human’s everyday life, for example in electronic devices.

The interface can be formed by vapor deposition of metals onto primed organic layers
(metal-organic interface) or by vapor deposition of organic molecules onto solid metal
surfaces (organic-metal interface). The focus of this thesis lies on characterization
under ultra-high vacuum conditions of buried metal-organic interfaces as well as on
buried organic-metal interfaces. Due to the methodical challenges, buried interfaces
are a largely unexplored field and are often idealized as sharp transitions from one
material to another. Conditions under which diffusion processes and reactions lead to
the formation of an interphase, i.e., a diffuse transition zone between the substrate
and the pure deposited layer, are also explored in this work.
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1 Introduction

1.1 Surface Coordination Chemistry with
Porphyrinoid Macrocycles

Porphyrins, phthalocyanines and related macrocycles play an important role in biolog-
ical and biochemical processes, and also in medical treatment nowadays. For example,
iron porphyrins embedded in heme-proteins are responsible for oxygen transport and
magnesium porphyrins in chlorophyll are indispensable for the photosynthetic process
in plants. [1] Most of the photosensitizers used in photodynamic cancer therapy are
based on tetrapyrrole structures, including phthalocyanines. Their strong absorption
for deep-red light which is able to pervade tissue and the resulting localized generation
of toxic oxygen species lead to an effective therapy of cancer. [2]

In the context of surface chemistry, porphyrinoid macrocycles are intensively stud-
ied. [3,4] This substance class includes porphyrins, phthalocyanines, corroles, etc. as well
as their substituted analogues and metalated derivatives. Their remarkable thermal
stability, sublimability, specific ligand-functionality, planar macrocycle structures, and
their capability to interact with a surface and an additional ligand at the same time
make them ideal model substances for investigating a wide range of scientific questions.
Due to their enormous variability in peripheral substituents, it is possible to tune
geometric and electronic properties of the derived molecules. As an additional benefit,
the targeted molecules can often be directly synthesized with moderate efforts.

One aspect of the mentioned geometrical modification is the possibility to adjust the
distance, i.e., bond length, between the central metal atom of a metallotetrapyrrole
to a substrate surface by different inert spacer substituents on the periphery of the
molecule. As a consequence of this adjustment, the resulting changes regarding
chemical properties of the oxidized central metal atom are dominated by the distance
to the substrate. Hence, this substance class provides excellent model systems for
studying the interaction between metal ions and surface at well-defined distances. [5]

Due to their tailorable properties, those adsorbed metal complexes are promising
candidates for heterogeneous catalysts, [6] gas sensors, [7] or molecular electronics. [8] The
family of tetrapyrrole molecules is associated with a rich coordination chemistry. [9–12] A
vast number of researches have proven that the metalation of porphyrins and phthalo-
cyanines can be achieved not only by wet chemistry, but also by direct synthesis under
ultrahigh vacuum conditions from the corresponding free bases. This coordination
reaction of the macrocycle performs especially well with transition metals, e.g., iron, [13]

cobalt, [14] nickel, [15] copper, [16] zinc [17–19] and others. [4,20,21] Common to these processes
is the oxidation of the metal atom into the corresponding cation and the reduction of
the pyrrolic hydrogen to molecular hydrogen. [19] This in situ synthesis approach is
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1 Introduction

even suitable for oxygen sensitive compounds like Fe(II)-tetraphenylporphyrin, which
is not stable under ambient conditions. [13]

While the metalation of the core of free-base porphyrinoid molecules is widely studied
in surface science, [4] the opportunity to introduce a secondary functionality in the
periphery of the molecules is rarely seized in this context. The additional coordination
sites allow for formation of network structures by hydrogen bonding using phenyl
bromide [22] or by bridging metal atoms, e.g., gold, using pyridyl [23] substituents. The
presented work also uses the latter substance on a Au(111) substrate but introduces
copper atoms as additional reactant acting as linker between the pyridylic nitrogen
atoms of the organic molecules in addition to the metallation reaction.

Since the porphyrinoid molecules can be modified in various ways, the motivation
to modify the macrocycle as well is obvious. Formal removal of one out of the four
methin bridges in porphin leads to corrole. This stem compound also exhibits an
aromatic macrocycle. As a new feature, it carries three pyrrole moieties which are
able to react with an available metal atom. On the one hand, the metal should react
as in the known situation for porphyrines and on the other hand being able to be
oxidized further into a M(III) state. The latter corresponds to a reduction of all three
pyrrolic hydrogen atoms. A promising candidate as reactive metal is cobalt since it
forms stable Co(II) and Co(III) ions. Its usage is further motivated by the experience
obtained from investigations on other porphyrinoid macrocycles. [24–26]

In general, the reactive metal atoms are deposited by physical vapor deposition onto
the previously prepared organic mono- and multilayers.1 This procedure is motivated
by the assumption that individual atoms are expected to exhibit an increased reactivity
compared to atoms attached to other (substrate) atoms. In this thesis, the reverse
approach is studied as well. In this case, the deposited molecules react with pre-
deposited metal atoms on a substrate or even with atoms originating from the single
crystals surface.

Most of these here presented metalation reactions were realized on single crystal
surfaces. As a consequence, the products represent well-defined organic-metal interfaces
and can be used for further examination of adsorbate-substrate interactions by various
techniques. In order to achieve even more defined systems, the preparation aims at a
final situation in which the coverage does not exceed one layer of the organic molecule
on single crystal surfaces of noble metals. Additionally, most surface characterizing
methods are optimized for clean substrates and monomolecular adsorbate layers.

1 In this context, a monolayer refers to a dense, flat layer of the organic molecule on a variable
substrate with the unit “MLM” differing from the classical, but here inconvenient, definition as
adsorbed molecules per substrate atom with the unit “MLS”.
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1.1 Surface Coordination Chemistry with Porphyrinoid Macrocycles

However, many configurations in applications – for example organic electronic
devices, such as organic light emitting diodes (OLED), organic thin film transistors
(OTFT) and organic photovoltaic cells (OPV) – use thick organic layers with thick-
nesses of several nanometers or even micrometers on metallic substrates with low
work functions. [27–31] These deeply buried metal-organic interfaces elude investigation
with the aforementioned methods. Since the performance of these devices depends
on the properties of the intrinsic metal-organic interface, [32] deeper knowledge about
the chemical, electronic, and geometric structure is obviously desirable. Especially
the presence of a sharp transition from the substrate to the adsorbate layer, i.e., an
interface, is questionable and deserves further investigation.

In this thesis, the application side of these layered systems is approximated by
organic layers with thicknesses of a few monolayers. On the one hand, this situation
allows for the formation of transition zones between the substrate and the pristine
adsorbate, i.e., interphases. On the other hand, the prepared structures are thin
enough to be studied by photoemission spectroscopy. However, the usage of hard
X-ray photons with variable photon energy – typically between 2 keV and 10 keV – is
required in order to increase the probing depth. Hence, this approach requires the
availability of monochromatized synchrotron radiation. The interaction of electrons
with matter generally decreases with increasing kinetic energy, at least above 100 eV. [33]

The reduced interaction manifests itself in a larger distance an electron can travel
before it gets scattered, i.e., a larger inelastic mean free path (IMFP). Since the
probing depth is generally assumed to be three times the IMFP, this depth becomes
a function of excitation photon energy. As a consequence, the vertical composition
profile of a specimen can be probed by variation of the photon energy.

Since the previous method requires a synchrotron, the method of choice in a
laboratory is based on the variation of the electron collecting angle. However, this is
not possible due to the strong damping by the top layers for the resulting photoelectrons
and thus vanishing signal intensity from the interface. Another common method
to investigate the vertical composition of a sample is based on ion sputtering and
analysis of the volatile compounds or the freshly exposed area. The application of
this technique is also not possible in this case since it is destructive and might affect
the chemistry of the interphase.
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1.2 Depth Profiles of Rechargeable High Potential
Cathodes

Lithium-ion battery is one of the most popular types of rechargeable batteries. With
advantages of high energy density, small memory effect, large stored volume, and
slow self-discharge, [34,35] nowadays lithium-ion batteries are widely used in consumer
electronics, such as mobile phones, laptops, digital cameras, etc. Considering its high
energy density, usage of this battery type becomes interesting for transport related
technical applications, e.g., electric vehicles and aerospace applications.

For further development and improvement of lithium-ion batteries, intense investiga-
tions focused on characterization of electrode and electrolyte materials have attracted
more and more attention. The nondestructive properties of hard X-ray photoemission
spectroscopy rendered acquisition of an unperturbed depth profile of a high-potential
cathode made from lithium nickel manganese oxide coated (LNMO) with lithium
titanium oxide (LTO) used in lithium-ion batteries possible. LNMO crystallizes in
spinel structure which favors fast three-dimensional lithium ions transport within the
framework. [36] This material has shown promising properties to extend the energy
density of lithium-ion batteries by increasing the redox potential. However, it suffers
from complex surface reactions during cycling. This leads to passivation layers on the
electrode’s surface and thus limits the chemical stability. As a consequence, the life of
the whole device is compromised. [37,38]

In order to protect the cathode from reaction with the electrolyte, a buffer layer,
e.g., LTO, is used in technical applications. This interlayer is known to provide low
ionic and electronic conductivity. However, a recent study reveals unexpected low
impedance for thin film LNMO cathodes covered with LTO layer. [39] Along these
findings, deep understanding of the electrode composition, especially the possible
interaction between electrode cathode and the buffer layer after many times of cycling,
is necessary and might help to improve the overall performance of lithium-ion batteries.

As mentioned in Section 1.1 the tunable photon energy of a synchrotron beam line
allows nondestructive depth profiling of coated electrodes with a maximum information
depths of a few ten nanometers.
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1.3 Surface-Assisted Ullmann Coupling Reaction

The Ullmann coupling reaction was first described in 1901 by the German scientist Fritz
Ullmann, as a method for synthesis of substituted biphenyls from bromobenzenes
utilizing metallic copper. [40] The reaction was extended for coupling of aryl halides
under the participation of copper. In contrast to general solution-based organic
synthesis, understanding of these specific heterogenic organic reactions in detail was
quite limited.

On the one hand, participation of a solid reactant impedes the common approach
to catch reaction intermediates in order to deduce the reaction mechanism from these
compounds. On the other hand, the presence of the metal motivates to perform the
determination of the fundamental principles of Ullmann coupling under very well-
controlled conditions. In the so-called surface science approach, the educts, i.e., aryl
halides, are adsorbed on a well-defined copper single crystal surface. Their reaction
products as a function of temperature are studied by typical surface science methods
such as photoemission spectroscopy as well as scanning tunneling microscopy and
spectroscopy.

Model studies are reported in literature using small aromatic halides on noble
metal surfaces, e.g., fluorobenzene and chlorobenzene on Pd(111), [41] bromobenzene
on Cu(111), [42] and iodobenzene on Cu(111) [43] as well as on Au(111). [44] As a general
conclusion, those haloarenes can undergo a carbon-halogen bond scission on metal
surfaces, followed by carbon-carbon bond formation. [45] More recently, larger aromatic
halides, i.e., terminal polyphenyl halides, and their polymerization into chains or super
large macromolecules have been investigated. [46–49] These studies are mainly based
on scanning tunneling microscopy (STM) with insight on an atomic level even for
transient species. Especially the highly interesting organometallic intermediates are
observable. These compounds consist of organic units connected by C-Cu-C [46,50,51] or
C-Ag-C [47,52] bridges. However, these pictorial results provide only limited information
about the reactions and the chemical nature of intermediates.

In addition to imaging techniques and in order to gain deeper insight into the
electronic structure, X-ray and ultraviolet photoemission spectroscopy measurements
were performed for several model systems in this work. These experiments are mainly
based on straight, angled, and branched terminal oligophenylene bromides on primitive
hexagonal copper and silver single crystal surfaces. The Ullmann coupling reaction on
a defined substrate opens a new reaction pathway to synthesize regular molecular or
polymeric covalent nanostructures.
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Figure 1.2: STM Study of Surface-Assisted Ullmann Coupling Reaction of
Br (ph)3 Br to Poly(para-phenylene) on Cu(111) via an organometallic inter-
mediate. Graphs taken from Wang and coworkers. [46] Insets show a magnified
sector.

(a) STM image of sample prepared with substrate kept at 77 K. The inset superim-
poses molecular structure models. Bromine atoms are shown in red. Tunneling
parameters: U = 1.0 V, I = 0.2 nA (6 nm × 5 nm).

(b) STM image of the sample annealed to 300 K. The molecules undergo debromina-
tion and carbon fragments are linked by copper atoms forming organometallic
intermediates aligned in ribbons. Tunneling parameters: U = 1.0 V, I = 0.3 nA
(20 nm × 20 nm).

(c) STM image of the sample annealed to 393 K. The intermediate partially reacted
to poly(para-phenylene) under release of copper. Tunneling parameters: U = 1.0 V,
I = 0.2 nA (20 nm × 20 nm).

(d) STM image of the sample annealed to 473 K. The reaction is completed and the
polymer chains sinter together into bands and are separated by rows of bromine
atoms. Tunneling parameters: U = 1.0 V, I = 0.5 nA (40 nm × 40 nm).
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1.4 Molecular Self-Assembly Assisted by Metal
Surfaces

The surface-assisted synthesis of supramolecular nanostructures provides a promising
bottom-up approach towards functionalized surfaces. They potentially can provide
tailored properties in applications such as catalysis, electronic devices, sensor systems,
gas storage and so on. Tuning of the functionality implies specific control over
symmetries, dimensions, functional organic ligands, and bonding motifs on a molecular
scale. Considering microscopic or larger areas with huge numbers of molecules on
the surface, it is self-evident that an autonomous process is necessary to form theses
surface structures.

By meticulous design and selection of building blocks with specific characteristics
it is possible to create reaction conditions in which supramolecular self-assembled
structures are formed. One mandatory requirement on the reaction environment is
reversibility during arrangement of the molecules into a network. This step provides
the possibility to remove misplaced building blocks from the network and to heal
defects in the long range pattern by reattaching them in a correct position. Certainly,
this mechanism also requires mobility of the participating reactants on the surface. [53].

An example is reported for the cobalt-carbonitrile coordination motive forming
honeycomb networks on Ag(111) surfaces. [54,55] Another example for this reversible
situation is the formation of organometallic intermediates in the Ullmann coupling
reaction described in Section 1.1. The surface science approach allows for tuning of
the reaction conditions by choice of substrate, linker molecule or metal, and the larger
building blocks, i.e., struts. In this work, the choice of building blocks is inspired
by the aforementioned Ullmann coupling reaction, i.e., copper and phenyl bromides,
while the reaction conditions are adjusted by substrate metal and temperature.

Considering the criterion for reversibility, one has to consider the individual strengths
of the involved attractive and repulsive interactions. The latter, under the assumption
of a matching geometry of the interacting partners, is typically dominated by tempera-
ture effects, thus easy to control and hence the preferred variable in experiments. The
situation for attractive forces is more diverse due to the simple fact that several inter-
action types need to be considered. Table 1.1 lists some of the basic molecule-molecule
interactions. In general, van-der-Waals interactions are too weak and not selective
enough to form stable networks while covalent bonds are often too strong to establish
a reversible reaction. Especially hydrogen bonds and metal-ligand-like interactions
are suitable to establish supramolecular entities in variable dimensions since they are
of medium strength, directed, and selective. [56] Extending two-dimensional networks
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Table 1.1: Intermolecular Interaction Types are listed with typical interaction energies,
bonding lengths, and their individual properties. Values are taken from References
[53,56–59]. Covalent bond strengths are added for comparison.

Interaction Type Energy Range Distance Character
van der Waals a 0.02 eV − 0.1 eV < 100 pm Non-selective
Hydrogen Bonding b 0.05 eV − 0.5 eV 15 pm − 35 pm Selective, directed
Covalent c 0.36 eV − 3.6 eV Short Irreversible
Dipole-Dipole 0.1 eV − 0.5 eV 20 pm − 30 pm Directed
Metal-Ligand Interactions 0.5 eV − 2.0 eV 15 pm − 25 pm Selective
Electrostatic 0.05 eV − 3.0 eV < 50 nm Non-selective

a In case of small molecules, e.g., methane, or atoms, e.g., xenon. Large molecules can bind
stronger.

b In most cases. The FH⋯F− bond is a rare exception (1.65 eV). [60]

c Considering single bonds. Higher bond orders can be stronger.

into the third dimension using the latter kind of connection leads to the concept of
metal-organic frameworks. [61]

It is important to note that – in addition to the listed direct intermolecular interac-
tions – the substrate-mediated interactions can also play an important role in network
formation and even dominate the resultant structures. For instance, anthraquinone
molecules self-assemble on a Cu(111) surface into a large two-dimensional honeycomb
network. However, solely hydrogen bond coordination cannot explain the correspond-
ing structure. Later, it was found to be related to the confinements of substrate
electrons in the assembled pores. [62,63] This result also emphasizes the influence of the
substrate structure and the requirement of well-ordered surfaces .

Another important aspect to be considered is the molecular coverage. Obviously, the
formation of an ordered network is disturbed in case an excessive amount of substance
is deposited. However, variable – but less than stoichiometric – amounts can lead to
formation of different patterns rather than to a corresponding incomplete covering of
the available surface. An example for this behavior is reported for the self-assembly
of a perylene derivative on Cu(111), which gives three distinctly different molecular
assembly patterns in dependence on the coverage. [64]

The images in the presented project exhibit, besides the scientific results, a certain
esthetic component. The formed structures resemble Sierpiński triangles known from
fractal geometry.
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1.5 Surface State Confinement in Organic
Quantum Corrals

As mentioned in Section 1.4, the surface state of substrate could mediate self-assembly
of molecules into a regular porous network. Since the formed pattern influences
the electronic structure, this interplay can be used to establish an altered electronic
structure on the surface. Hence, those molecular pores at surfaces can serve elucidating
fundamental physics of adsorbates in confinement.

Surface state oscillations on (111) surfaces of coinage metals have been imaged and
studied now for more than two decades. [65–67] It is revealed that surface states can be
confined in corrals which were built up by either adsorbed atoms [68–71] or molecules
on surfaces. [54,72,73]

One aspect of this thesis focuses on the influence of self-assembled structures on
the electronic structure of a Ag(111) surface. The regular adsorbate pattern consists
either of oligophenylene bromide molecules or of polypropylene macrocycles obtained
via surface Ullmann reaction from the previous case, see Section 1.3.

The macrocycles act as quantum corrals and lead to the confinement of surface state
electrons inside the central cavity. Furthermore, these highly robust supramolecular
networks may serve as templates for the incorporation or trapping of guest molecules.
Typically, energy dispersion as a function of the electron wave vector of confined
electron states is measured by angle-resolved photoemission spectroscopy for occupied
states or inverse photoemission spectroscopy for unoccupied states.

The development of scanning tunneling microscopy and scanning tunneling spec-
troscopy (STS) offered complementary techniques to investigate electronic structures
with atomic resolution. These versatile methods found various applications in research
areas dedicated to carbon nanotubes, [74,75] metal oxides, [76] and electronic excitations
at the metal surfaces. [77] While STM is able to give topographic information about
the specimen, STS provides spectroscopic insight to the molecular orbitals at a certain
position of the probed molecule. A combination of the two techniques leads to the
so-called dI/dV mapping which is able to provide coarse spectroscopic information
with high lateral resolution. These methods based on tunneling electrons also provide
new opportunities for direct imaging of electron confinements in surface-confined
supramolecular networks. [54,78,79]

Characterization of the particular properties of surface state confinement in those
large single-molecule quantum corrals for the first time is also presented in this work
utilizing STM/STS to gain real space visualization of the local density of states of
surface state electrons. Surface states which are confined in large organic corrals in this
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Figure 1.3: STM Study of a Chiral Kagomé Network formed by CN (ph)6 CN on a
Ag(111) surface. Graphs reprint from Klappenberger and coworkers. [73]

(a) Topographical image of large-area domains in a chiral kagomé network formed
by self-assembly of 0.4 MLM CN (ph)6 CN on Ag(111) surface. Tunneling
parameters: U = 1.25 V, I = 0.14 nA.

(b) High-resolution image of the kagomé structure with superimposed ball-and-stick
models of the molecules. Tunneling parameters: U = −0.5 V, I = 0.1 nA. Basically
two different types of pores are presented, hexagons and triangles. The red
arrow shows the chirality originating from the nodes in which the molecules are
counterclockwise rearranged.

(c) The dichotomous confinement of surface states within quasi-hexagonal and
triangular-terminated areas. The two white dotted hexagons highlight the rota-
tion of the electronic mode inside the quasi-hexagon with respect to the kagomé
lattice caused by the chirality of the network.

project are typically of the Shockley type. The dI/dV maps received for the investigated
patterned surfaces are compared to simple quantum mechanical approximations. One
widely known example is the particle-in-a-box model using simple geometries for
an infinite potential well providing to approximate the dimensions of the molecular
corrals. [80]

Combination of the theoretical description with the STM results allows for decision
whether there is a substantial penetration of the wave functions into the confining
potential or not.
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1.6 Electrical Properties of Interfaces between
Metals and Organics

For electronic devices, such as organic light emitting diodes (OLEDs), organic thin
film transistors (OTFTs) and organic photovoltaic devices (OPV), the energy level
alignments of the highest occupied molecular orbital (HOMO) or the lowest unoccupied
molecular orbital (LUMO) at the interface with respect to the metal Fermi level, is
one of the key factors for the devices’ performance. It determines the so-called energy
barriers for electron injection at the cathode as well as the hole injection at the anode.
They influence the efficiency of charge injection and finally dictate the device efficiency.
Hence, the energy level alignment at the interface is one of the fundamental issues
concerning organic electronic devices. It involves a number of physical and chemical
processes. Among these processes, an interface dipole is almost always present at the
heterojunctions of such structures.

1.6.1 Origins of Interfacial Dipoles

In the early theories of metal-organic interfaces, a simple alignment, i.e., identical
potential, of the previously individual vacuum levels of the metal of the organic layer
is established, similar to the situation in a Schottky-contact. Later, it was proven that
such a simple situation is not representative for most metal-organic heterojunctions. [81]

A more elaborate model includes the presence of an interface dipole layer between
the metallic and the organic unperturbed phases. Instead of a constant potential, this
theory assumes a linear transition between the individual vacuum potentials. It was
first suggested by Seki et al., mainly supported by ultraviolet and X-ray photoemission
spectroscopy as well as by Kelvin probe techniques. [81–87] This interfacial dipole
also occurs at contacts between two different inorganic semiconductors [27,88] and can
originate from at least seven possible mechanisms, [27] as illustrated in Figure 1.4.

The case illustrated in Figure 1.4 (a) is the most common, simplest situation for
a metal surface in vacuum. The dipole originates from the evanescent part, i.e.,
the exponential tail extending in the vacuum, of the Bloch-states. Since there is
finite probability for the electron to be found outside the surface, the vacuum can be
attributed with a negative charge. Normalization involves a lowered electron density
in the bulk material and thus a positive charge. Since the properties of the evanescent
wave depend via the Bloch states on the crystal structure perpendicular to the surface,
the resulting dipole differs for different crystal faces. As a consequence, crystals exhibit
variations in their work function depending on the considered crystal faces. [90]
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Figure 1.4: Possible Mechanisms for the Formation of Interfacial Dipole Layers. Details
are given in the text. Cited from References [27,89].

(a) Electron orbital tailing into the vacuum.
(b) Charge transfer across the interface.
(c) Image charge formation.
(d) Rearrangement of the electron cloud on metal surfaces.
(e) Chemical reaction between adsorbate and substrate.
(f) Interfacial dipole caused by the permanent dipole of an adsorbed functional

molecule.
(g) Interface state.

The second contribution is electron transfer between adsorbate and substrate, with
the positive and negative charges separated across the interface as shown in Figures
1.4 (b1) and (b2). The transfer direction depends on the relative Fermi respectively
HOMO levels of these two materials. Examples are known for cation formation [86] as
well as for anion formation. [91]

Another factor, i.e., an image force, may explain cases of ionic species adsorbed on
metals. The charge close to the surface affects the population of the electrons in the
metal. This manifests itself as an image charge generated in the metal, as shown in
Figure 1.4 (c), and thus forms a dipole.

In addition, vacuum level shifts, which indicate dipole layer formation, were also
observed for atomic [92] or molecular insulators [93] on metals. Insulators exhibit a
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wide HOMO-LUMO gap rendering electron transfer not probable. However, an
alternative explanation for these cases with nonreactive adsorptives is possible. Here,
the rearrangement of the electron cloud on the metal surface is not induced by a
charge but results from Pauli-repulsion of the electron in the adsorbate and substrate,
as illustrated in Figure 1.4 (d). This is also known as cushion effect. [94] The cushion
of electronic charge at the metal surface is impressed by the molecule, i.e., the tailing
part of electronic cloud is pushed back, resulting in a pronounced charge decrease in
the surface below the adsorbed molecule.

In some cases, chemical reaction between the organic layer and metal substrate, i.e.,
chemisorption, cannot be ruled out, e.g., for small strong binding molecules like CO
on nickel. [95] Chemisorption, i.e., adsorption including a change in electronic structure,
is in principle another kind of charge transfer, and serves as another source for the
surface dipole layer. However, this concept is limited to cases preserving the molecular
structure of the adsorbate. A counterexample is dissociative adsorption, e.g., the
adsorption of hydrogen on platinum, [96] which leads to the formation of new species
which can be interpreted by themselves.

An additional possibility is the existence of a dipole within the adsorbate itself [97].
Orientation of the dipole moment parallel to the surface normal can lead to a large
interfacial dipole at the interface as shown in Figure 1.4 (f).

The last factor in this collection arises from interfacial states as displayed in Figure
1.4 (g). These states are formed by penetration of metal electron wave function into
the semiconductor layer, analogue to the evanescent wave in the first item. Such
interface states are well known for inorganic semiconductor-metal junction where gap
states are induced. [98]

Those factors discussed above do not always happen separately. In real interfaces,
combinations of the mentioned cases play a role in the energy level alignment.

Due to the formation of interface dipoles, the vacuum level alignment does not
occur in most organic-metal interface. [27,30,81,83–87,91,93,99–101]

Details about the energy level alignment with interfacial dipoles will be discussed
in the next section.

1.6.2 Energy Level Alignment at the Metal-Organic Interface

As mentioned above, the electrical contact between the functional organic layer and the
metal electrode plays a critical role to make the involved electronic devices practical
and efficient. However, a scientific understanding of the interface mechanisms has not
matched up with the large progress in industrial material design and manufacturing
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Figure 1.5: Schematic Representation of a Metal-Organic Interface without Band
Bending. φe denotes to the electron injection barrier, calculated by the difference
between the work function of the metal φM and the electron affinity (EA) of the
organic film. φh denotes to the hole injection barrier, which can be calculated
by the difference between ionization energy (IE) of the organic material in the
solid phase and the metal work function φM. The individual electronic levels are
unaffected by the contact and are taken from the pure materials. Graphs adapted
from References [30,83,100].

(a) The Schottky-Mott limit is shown exhibiting identical vacuum levels.
(b)Abandonment of the vacuum level alignment and introduction of a dipole barrier

∆ interpolating the individual vacuum levels.

yet.
At the beginning of the period of intensive work on organic electronic devices, the

mechanism at metal-organic interfaces has often been discussed on the basis of vacuum
level alignment theories, e.g., the Schottky-Mott limit. The initial naive assumption
was that the surface of organic films, which consists of closed-shell molecular entities,
would not interact significantly with the metal surface. In this scheme, a common
potential was established by simple alignment of the vacuum levels of the organic
molecules and electrode metal as shown in Figure 1.5 (a).

In general, work functions of metals and organic layers reside in different ranges.
When two members, one from each material class, get into contact, the interface is
not in electrical equilibrium as displayed in Figure 1.5. As a result, a redistribution of
mobile charge carriers takes part, i.e., the electrons will flow from one side to the other
side until the Fermi levels are aligned. [27] Assuming the Fermi level of the organic
layer to be higher than that of the metal (as shown in Figure 1.5), alignment of the
Fermi levels on both sides requires some electrons to move from the organic layer to
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Figure 1.6: Schematic Representation of a Metal-Organic Interface with Band Bending.
The energy levels from Figure 1.5 are bent by the charge redistribution in the
organic layer to achieve the electrical equilibrium with Fermi level alignment in
both cases. φM denotes to the work function of the metal φM, eVbi denotes to the
built-in potential. Graphs adapted from References [30,83,100].

(a) The Schottky-Mott limit with identical vacuum levels is assumed.
(b) Individual vacuum levels and the presence of an interface dipole barrier ∆ are

presumed.

the metal. This leads to the formation of a built-in potential Vbi in the organic layer.
While the traditional models assume a vacuum level alignment, the here discussed

Schottky-Mott rule, shown in Figure 1.6 (a), uses a bending of the energy levels in
the interface layer to achieve a match of the individual Fermi levels. This situation
is similar to the theory regarding semiconductor-metal interfaces. According to the
work by Seki et al.energy levels of organics in organic-metal interface are fixed to the
vacuum level of the metal with an energy shift of ∆ as shown in Figure 1.6 (b).
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2 Experimental Methods

In this chapter the most fundamental aspects of experimental techniques that have
been utilized in this thesis will be briefly introduced. At first, photoemission spectro-
scopies including X-ray photoemission spectroscopy (XPS), hard X-ray photoemission
spectroscopy (HAXPES), and ultraviolet photoemission spectroscopy (UPS) will be
discussed together with the details of their quantitative analysis. Subsequently, tempe-
rature programmed desorption (TPD) and temperature programmed reaction (TPR)
will be introduced. In the next chapter, scanning tunneling microscopy (STM) and
scanning tunneling spectroscopy (STS) will be briefly reviewed. In the last section of
this chapter, different experimental setups employed in this thesis will be described
along with the respective relevant techniques they provide.
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2.1 Photoemission Spectroscopy

Photoemission spectroscopy, also called photoelectron spectroscopy, is based on the
photoelectric effect, which relies on the creation of photoelectrons from solids, liquids
or gases via interaction between photons and the sample’s electrons. It is usually
characterized by a three-step process. First, the incoming photon is absorbed by an
electron. Second, this electron gets excited and travels to the sample surface. This
process generates core-hole in the struck atoms, i.e., a highly excited photo-ion, which
can undergo further decay, such as X-ray fluorescence or Auger processes. Third, the
electron is ejected into the vacuum and the kinetic energy of this emitted electron is
measured by an electron analyzer. Since the total energy must be conserved in this
process, the kinetic energy of the emitted photoelectrons can be finally written as

Ekin = hν −EB − φsp (2.1)

where hν is the photon energy, φsp the work function of the spectrometer, and
EB binding energy of the initial state of electrons, with respect to the Fermi level.
Depending on the photon energy, photoelectrons can originate from the valence band
in solids or upper molecular orbitals, as well as from core levels of closed atomic
shells. [101]

After photoelectrons are created by the photoelectric effect and while they travel
through the solid, the majority of those electrons will interact with the matter and
lead to secondary electrons, shake-up satellites, vibrational excitations, and so on. As
a result, the intensity of primary electrons I0 reaching the analyzer is damped as a
function of distance d in the solid. Analogue to the Beer-Lambert law, the intensity
attenuation can then be expressed as

I = I0 exp(− d

λ (Ekin)
) . (2.2)

The concept of inelastic mean free path (IMFP) is consequently introduced here,
defined as the average distance λIMFP an electron beam with a certain kinetic energy
Ekin can travel before its intensity decays to 1/e of the initial value. It can roughly
be described by a universal curve, shown in Figure 2.3, as a function of the kinetic
energies of the emitted electrons. For instance, with Al Kα radiation the IMFP of C 1s
electrons (≈ 1200 eV) is between 1 nm and 3 nm, which indicates an average escape
depth corresponding to only the topmost atomic layers of the sample.

Because of this damping process, the information depth is limited. Implying a
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2.1 Photoemission Spectroscopy

Figure 2.1: Energy Scheme for Photoemission Spectroscopy. The electronic energy
levels, work functions, and vacuum levels of the sample and spectrometer are
opposed to each other. Details are discussed in the text.

threshold value of 5 % of electrons contributing from deeper layers one can calculate
a corresponding probe depth of 3 ⋅ λIMFP which can be studied by photoemission
spectroscopy. In summary, the technique of photoemission spectroscopy obtains
information that is mostly originating from the thin surface layer with a thickness of
several nanometers. It is also a powerful tool for quantitative surface analysis as will
be shown in Section 2.1.4.

As shown in Figure 2.1, the spectrometer and the sample are electrically connected
to align the Fermi levels from both sides. Since the spectrometer and the sample have
different work function, a contact potential of φsp − φsa exists between the connected
sample surface and the spectrometer. The binding energy of emitted electrons from
sample surface is given by:

EB = hν −E′kin − φsa (2.3)

where φsa is the work function of the sample, E′kin is the kinetic energy of photoelectrons
right at sample surface, while Ekin is the kinetic energy measured by the spectrometer.
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From the basic energetic properties described in Figure 2.1 follows

E′kin + φsa = Ekin + φsp . (2.4)

After calibrating the work function of the spectrometer, the binding energy of the
sample relative to the Fermi level can be measured by

EB = hν −Ekin − φsp (2.5)

without knowledge of the sample’s work function.

2.1.1 X-ray Photoemission Spectroscopy

X-ray photoemission spectroscopy was developed by Kai Siegbahn in 1957 [102] and
is extensively used to study the energy levels of atomic core electrons. Generally
there are two different classifications of X-ray sources employed for XPS study, one is
normal laboratory X-ray source with magnesium, aluminum, or silver anode – due to
technical details also sometimes called anticathodes – providing Mg Kα (1253.6 eV),
Al Kα (1486.7 eV), and Ag Lα (2984.3 eV) radiation. The other is based on synchrotron
radiation with much higher photon fluxes and tunable photon energies usually ranging
from terahertz radiation to hard X-rays.

The common notation of diagrams containing XP spectra displays electron intensity
versus binding energy. The latter is given relative to the Fermi level of the measured
sample. Since each element has its own unique set of binding energies, photoemission
spectroscopy can be used to identify the elemental composition of a sample. Applica-
tions of minor correction allows to identify even the elemental concentrations of the
sample.

In principle, photoemission spectroscopy can detect all elements, but in practice the
intensities for hydrogen and helium are too low for practical applications. All other
elements with higher atomic number (from lithium on) are accessible. [103]

Rather than merely elemental information, the technique of XPS can also provide
chemical information like oxidation states, which is well known as electron spectroscopy
for chemical analysis (ESCA) coined by Siegbahn’s research group. [104–106] The origin
of this technique can be dated back to the beginning of the last century. [107,108] When
the chemical surrounding of probed system is changed, e.g., the electronegativity
of adjacent atoms or the adsorption site of molecules on surfaces, a corresponding
binding energy shift will be introduced and be visible in the photoemission spectrum.
XPS is one of the most sensitive and accurate techniques for surface science studies.
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2.1 Photoemission Spectroscopy

Figure 2.2: Exemplary Br 3d XP Spectrum of Multilayers of DBm′′QiP on a Ag(111)
Substrate. The same XP spectrum (circles) for multilayers of 4,4′′′′-dibromo-meta′′-
quinquephenyl (DBm′′QiP) molecules adsorbed on Ag(111) at room temperature
recorded using synchrotron excitation energy of hν = 200 eV is displayed for two
data treatment steps. (A) shows the raw spectrum of the Br 3d core level together
with the assumed background (gray line), while (B) represents the situation after
its removal. In addition, (B) superimposes the contribution of the two species
(red, green) and the resulting peak areas (shaded).

A typical measured photoemission spectrum comprises intensity from two processes.
The unperturbed photoelectrons, including their satellites from distinct processes,
provide chemical information while inelastically scattered photoelectrons form a
continuous background, as shown in Figure 2.2 (A). The spectra display the Br 3d
region of partially reacted 4,4′′′′-dibromo-meta′′-quinquephenyl on a Ag(111) substrate
at ambient temperature.

The first step in the data treatment consists of a removal of the inelastic part. The
removed background, gray line in Figure 2.2 (A), is approximated by a combination
of linear and “Shirley-type” contributions.

The next steps involve the successive decomposition of the recorded spectrum
into its individual components. Typically pseudo-Voigt functions, approximating the
convolution of a Gaussian and a Lorentzian function by a weighted sum, are used to
model the experimental data. [109] The process mainly aims at determination of the
center energies, peak widths, weighing factors, and the areas associated with each
individual species in the sample. The latter, in combination with element specific
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correction factors, allows for a quantitative analysis.
Figure 2.2 (B) presents the results of the fitting process. Two species can be

distinguished and comparison with the pristine educt (not shown) allows for the
assignment of unreacted (red) and reacted (green) species with different binding
energies and total areas. Due to spin-orbit splitting, both assigned features comprise
substructures with an explicit intensity ratio arising from the degeneracy of atomic
states.

The center energies of the resulting doublets are primarily a function of the effective
charge of the atomic nucleus, i.e., the atomic number reduced by screening effects by
the remaining electrons. Smaller variations of the binding energy are caused by the
chemical environment, e.g., the oxidation state, and bound atoms. Their impact is
summarized as initial state effects. Secondary relaxation processes, e.g., a reaction of
the electronic structure to the creation of the core-hole in the probed molecule, are
referred to as final state effects.

While the fitting routine uses all measured data points, the number of data points
is reduced by a small integer factor to reduce scatter and improve readability.

2.1.2 Hard X-ray Photoemission Spectroscopy

Along the quick development of organic electronic devices, more and more interests
have been attracted to investigations of chemical processes at buried metal-organic
interfaces under ultra-high vacuum conditions. With the technique of photoemission
spectroscopy, depth profiling of surface layers is normally achieved by mainly two
means in the past decades: Either the information depth is varied by the electron
collecting angle, or the top layers are removed successively by ion sputtering. However,
there are individual drawbacks. The first method is limited to very small profiling
depths and the second method causes damage to the sample intrinsically. In the third
approach, the IMFP of the photoelectron, and thus the information depth, is altered
by variation of the excitation energy. In order to achieve noticeable changes, the range
of the used radiation needs to be extended to hard X-rays. Hence, depth profiling
using HAXPES requires the use of synchrotron hard X-ray beam lines, where photon
energy are available between approximately 1 keV and more than 10 keV.

In Figure 2.3, the attenuation lengths of electrons with different kinetic energies
are shown, where a variety of experimental data is summarized. [33,110] At early time,
attenuation lengths were regarded identical to the IMFPs in solids. Both terms are
used synonymously and given values refer to IMFPs in this work. Later it was realized
that the value can differ due to elastic scattering in the solid and led to usage of
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2.1 Photoemission Spectroscopy

Figure 2.3: Attenuation Lengths of Electrons in Solids. Attenuation lengths of elec-
trons in solids as a function of corresponding electron kinetic energies, adapted
from References [33,110]

effective attenuation lengths. [110,111] As can be seen in the so-called universal curve in
Figure 2.3, the attenuation length of photoelectrons exhibits a pronounced minimum
for a kinetic energy about 100 eV. As a consequence, the information depth increases
with the kinetic energy of the emitted electrons above this limit. Electrons emitted
from the deeper layers which were previously not able to escape the sample can now
reach the detector. Starting from the excitation energy dependent intensities one can
draw conclusions about the vertical composition of the specimen.

With this idea one cannot only profile the surface layers, but also inspect the
interface between two different materials without causing extra sample damage. A
direct application for HAXPES is schematically displayed in Figure 2.4. Furthermore,
by using the advantage of tunable synchrotron radiation, the detection depth of
HAXPES can be tuned and consequently the chemical, electronic, and compositional
depth profile of the probed sample can be obtained. Arising from the benefit of larger
escape depths for electrons with higher kinetic energies, HAXPES has become a new
promising nondestructive technique to study the bulk of materials or buried interfaces.
Further advantage lies in the increased accessibility of deep core levels which cannot
be probed with conventional laboratory X-ray sources. This allows for selection of
atomic levels which provide increased photoelectron yields and can avoid overlap with
features from other species.

Figure 2.5 shows an example of an excitation energy varied HAXPES measurement
investigating the Al 1s region. An organic layer with a thickness of several nanometers
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Figure 2.4: Illustration of Escape Depth for Photoelectrons with Different Kinetic
Energies. Visualization of the increasing probing depth with increasing (left to
right) photon (green) energy, i.e., shorter wavelength, and thus larger kinetic
energy. The photoelectron escape probability from different layers (gray, purple,
blue) is indicated by arrows. The length of the arrows correlates with the IMFP.
The contribution, normalized to total area, as a function of vertical position
is given as the width in red. This scheme assumes a constant photoelectron
production rate (number of arrows) and hence is not taking photon fluxes and
cross sections into account which typically lead to a global decrease of signal
intensity with increasing photon energy.

Figure 2.5: Al 1s HAXPES Spectra of Oxidized Aluminum Foil covered with a thin
layer of 2HTPP. At low photon energy hν only the Al 1s peak corresponding to
the oxide layer is visible. As the excitation energy increases this feature exhibits
reduced intensity while the peak corresponding to the metallic bulk aluminum first
appears and then increases. This demonstrates the increase in probing depths. A
broadening of the peaks due to reduced resolution at high energies is also visible.
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is deposited on a naturally oxidized aluminum substrate. As indicated from bottom to
top in the graph, the sample has been probed with photon energies ranging from 2 keV
to 6 keV. For better comparison, all spectra were normalized to the same intensity.
At “low” photon energy (black line), only the peak corresponding to the aluminum in
the oxide layer is visible. An increase of the excitation energy renders the underlying
metallic phase observable. Upon further decrease of the wavelength the relative
contribution of the metallic species increases, i.e., more of the bulk is probed.

In this thesis HAXPES is applied to study the multilayer metalation of cobalt
atoms with 2H -tetraphenylporphyrin (2HTPP) films, the diffusion behavior of metal
atoms, e.g., cobalt, in organic films, e.g., 2HTPP, and the corresponding metal-organic
interfaces and interphases, see Section 3.3.

2.1.3 Ultraviolet Photoemission Spectroscopy

Ultraviolet photoemission spectroscopy is a method related to XPS since it uses the
same principle. However, different excitation sources are employed. Typically helium
discharge lamps (HDL), which can – depending solely on the operation conditions
– offer two excitation energies,1 or synchrotron radiation with low photon energies
(hν < 100 eV) are employed. Due to the narrow line widths, UPS exhibits excellent
energy resolution of the binding energy and allows to probe the details-rich valence
structure of samples. Especially HDLs exhibit quasi-monochromatic character of the
excitation lines. [112] The high photon fluxes, in combination with the large photoelec-
tron production efficiency, i.e., cross sections, in this spectral region make these photon
sources superior to X-ray providing instruments. The apparent drawback of insufficient
energy to excite core levels is more than compensated by these properties. In addition,
the high fluxes enable improved statistics or faster measurements, respectively.

The shape and structure of photoelectron spectra strongly depend on exciting
photon energy. It is possible to suppress s-band or d-band, respectively, by tuning the
wavelength of the used light, while p-bands are less affected. [113] In combination with
quantum chemical calculation, this allows for a precise assignment of the observed
features in the recorded spectra. In general, UPS can provide more precise information
about the density of occupied valence states than XPS which, in principle, could also
be used for band structure studies. Due to its advantages, UPS has been extensively
used in recent years for studying organic semiconductor surfaces and interfaces.

In this thesis UPS was mainly utilized for characterization of metal-organic systems.
Its application covered the measurement of work function changes introduced by

1 He Iα with hν = 21.2 eV and He IIα with hν = 40.8 eV.
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Figure 2.6: Display of Exemplary UPS Spectra. He Iα UP spectra (hν = 21.2 eV) of a
clean Ag(111) surface (red) and covered with approximately one monolayer of
CoTPP. Magnification of the low binding energy areas (gray) show the Fermi
edge EF in detail. In case of the clean surface, the surface state is visible while the
CoTPP-covered surface exhibits a new state. The useable range of the spectrum
is indicated by ∆E. All spectra were taken in normal emission with a sample
bias of −5 V with respect to the spectrometer.

adsorption, monitoring of the adsorbate/substrate interaction in the valence region,
and inspection whether Shockley-type substrate surface states are affected by the
adsorbed layers.

In the following, the routine of work function measurements and valence band
investigations via UPS are explained along an example of data obtained from an
almost complete monolayer of cobalt-tetraphenylporphyrin (CoTPP) adsorbed on
Ag(111) as shown in Figure 2.6.

The red trace in Figure 2.6 shows the UP spectrum of a clean Ag(111) surface.
Electrons with the highest energy in the solid, which is identical to the smallest
binding energy, are emitted from the Fermi edge labeled EF. Consequently, these
electrons have the largest kinetic energy Ekin,max in the spectrum. The other end of
the spectrum is marked by the cut-off, i.e., a sudden drop of the intensity to zero, of
the spectrum, i.e., it describes electrons with minimum kinetic energy Ekin,min which
is necessary to reach the detector. As a result, the useable range ∆E is confined by
these two energies

∆E = Ekin,max −Ekin,min . (2.6)
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Usage of Equation (2.1) and Equation (2.4) gives

E′kin,max = hν − φsp (2.7)

and

E′kin,min + φsp = Ekin,min + φsa (2.8)

Figure 2.1 reveals that the infimum energy required to reach the detector is given by

inf (Ekin,min) = 0 (2.9)

and the energy range ∆E is thus given by

∆E = Ekin,max −Ekin,min = hν − φsp − (E
′
kin,min + φsa − φsp) = hν − φsa (2.10)

which can be simplified to

φsa = hν −∆E . (2.11)

Thus, by measuring the distance from the secondary electron cut-off to the Fermi edge,
one can quantify the work function of investigated system. With this idea, the work
function of Ag(111) was calculated to be 4.67 eV, which is very close to the reported
values. [114,115]

UPS is a powerful tool to inspect the subtle interaction between adsorbate and
substrate manifested in the valence band. As displayed in Figure 2.6, for the clean
Ag(111) crystal the UP spectrum is dominated by the 4 d band with a surface state
very close to the Fermi edge EF. This surface state intrinsically originates from the
two-dimensional electrons on surface, confined on one side by the vacuum barrier and
on the other side by a band gap in the bulk states.

Deposition of almost one monolayer of CoTPP onto the Ag(111) surface results
in the blue trace in Figure 2.6. The surface state is quenched and the 4 d band is
suppressed. An additional electronic state appears at around 0.6 eV which is induced
by the adsorbate-substrate interaction. This feature is attributed to the interaction of
half-occupied Co 3dz2 orbitals and sp occupied states of the silver surface.

The shift of the cut-off allows calculation of the adsorbate-induced work function
changes. By analysis of UPS measurements of a clean Ag(111) surface and the
surface covered with roughly one monolayer of CoTPP molecules, the energy diagram
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Figure 2.7: Energy Diagram of the CoTPP/Ag(111) Interface. The drawing of this
energy diagram is based on He Iα UP spectra (hν = 21.2 eV) in Figure 2.6. The
work function of the clean Ag(111) surface φ decreases after deposition of almost
one monolayer of CoTPP to φ′. The formed dipole layer induces a shift of ∆ on
the vacuum level corresponding to the CoTPP/Ag(111) interface. An additionally
observed state, representing the hole injection barrier φh from the metal to the
organic layer, is formed by the interaction of the former SOMOa of the molecule
and the sp band from the substrate.

a Singly Occupied Molecular Orbital.

of the CoTPP/Ag(111) interface can be drawn as shown in Figure 2.7. It reveals
that the work function of the system is decreased by 0.59 eV compared to pristine
Ag(111) surface. The UV spectra presented here suggest an electronic interaction
between the cobalt center and the silver surface. This result agrees well with the
findings of a photoelectron study reported by Lukasczyk et al.. [5] The adsorbate-
substrate interaction results in a transfer of electron density from the surface to the
ion, manifesting itself as an additional spectroscopic feature located at 0.6 eV below
the Fermi level.

The energy εF of the new highest occupied state relative to the Fermi energy is
of importance, since it is identical to the height of the hole injection barrier of the
organic-metal interface. Comparison of the peak position (2.3 eV) corresponding to
the singly occupied molecular orbital (SOMO) without surface influence, i.e., for
multilayers, [5] reveals that the barrier height is reduced due to the interaction-induced
state. This behavior is typically desired in applied devices since it might increase their
electrical performance.
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It should be pointed out that, compared to conventional laboratory X-ray sources,
the much higher fluxes of UV source might cause beam damage to the specimen
during data acquisition and special precautions have to be taken in order to avoid
misinterpretation of the recorded spectra.

2.1.4 Layer Thickness and Reaction Depth Determination by
Photoemission Spectroscopy

As mentioned before, photoemission spectroscopy is appropriate for quantitative
analysis. Here, this topic will be elaborated in more detail. Based on the photoelectron
generation rate, the dampening due to the Beer-Lambert law, and the transmission
function of the analyzer T , the peak intensity as a function of given atomic shell
emitted from a homogeneous material is given in differential form by

dI = nσyφFA ⋅ T ⋅ exp(− z

λ cos ϑ
) dz . (2.12)

In this equation n is the density of the given atom, i.e., the number of atoms per unit
volume, σ is the photoionization cross section for a given atom within a given shell
and given photon excitation energy, y is photoelectric ground state efficiency factor, φ

is the angular efficiency factor, F is the average flux of X-rays on sample, A is the
area irradiated by X-ray and viewed by the analyzer, λ is the IMFP of electrons with
a certain kinetic energy in a given attenuation material, and z is the distance through
the material that photoelectrons must travel. [116–119] Since in this thesis mainly organic
layers are studied which are adsorbed on the (111) surfaces of single crystals, in the
following section the discussion will focus on this model.

For quantitative work with XPS or ESCA the saturated signal for a clean substrate
is often necessary and can be calculated by

Is,∞ =
∞

∫
0

nsσsyφFATs exp(− z

λs,Es cos ϑ
) dz

= nsσsyφFATsλs,Es cos ϑ (2.13)

assuming infinitive substrate thickness. Here, the index s refers to substrate related
quantities. E refers to the kinetic energy of photoelectrons of the observed orbital.
When the substrate is covered by an organic layer with the thickness of d, as shown
in Figure 2.8 (a), the signal from the substrate, in this work typically Cu 2p, Ag 3d,
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Figure 2.8: Schematic Arrangements for XPS Sample Configurations. Photoelectrons
are emitted at the angle of ϑ relative to the surface normal.

(a) The sample is a clean single crystal substrate covered with an organic layer with
the thickness of d.

(b)The sample is also a clean single crystal substrate but covered with two kinds of
organic layers on top with the total thickness of d2, i.e., the reacted layer of d1,
the unreacted layer of (d2 − d1).

and Au 4f, can be expressed by

Is,d =

∞

∫

d

nsσsyφFATs exp(− z − d

λs,Es cos ϑ
) ⋅ exp(− d

λc,Es cos ϑ
) dz

= nsσsyφFATsλs,Es cos ϑ ⋅ exp(− d

λc,Es cos ϑ
)

= Is,∞ exp(− d

λc,Es cos ϑ
) . (2.14)

Similarly, one can calculate the saturated signal from an infinitely thick cover layer
by

Ic,∞ =
∞

∫
0

ncσcyφFATc exp(− z

λc,Ec cos ϑ
) dz

= ncσcyφFATcλc,Ec cos ϑ . (2.15)

Here the index c denotes the adsorbate. In case of a finite thickness d of the, e.g.,
organic, adsorbate layer, the expression for intensity computes to

Ic,d =

d

∫
0

ncσcyφFATc exp(− z

λc,Ec cos ϑ
) dz
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= ncσcyφFATcλc,Ec cos ϑ(1 − exp(− d

λc,Ec cos ϑ
))

= Ic,∞ (1 − exp(− d

λc,Ec cos ϑ
)) . (2.16)

Since the geometry of the measurement arrangement usually remains unchanged when
two regions – in this case of the substrate and of the adsorbate layer – on the same
sample are measured, the corresponding parameters are identical. This reduction
of parameters renders a determination of the layer thickness from the individual
intensities possible. Combination of Equation (2.14) with Equation (2.16) yields

Ic,d

Is,d
=

Ic,∞ (1 − exp(− d

λc,Ec cos ϑ
))

Is,∞ exp(− d

λc,Es cos ϑ
)

=

ncσcTcλc,Ec (1 − exp(− d

λc,Ec cos ϑ
))

nsσsTsλs,Es exp(− d

λc,Es cos ϑ
)

. (2.17)

Collection of constants in the calibration factor

K = ncσcTcλc,Ec

nsσsTsλs,Es

(2.18)

simplifies the expression to

Ic,d

Is,d
= K ⋅

1 − exp(− d

λc,Ec cos ϑ
)

exp(− d

λc,Es cos ϑ
)

. (2.19)

Usually, the atomic density n can be easily calculated from crystallographic data,
cross section σ can be found in databases, [120,121] the transmission function T can
be measured for the specific spectrometer, IMFPs λ can be found in literature or
databases. [122–134] Numerical solving of this transcendental equation leads to the layer
thickness d. Thickness calculations are an important method in this thesis, since they
are used to calculate the reaction depths of metalation reactions of organic multilayers,
e.g., cobalt atoms dosed on 2H -tetraphenylporphyrin.

As shown in Figure 2.8 (b), the thickness of the reacted layer is d1, while the
thickness of the pristine layer is given by (d2 − d1). Assuming a sharp interface
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between these layers, the intensity of reacted layer can be calculated by

Ir =

d1

∫
0

nrσryφFA ⋅ Tr ⋅ exp(− z

λr cos ϑ
) dz

= nrσryφFA ⋅ Tr ⋅ λr cos ϑ(1 − exp(− d1

λr cos ϑ
)) . (2.20)

Here the subscript r refers to parameters related to the reacted layer. The intensity
for the pristine layer beneath is given by

Ip =

d2

∫

d1

npσpyφFA ⋅ Tp ⋅ exp(− z − d1

λp cos ϑ
) ⋅ exp(− d1

λr cos ϑ
) dz

= npσpyφFA ⋅ Tp ⋅ λp cos ϑ exp(− d1

λr cos ϑ
)(1 − exp( d1 − d2

λp cos ϑ
)) (2.21)

with the subscript p referring to parameters considering the pristine layer. If data acqui-
sition is performed under identical conditions, the ratio of intensities of photoelectrons
coming from the same atomic shell of both layers is represented by

R =
Ir

Ip
=

nr ⋅ Tr ⋅ λr

np ⋅ Tp ⋅ λp
⋅

1 − exp(− d1

λr cos ϑ
)

exp(− d1

λr cos ϑ
)(1 − exp( d1 − d2

λp cos ϑ
))

. (2.22)

In the following, an example is given by data processing of the Co/2HTPP system,
where the ratio R is given by the intensity ratio of the N 1s signal from reacted layer,
i.e., CoTPP, and pristine layer, i.e., 2HTPP. According to the individual crystal
structures, the atomic density of nitrogen atoms in 2HTPP and CoTPP vary by less
than 1 % and can be considered the same. [135,136] Since the kinetic energies of N 1s
photoelectrons from either 2HTPP or CoTPP layer differ only by approximately 2 eV,
only tiny differences will be introduced in the transmission function, regardless of
species and they can also be assumed to be identical. With the additional assumption
that the IMFPs λ for N 1s electrons in these two components are similar, the ratio
can be simplified to

R =
Ir

Ip
≈

1 − exp(− d1

λ cos ϑ
)

exp(− d1

λ cos ϑ
) − exp(− d2

λ cos ϑ
)

(2.23)

34



2.1 Photoemission Spectroscopy

and under the assumption that the photoelectrons are collected in normal emission
direction, i.e., ϑ = 0

R =
Ir

Ip
≈

1 − exp(−d1

λ
)

exp(−d1

λ
) − exp(−d2

λ
)

. (2.24)

By solving this equation, the thickness of reaction layer d1 can be deduced.
In general, a more simple equation is used for the thickness calculation of a reacted

cover-layer. However, it requires the very important premise of an infinitely thick
pristine layer. [122,137,138] Considering the limit of Equation (2.23) for d2 approaching
infinity, one obtains

R =
Ir

Ip
= lim

d2→∞

1 − exp(− d1

λ cos ϑ
)

exp(− d1

λ cos ϑ
) − exp(− d2

λ cos ϑ
)

≈

1 − exp(− d1

λ cos ϑ
)

exp(− d1

λ cos ϑ
)

(2.25)

and by rearrangement

d1 = λ cos ϑ ln [( Ir

Ip
) + 1] (2.26)

It is worthwhile to point out that the organic layers on the samples studied in this
thesis are not thick enough to be considered as bulk-like, i.e., appear as infinitely
thick. Hence, the idea of a saturated thickness intensity as used in Equation (2.26) is
not suitable in this work [137,138] as it would overestimate the reaction thicknesses.
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2.2 Temperature Programmed Desorption

Another intensively applied technique in surface science – temperature programmed
desorption (TPD) or in some cases temperature programmed reaction (TPR) – is
introduced here. It is complementary to the photoelectron based techniques described
before. In a TPD measurement, the sample is pre-covered with a certain amount
of adsorbate and then heated with a defined constant heating rate under ultrahigh
vacuum conditions. During this process, the amount of desorbed molecules will be
measured by mass spectrometers or, in the simplest cases, by pressure reading devices.
In the first case, several masses can be simultaneously recorded. The intensity of each
mass as a function of time, and, due to the constant heating rate, also of temperature is
recorded. For quantitative interpretation of TPD data, frequently the Polanyi-Wigner
equation is involved: [139]

Rdes = −
dθ

dt
= −

∂θ

∂T

∂T

∂t
= νnθn exp(−Edes

RT
) . (2.27)

Rdes represents the corresponding desorption rate, θ the sample coverage, t the time,
T temperature, n desorption order, νn the pre-exponential frequency factor, R the gas
constant, and Edes the activation energy for desorption. For a constant heating rate β

dT

dt
= β (2.28)

the corresponding Polanyi-Wigner equation is given by

−
dθ

dT
=

νn

β
θn exp(−Edes

RT
) . (2.29)

At highest desorption rate, the corresponding desorption temperature Tmax can be
written as,

d
dT
(−

dθ

dT
) =

d
dT
(

νn

β
θn exp(−Edes

RT
))∣

T=Tmax

= 0 (2.30)

Combining the last two equations, one yields

Edes

RT 2
max
=

νn

β
nθn−1 exp(− Edes

RTmax
) . (2.31)

Logarithmic transformation leads to

ln(T 2
max
β
) =

Edes

RTmax
+ ln( Edes

νnRn
) + (1 − n) ln θ (2.32)
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as a relation of temperature of maximal desorption to the frequency factor and the
desorption activation energy. For details on the derivation of the formula, please refer
to Reference [140]. By a series of TPD measurements with varying heating rate β,
the plot of ln (T 2

max/β) versus 1/Tmax can be drawn and the slope and intercept in the
plot provide the desorption activation energy and the frequency factor, respectively.

In case of first order desorption, a more convenient equation was proposed by
Redhead in 1962: [141]

Edes = RTmax [ln(
ν1Tmax

β
) − ln( Edes

RTmax
)] (2.33)

and can be approximated by

≈ RTmax [ln(
ν1Tmax

β
) − 3.64] . (2.34)

In this approximation, the frequency factor ν1 is similar to vibrations in a solid and
amounts to 1013 s−1. With this Redhead equation, the desorption energy Edes can be
obtained directly by the temperature Tmax at which the maximum desorption rate is
observed in the TPD measurement.

In the following we will discuss situations with different desorption orders n:

(i) Zero-Order Desorption (n = 0)

−
dθ

dT
=

ν0

β
exp(−Edes

RT
) (2.35)

implies that the desorption rate does not depend on coverage and increases
exponentially with temperature T . As a consequence, the temperature of
peak desorption rate, i.e., Tmax, will increase with initial coverage. Zero-order
desorption can typically be observed in multilayer desorption, or in case of strong
attractive interactions between adsorbates.

(ii) First-Order Desorption (n = 1)

Edes

RT 2
max
=

ν1

β
exp(− Edes

RTmax
) (2.36)

is typical for non-dissociative molecular and atomic adsorption. In case of a fixed
heating rate, the temperature at maximal desorption rate Tmax is constant and
independent of the initial coverage. This is a fingerprint property of first-order
desorption.
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(iii) Second-Order Desorption (n = 2)

Edes

RT 2
max
= 2ν2

β
θ exp(− Edes

RTmax
) (2.37)

is usually observed for recombination desorption, e.g., desorption of molecular
hydrogen atomically adsorbed on tungsten. [142] With increasing initial coverage
the Tmax will shift to lower values. This character can be used to distinguish
from the first order desorption.

(iv) Fractional Desorption Orders
are also possible and appear in cases where two-dimensional islands evaporate
from their rim or upon recombination of dissociatively adsorbed species.

In the presented work, the TPD technique is utilized to investigate the desorption
behavior of porphyrins. The focus here lies on the reaction of the adsorbate with the
substrate and whether layer exchange occurs in the multi-layered adsorbates. Details
are given in Publication [P1].
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2.3 Scanning Tunneling Microscopy and
Spectroscopy

The above mentioned techniques exhibit integrating behavior, i.e., the obtained
information is averaged over “large” areas. In order to receive lateral information
on a molecular or even an atomic level, different methods have to be employed. As
STM is feasible to explore specific sites on surfaces, it has also been used for the work
presented in this thesis.

STM instruments are able to image surface geometries on an atomic level and
often also the electronic structure of surface systems. Since its development in 1981
by Gerd Binnig and Heinrich Rohrer, [143] STM has attracted enormous attention,
being widely utilized in scientific research. Especially the solution of intricate surface
science problems – like surface reconstructions, geometric, and electronic properties of
adsorbates – were only possible with obtained real space images. [21]

The technique of STM is based on quantum mechanics since electrons are tunneling
between tip and sample. It is typically operated in either constant height or constant
current mode. In the dominantly used constant current mode, [144–146] the tip is scanned
over a certain area (x, y) on the surface, while a feedback-loop keeps the tunneling
current I constant by adjusting the corresponding gap distance z. Thus, a height
profile of scanned area z (x, y) can be calculated from the amount of adjustment.

The tunneling current I can be expressed as [147]

I ∝ VBρs (0, EF) exp(−2
√

2mφ

h̄ z) (2.38)

where VB is the bias potential applied to the sample, ρs is the local density states
of sample, φ is the average work function of sample and tip, and z is the distance
between sample and tip. With a typical value of 5 eV of average work function, a
distance change in vertical position z of one angstrom will result in a change of the
tunnel current I, which is typically in the sub-nanoampere range, of about one order of
magnitude. Since this technique depends on the local work function of the sample, an
STM image is actually a convoluted image of the morphology and electronic structure.

In first order perturbation theory, by employing Bardeen’s transfer Hamiltonian
formalism the tunneling current I can be more accurately described from the overlap of
the tails of the wave functions Ψµ and Ψν in the region of the tunneling barrier. [148–150]

I =
2πe
h̄ ∑µ,ν

f (Eµ) [1 − f (Eν + VB)] ∣Mµ,ν ∣
2
δ (Eµ −Eν) (2.39)
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Figure 2.9: STM Study of the Adsorption and Annealing of DBmTP on Ag(111).
Red dots between chains or [18]-honeycombene macrocycles are considered to be
detached bromine atoms chemisorbed on the surface.

(a) Schematic drawing for the formation of the [18]-honeycombene from DBmTP
using a modified Ullmann reaction.

(b) STM image of two-dimensional network formed by DBmTP molecules on Ag(111),
tunneling parameters: U = 0.01 V, I = 0.2 nA.

(c) STM image of an island of [18]-honeycombene, imaged at 4.4 K, tunneling para-
meters: U = 0.01 V, I = 0.02 nA.

(d) STM image of an island of zig-zag polyphenylene chains.

In Equation (2.39), VB is the bias potential applied to the sample, Mµ,ν is the tunneling
matrix element between states Ψµ of the tip and Ψν of the sample, with eigenenergies of
Eµ and Eν , respectively. The delta function implies that during tunneling electrons do
not lose energy, and the Fermi-Dirac function f (E) takes into account that tunneling
happens, for instance, from a filled tip state into the empty sample state. [144]

This work uses STM images to observe and characterize the structures formed by
molecular self-assembly, as presented in Section 1.4. An STM measurement is shown
in Figure 2.9 as an example. As can be seen in Figure 2.9 (b), the vapor deposited 4,4′′-
dibromo-meta-terphenyl molecules arrange in a well-ordered two-dimensional pattern
on the sample’s surface. Annealing leads to the formation of either islands of the
cyclooctadecaphenylene macrocycles, i.e., [18]-honeycombene, or to one-dimensional
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Figure 2.10: Illustration of the Principle of Scanning Tunneling Spectroscopy. Density
of states that contribute to the tunneling current is affected by the constant
Fermi level of the tip EF and states in the sample. Their energy levels are
shifted to EF + eVB via a bias potential VB modifying the available tunneling
pathways. Negative biases affect the accessible occupied states (blue), while
positive potentials give access to unoccupied states (green). The spectroscopic
information is derived from the thus variable contribution of individual energy
levels to the tunneling current. Figures are adapted from Reference [153].

(a) To simplify discussion, work function of the tip and sample is assumed the same.
(b) By applying negative bias voltage, the occupied states are detected.
(c) By applying positive bias voltage, the unoccupied states are detected.

zigzag-shaped polymer chains via the modified, i.e., carried out on silver, Ullmann
reaction. [40,151,152] The bromine atoms on the surface, formed as a byproduct, are still
detectable by STM with high resolution and indicated by red dots in the STM images.

Since the measured tunneling current I is related to the local electronic structure,
its usage to obtain spectroscopic information is obvious. Due to the high accuracy of
lateral tip position, it is possible to collect this information from single molecules or
even individual sub-molecular entities in the specimen. This technique for spatially
resolved spectroscopy, named scanning tunneling spectroscopy, was soon developed
after the invention of STM. [154,155]

Based on the Tersoff and Hamann model, [148,149] the tunneling conductance can be
approximately derived as

dI

dV
∣
VB

∝ ρsa (EF + eVB)ρt (EF) (2.40)
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where ρsa and ρt are the density of states of sample and tip, respectively. The so
called dI/dV signal can be interpreted as a measure of the overlap of local density of
states (LDOS) of the sample and the tip under the assumption that ρt is constant
over the interesting energy range, as illustrated in Figure 2.10.

Experimentally, the dI/dV signal can be obtained by application of a small modula-
tion to the bias voltage and recording the current oscillation with a lock-in amplifier. [21]

Measurement of the dI/dV signal with an active feedback-loop allowed image states
and surface states to be resolved. [156,157] Furthermore, by recording the lock-in signal
while measuring the topography, the spatial extent of a specific spectroscopic feature
can be investigated. This methodology is called dI/dV mapping.

Since the transmission function depends on the tip and its position to the probed
position, movement of the tip can cause artifacts in the spectroscopic maps. Thus, it is
recommended to obtain spectroscopic information with a fixed tip position. First, the
position of the tip is defined in constant-current mode and subsequently, the dI/dV

signal is recorded for different voltages. [21,67,158,159] The fixed tip position avoids a
spatially varying background which would strongly influence the spectral features [160]

To avoid the possible artifacts introduced by the tip, especially for the samples with
nanoporous molecular networks in Publication [P11], a proper distance of the tip to
the sample was stabilized and hereafter the dI/dV map was recorded with in constant
height, i.e., open feedback loop, mode.

However, it should be pointed out that the occupied or unoccupied density states
obtained from STS are not identical to the results gained either by conventional UPS
(occupied states) or inverse photoemission spectroscopy (IPES, unoccupied states). [112]

In STS only the states that protrude into vacuum and constructively overlap with
tip wave functions can be probed. While information about the filled and unfilled
states provided by UPS and IPES measurements respectively is integrated over several
surface layers, STS is a more surface sensitive technique, which crucially depends on
the extension of relevant states. [144]
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2.4 Experimental Setup

This section presents a description of the different ultra-high vacuum (UHV) setups
with the individual available techniques. In order to obtain comprehensive information
of the investigated systems, experiments presented in this thesis have been carried out
with complementary techniques requiring different UHV systems.

Some of the shown work has been done in cooperation with other laboratories, e.g.,
at Peking University in Beijing, China. Other parts have been conducted at major
research facilities, i.e., at BESSY II. In addition, the relocation of the research group
from Erlangen to Marburg involved different laboratory equipment.

All UHV systems that have been utilized in this thesis generally provide a vacuum
in the range of 10−9 mbar or 10−10 mbar which enables for almost contamination-free
conditions during the experiments. Prior to the vapor deposition process, all organic
substances have been thoroughly degassed in vacuum.

2.4.1 PES/TPD Setup in Erlangen – “Scienta”

XPS, UPS and TPD/TPR data discussed in this thesis have been collected on a
Scienta UHV system (shown in Figure 2.11) located at the Friedrich-Alexander-
Universität Erlangen-Nürnberg. It has been modified to meet the requirements of
specific experiments over the past years. This UHV system exhibits a base pressure
of typically 2 ⋅ 10−10 mbar, consists of two main compartments, namely a preparation
chamber and an analysis chamber. The XPS measurements were carried out with a
Scienta ESCA-200 spectrometer equipped with an X-ray monochromator, an Al Kα
X-ray source (1486.6 eV), a differentially pumped helium discharge source (21.2 eV
and 40.8 eV), and a hemispherical energy analyzer (SES-200). The overall energy
resolution amounts to 0.3 eV. The corresponding reported XPS binding energies in
this thesis are referenced to the Fermi edge of a clean Cu(111) surface (EF ≡ 0).

In order to enhance the signal from the topmost layers compared to the contribution
from the bulk of the crystal, in some experiments photoelectrons were collected at an
angle of 70○ relative to the surface normal. UPS has been usually carried out with the
photoelectrons collected along the surface normal. The overall energy resolution for
UPS was < 0.1 eV. In addition to the photoemission setup, this system is equipped
with low energy electron diffraction optics (LEED, ErLEED-1000 A), two ion guns
for sample cleaning and ion-scattering experiments, a mass spectrometer and several
evaporators.

For TPD/TPR, a Pfeiffer HiQuad QMA 400 quadrupole mass spectrometer (QMS)
has been used. During TPD/TPR data acquisition, three channels for 2H -phthalo-
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Figure 2.11: PES System from Scienta in Erlangen. Center: Scienta ESCA-200
spectrometer with a hemispherical energy analyzer (SES-200); right: preparation
chamber with mass spectrometer, LEED optics and evaporators; left: X-ray
monochromator. Photo taken from Reference [161].

cyanine (2HPc, m/z = 515), nickel phthalocyanine (NiPc, m/z = 571), and copper
phthalocyanine (CuPc, m/z = 576) were monitored quasi-simultaneously by computer-
controlled multiplexing of the mass spectrometer. Crosstalk between different mass
channels, e.g., due to the related isotope patterns, has been strictly checked and
successfully avoided.

The work related to the Publications [P1], [P2], [P3], [P4], [P5], and [P7] has mainly
been achieved on this UHV system.

The molecules have been evaporated from a home-built Knudsen cell evaporator.
The evaporation and substrate temperatures as well as used crucible materials and
vendors for each substance are summarized in Table 2.1. For Publications [P1], [P2],
[P3], [P4], and [P7], a copper single crystal (purity > 99.999 %) with a thickness of
2 mm, diameter of 10 mm, and polished (111) surface, aligned to < 0.1○ with respect
to the nominal orientation, has been used as substrate. For Publication [P5], a gold
single crystal with similar specifications has been utilized. In order to achieve precise
temperature measurement and control, a type K thermocouple was mounted directly
to the rim of crystal. The crystal was attached to a manipulator that allows for cooling
and heating in the range from 95 K to 900 K.
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Table 2.1: Evaporation Conditions for the Work in Erlangen. The evaporation parame-
ters, purities, and suppliers for the substances used in Erlangen are summarized
here. All adsorbates have been evaporated from quartz crucibles.

Substance Crucible Sample Purity Supplier
Temperature Temperature

2HPc a 640 K Ambient 98 % Sigma-Aldrich
CoPc b 680 K Ambient 97 % Sigma-Aldrich
NiPc c 640 K Ambient 97 % Sigma-Aldrich
CuPc d 640 K Ambient 99 % Sigma-Aldrich
2HTPP e 640 K 160 K 99 % Sigma-Aldrich
2HTPyP f 650 K Ambient 97 % Sigma-Aldrich
DBpTP g 450 K 170 K > 97 % Sigma-Aldrich
TBB h 450 K 170 K > 97 % Sigma-Aldrich

a 2H -Phthalocyanine.
b Cobalt phthalocyanine.
c Nickel phthalocyanine.
d Copper phthalocyanine.
e 2H -Tetraphenylporphyrin.
f 2H -Tetrapyridylporphyrin.
g 4,4′′-Dibromo-para-terphenyl.
h 1,3,5-Tris(4-bromophenyl)benzene.

2.4.2 PES Setup in Marburg – “Specs”

Further parts of XPS and UPS experiments with conventional laboratory X-ray and
UV sources have been carried out at the University of Marburg. The here presented
UHV apparatus comprises three chambers, as shown in Figure 2.12. One is used as
load lock and preparation chamber, while the other two compartments house the XPS
and STM equipment, respectively. A flow cryostat to cool down the sample with
liquid nitrogen is available in both analysis chambers. The base pressure in these
compartments is below 2 ⋅ 10−10 mbar.

PES measurements are performed with a commercial photoelectron spectrometer
(SPECS Phoibos 150, MCD-9 detector). X-rays are provided by twin anode setup
enabling the use of two photon energies. Both X-ray lines, Al Kα (hν = 1486.6 eV) and
Ag Lα (hν = 2984.3 eV), are enhanced by a FOCUS 500 monochromator. In addition,
the X-ray source is mounted on an extra manipulator, allowing precise positioning of
the source. An ultimate excitation energy resolution of 0.25 eV can be reached, for
instance for Al Kα. In addition, the PES chamber is equipped with a gas discharge
lamp for UPS measurement and a three-grid LEED optics (SPECS ErLEED-1000A).

The STM is situated in a distinct chamber separated by a gate valve from the XPS
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Figure 2.12: PES System from Specs in Marburg. Right: XPS chamber with Phoibos
150 hemispherical electron analyzer; left: STM chamber; front: load lock; behind:
monochromator FOCUS 500.

chamber. The UP spectra presented in this thesis, taken with this setup, were excited
with He Iα radiation (hν = 21.2 eV) and a sample bias of −5 eV. The reported XPS
and UPS binding energies are referenced to the Fermi edge of the clean Ag surface
(EF ≡ 0). The photoelectrons have been collected in normal emission, i.e., at an angle
of 0○ to the surface normal.

The experiments included in Publications [P8] and [P10] have been carried out on
this UHV system.

Organic thin films have been prepared by physical vapor deposition from a home-
built Knudsen cell evaporator. The individual evaporation conditions are summarized
in Table 2.2. Measurements involving 2H -tetraphenylporphyrin multilayers use cleaned
aluminum foil substrates while 2,3,8,12,17,18-hexaethyl-7,13-dimethyl-corrole is vapor-
deposited onto a Ag(111) surface with crucible hold at 430 K. Individual deposition
parameters are given in Table 2.2. The Ag(111) substrate has been cleaned by repeated
cycles of Ar+ ion bombardment with a kinetic energy of 500 eV and annealing up
to 800 K. An Omicron electron beam evaporator (FOCUS EFM 4) is used for the
deposition of cobalt atoms. The rod shaped evaporant with a diameter of 2 mm and a
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Table 2.2: Evaporation Conditions for the Work in Marburg. The evaporation para-
meters, purities, and suppliers for the substances used in Marburg and at HIKE
end-station are summarized here. All adsorbates have been evaporated from
stainless steel crucibles.

Substance Crucible Sample Purity Supplier
Temperature Temperature

DBmTP a 360 K 80 K — AG Hilt
DBm′′QiP b 380 K 80 K — AG Hilt
2HTPP c 540 K Ambient 99 % Sigma-Aldrich
3HHEDMC d 430 K 160 K — AG Bröring

a 4,4′′-Dibromo-meta-terphenyl.
b 4,4′′′′-Dibromo-meta′′-quinquephenyl.
c 2H -Tetraphenylporphyrin.
d 3H -Hexaethyldimethylcorrole.

purity of 99.99 % has been purchased from Mateck. The deposition rates have been
monitored with a quartz crystal microbalance (QCM).

2.4.3 HAXPES Setup at BESSY in Berlin – “HIKE”

Some of the photoemission spectroscopy studies in this thesis have been performed
via synchrotron radiation at the third generation storage ring BESSY II with the ring
energy of 1.7 GeV at the Helmholtz-Zentrum2 in Berlin. Compared to conventional
laboratory excitation sources, synchrotron radiation has its own specific advantages of
which the higher photon fluxes and the continuously tunable photon energy are of
highest importance in this work. Especially the use of variable high photon energies is
crucial. It correspond to larger kinetic energies of the photoelectrons and thus IMFPs.
This feature allows for an increased – and adjustable – information depth.

The HAXPES measurements presented in this thesis have been carried out at the
“HIKE” end-station, shown in Figure 2.13. It is located at the beamline “KMC-1” which
is equipped with a crystal monochromator. It provides a photon flux ranging from
1011 photons per second to 1012 photons per second in a focus size of 0.3 mm× 0.4 mm.
The selectable energy covers a range from soft (1.7 keV) to hard X-rays (12 keV).
The monochromator comprises three crystal pairs which are optimized for different
energy ranges and can be exchanged in situ within few minutes. [162,163] Before each
measurement with the pre-chosen photon energy, beamline and monochromator have
been optimized for high flux and high resolution.

2 Berliner Elektronenspeicherring-Gesellschaft für Synchrotronstrahlung m.b.H.
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Figure 2.13: The PES HIKE End-Station at BESSY II, Berlin. Right: analysis
chamber with Scienta R4000 hemispherical electron analyzer; left: the preparation
chamber and fast load-lock.

This HIKE end-station is designed for multiple purposes involving high photon
energies. It is suitable for near-edge X-ray absorption fine structure (NEXAFS)
measurements, absorption and fluorescence spectroscopy, and HAXPES experiments.
It comprises an analysis chamber, a preparation chamber, and a fast load-lock system.
A VG Scienta-manipulator modified to accept Omicron type specimen holders for
sample adjustment and a Scienta R4000 hemispherical electron analyzer are located in
the analysis chamber. The Scienta R4000 is a high-resolution analyzer with a 200 mm
radius and can be used in the provided configuration for electron kinetic energies up
to 10 keV. The analyzer is installed perpendicular to the incident beam. Since the
photoelectrons have been collected in normal emission direction, this geometry implies
grazing incidence for the photons.

With the Omicron type sample holder, it is possible to mount samples with dimen-
sions ranging from 2 mm×2 mm to 10 mm×10 mm with a maximum thickness of 3 mm.
The reported binding energies can be calibrated to the Au 4 f peak of a clean gold flag
mounted on the manipulator. The preparation chamber can accommodate versatile
sample preparation devices on several ports with different sizes and is equipped with
a QCM. Up to six samples can be stored in the fast load-lock. [162]

The studies presented in Publication [P9] have been carried out using this UHV
system. 2HTPP multilayers have been prepared by vapor deposition from a home-built
Knudsen cell onto clean, naturally oxidized aluminum foil. The deposition parameters
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are identical to the ones described in Table 2.2. An Omicron electron beam evaporator
(FOCUS EFM 4) is used for the deposition of cobalt atoms. The rod shaped evaporant
with a diameter of 2 mm and a purity of 99.99 % has been purchased from Mateck.
The deposition rates have been monitored by QCM.

In case of the layered sample, 12 nm 2HTPP have been deposited onto the substrate
before additional 1.8 nm cobalt have been dosed onto the specimen. The homogeneous
sample has been prepared by simultaneous deposition of both reactants. In order
to ensure a high metallation rate, a single stoichiometric excess of cobalt has been
applied. All steps have been carried out at moderate rates while the sample remained
at ambient temperature.

2.4.4 PES Setup at BESSY in Berlin – “SurICat”

A part of the photoemission spectroscopy data has been obtained at another syn-
chrotron end-station called SurICat (surface investigation and catalysis), shown in
Figure 2.14. It was located at the beamline PM4 at BESSY and is equipped with a
plane grating monochromator providing photon energies ranging from 20 eV to 2000 eV.
The bending magnet provides a photon flux ranging from 109 photons per second to
1010 photons per second, depending on wavelength. The whole set up comprises four
compartments, i.e., a main preparation chamber (sample sputtering and annealing),
analysis chamber, organic preparation chamber (deposition of organics, load lock),
and non-organic preparation chamber, which are separated by gate valves.

The main instrument in this setup is a Scienta SES-100 electron energy analyzer for
photoemission spectroscopy. The tunable photon energy and the possibility to measure
the sample’s photo current allows for X-ray absorption spectroscopy measurements
(XAFS). A VG Helistat manipulator mounted on this chamber allows for sample
temperatures ranging from 80 K to 800 K. Specimens are mounted on Omicron sample
holders with a maximum size of 10 mm × 10 mm with a thickness up to 3 mm.

A Ag(111) single crystal purchased from Mateck has been prepared by cycles of
argon ion sputtering and subsequent annealing. The surface purity has been verified by
photoemission spectroscopy. Subsequently, DBm′′QiP molecules have been evaporated
from a home-built Knudsen cell evaporator according to Table 2.2 onto the sample.

This setup is especially suitable to characterize the delicate oligophenylene dibro-
mides which are used in the Ullmann reactions, see Section 1.3, and the self-assembled
structures, see Sections 1.4 and 1.5. The use of tunable synchrotron radiation allows
to adjust the kinetic energy of the photoelectrons to about 100 eV in order to reach
maximal surface sensitivity, i.e., a minimum IMFP, see Figure 2.3. The rather low
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Figure 2.14: The PES SurICat End-Station at BESSY II, Berlin. Right: organic
preparation chamber Igel which also serves as a fast load lock; left up: the main
preparation chamber with a VG Helistat manipulator; left bottom: the analysis
chamber with SES-100 hemispherical electron energy analyzer.

photon flux and the large focus size on this beamline avoids extensive beam damage
on the sensitive organic adsorbates.

2.4.5 STM Setup at Peking University in China – “Unisoku”

Part of the STM studies presented in this thesis was performed with a Unisoku
low-temperature STM (USM-1200S controlled by an RHK SPM 100 R9) through
cooperation with Peking University, shown in Figure 2.15. This UHV system has
two sections, i.e., a preparation chamber and an observation chamber with a base
pressure of 2 ⋅ 10−10 mbar. The preparation chamber is equipped with standard sample
preparation facilities (sputtering, annealing, and evaporation). This system also allows
tip cleaning under UHV conditions. STM measurements with high resolution at
cryogenic temperatures of 78 K or 4.4 K can be performed by cooling with liquid
nitrogen or liquid helium, respectively. For monitoring of the sample’s temperature,
two pairs of thermocouple are attached to the cryostat and the sample, respectively.
During measurement, the tip is grounded and a bias voltage is applied to the sample.
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Figure 2.15: The STM Unisoku UHV System at Peking University, China. Right:
preparation chamber; left: the analysis chamber with low-temperature STM and
two in situ evaporators for organic compounds.

STS measurements used a standard lock-in amplifier (Stanford Research System,
SR830) with a typical modulation of 20 mV.

The STM/STS experiments in Publication [P11] have been mainly performed on this
chamber. The Ag(111) single crystal was prepared by cycles of argon ion sputtering and
annealing (773 K). The terminal oligophenylene dibromide precursors were sublimated
onto the sample kept at ambient temperature. The individual evaporation conditions
are summarized in Table 2.3. Subsequently, the sample was annealed at 640 K for
10 min to trigger the substrate-mediated Ullmann coupling. The as-prepared sample
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Table 2.3: Evaporation Conditions for the Work in Beijing. The evaporation parame-
ters, purities, and suppliers for the substances used in Beijing and at SurICat
end-station are summarized here. Adsorbates have been evaporated from tantalum
boats in Beijing and from stainless steel crucibles in Berlin.

Substance Crucible Sample Purity Supplier
Temperature Temperature

DBmTP a 333 K Ambient — AG Hilt
DBmQaP b 363 K Ambient — AG Hilt
DBm′′QiP c 585 K Ambient — AG Hilt

a 4,4′′-Dibromo-meta-terphenyl.
b 4,4′′′-Dibromo-meta-quaterphenyl.
c 4,4′′′′-Dibromo-meta′′-quinquephenyl.

was instantaneously transferred into the observation chamber to perform STM/STS
measurements at 78 K or 4.4 K with an electrochemically etched tungsten tip. STM
images were all acquired in constant-current mode, while dI/dV mappings were
performed in constant-height mode to avoid signal artifacts. All images in this project
have been processed with the software “WSxM”. [164]

2.4.6 Crucible Design

Most of the molecules studied in this thesis has been evaporated from Knudsen cell
type evaporators. The here presented deposition source has been originally designed
for this thesis but has not been realized yet.

As shown in Figure 2.16, a quartz crucible with an inner diameter of 2.6 mm, outer
diameter of 3.8 mm, and a length of 10 mm is inserted in a copper liner which is
wrapped with a clamped vacuum compatible coaxial heating element (Thermocoax)
ensuring a homogeneous temperature. A shutter mounted on a rotational feedthrough
above the crucible’s opening provides defined deposition times. Connections to power
the heating element and for temperature measurement are located on a combination
feedthrough. The whole setup fits on a CF 40 flange which is a standard port size on
most vacuum systems for deposition purposes. The working distance can be adjusted
by usage of supporting threaded rods with variable length.

Since the focus of this evaporator lies on gentle and uniform heating of delicate
organic substances, the common approach – an electrically heated, arbitrary shaped
tungsten coil wrapped around a non-conductive crucible – is not suitable since the
copper liner would simply short the heating wire. The simple solution to this issue
typically involves the use of ceramic adhesives to establish electrical isolation. Since
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Figure 2.16: Design of Home-Built Evaporator for Delicate Evaporants using Au-
todesk Inventor Professional. The crucible is heated by a coaxial heating wire.
For improved temperature control, the crucible is placed in a copper reception
equipped with a thermocouple. A current/temperature combination feedthrough
established electrical connection to the air side. For precises deposition timing, a
shutter at the outlet of the crucible is mounted on a rotational feedthrough.

this arrangement is known for its contamination potential, a coaxial heating element
is used.

Part numbers and the design drawings are given in Appendix A.
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The findings presented in this thesis can be divided into four sections. Each section
deals with a specific aspect of the chemical reactions and physical properties. Three
of them have the fundamental investigation of metal-organic interfaces as a common
motive, while the fourth one aims at the study of an applied system. The following
sections give a brief summary of the investigated projects reported in the publications
cited in Appendix B.

Section 3.1 collects the findings related to coordination chemistry of the studied
porphyrinoids, i.e., 2H -phthalocyanine (2HPc), 2H -tetraphenylporphyrin (2HTPP),
2H -tetrapyridylporphyrin (2HTPyP), 2H -tetrakis(3,5-di-tert-butylphenyl)porphyrin
(2HTTBPP), and 2,3,8,12,17,18-hexaethyl-7,13-dimethyl-corrole (3HHEDMC), de-
posited on coinage metal single crystals. The chemical and electronic properties of
interfaces between thin layers of tetrapyrrole molecules and several substrate obtained
is discussed in this part.

Section 3.3 focuses on the metalation of thicker films, i.e., multilayers, of 2H -tetra-
phenylporphyrin with cobalt atoms deposited on top of the organic layer. The inves-
tigations using X-ray photoemission spectroscopy (XPS), ultraviolet photoemission
spectroscopy (UPS), and temperature programmed desorption/reaction (TPD/TPR),
benefit from the synergies from conventional, i.e., laboratory, and synchrotron X-ray
sources. The laboratory experiments aim at coverage dependent effects while the
synchrotron study focuses on the chemical depths profile of the formed interface. This
comprehensive research serves as a model study for the buried metal-organic interfaces
or interphases, which play an important role in the performance of electronic devices.

Section 3.4 gathers the results from a hard X-ray photoemission spectroscopy
(HAXPES) study of a used electrode for lithium-ion batteries. The vertical chemical
composition of this layered thin-film lithium ion storage cathode has been obtained
by variation of the excitation energy using synchrotron radiation.

In Section 3.5 several surface-assisted (modified) Ullmann reactions are investigated
by a combination of photoelectron spectroscopies and scanning tunneling microscopy
(STM) as well as scanning tunneling spectroscopy (STS). This leads to a detailed view
on electronic and geometric properties of the reactions. The reaction of dibromo-para-
terphenyl (DBpTP) and tris(4-bromophenyl)benzene (TBB) is studied on Cu(111)
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as proof of concept measurement. In addition, the in situ surface-assisted organic
synthesis of honeycombene molecules from dibromo-meta-terphenyl (DBmTP) and
dibromo-meta-quinquephenyl (DBm′′QiP) is investigated on Ag(111). Furthermore,
self-assembling of molecular fractals on a Ag(111) surface comprising the precursors
DBmTP and dibromo-meta-quaterphenyl (DBmQaP) is examined.

It should be pointed out that coverages θ are typically given in monolayers (ML),
defined as the number of adsorbed molecules or atoms divided by the number of
substrate atoms. This definition is obviously straight-forward if the adsorption of
small molecules, which bind to a few surface atoms, is regarded. The advantage of
coverages referenced to the substrate lies in the fact that given values for different
compounds on the same surface can be easily compared. However, this definition
becomes unhandy when large molecules, such as porphyrines, adsorb flat lying on
a surface and cover more than thirty surface atoms at once. In order to keep the
used terms simple, the written term monolayer refers to a close-packed adlayer of
molecules, that is, the maximum number of molecules or atoms with direct contact
to the substrate surface, and carries the unit “MLM”. For better distinction, the
coverages with respect to substrate atoms are denoted by MLS ≡ML. As an example,
one close-packed adlayer of 2HTPyP molecules on a Au(111) surface corresponds
to coverages of θ = 0.035 MLS = 1 MLM. [16] This definition is also very convenient if
covered areas on a surface are to be compared in case molecules of different sizes are
adsorbed on substrates with similar surface geometries. As a drawback, the number
of molecules in a monolayer differs for different molecules on the surface which might
lead to, on a first glance, mismatching values of reaction partners. However, both
definitions are not based on absolute amounts but use a reference. This has to be kept
in mind in each case.

Data points are given by small open circles. The corresponding fitted envelope of
multi-component spectra is given by a black line and not listed explicitly. All other
assignments are given in the corresponding caption of the figure. All ultraviolet
photoemission spectra and X-ray photoemission spectra of multilayers (θ ≥ 2 MLM)
are recorded with normal emission, i.e., 0○ relative to the surface normal. Unless
otherwise stated, X-ray photoemission spectra of adsorbates with coverages of less
than two monolayers (θ < 2 MLM) are acquired with photoelectrons detected under
an angle of 70○ relative to the surface normal, in order to achieve a higher surface
sensitivity.
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3.1 Coordination Chemistry of Porphyrinoids on
Single Crystal Surfaces

Tetrapyrroles and their derivatives are wide-spread in nature and of considerable
technological importance as candidates for the construction of functional devices. The
investigation of direct metalation of adsorbed metal-free porphyrin and phthalocyanine
molecules with pre- or post-deposited metal atoms has become an actively explored field
in the surface science community. As shown previously, [4,20,165] free-base porphyrins
readily form ordered monolayers on single-crystalline substrates and represent redox-
active ligand precursors, which can oxidize and coordinate adsorbed metal atoms. For
instance, the reactions of 2HPc (Figure 3.1), 2HTPP (Figure 3.2), 2HTPyP (Figure
3.3), and 2HTTBPP (Figure 3.4) with iron, [13,166–168] cobalt, [14] nickel, [15] copper, [16]

zinc, [17–19] and cerium. [169,170]

In this part, the focus lies on the reactivity of various tetrapyrrole derivatives at
submonolayer coverages towards adsorbed copper atoms and metalation by copper
substrate atoms1. As a first model system, the reaction of 2HTPP and 2HTPyP,
respectively, is studied with copper atoms deposited on a Au(111) surface. Metalation
of 2HPc molecules with substrate atoms from Cu(111) substrate is also investigated
and discussed here as the second model system.

1 Metaphorically speaking, the crystal is feeding the reaction and is partially consumed in this
process.
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Figure 3.1: 2H-Phthalocyanine (2HPc). The central four nitrogen atoms (blue) are
able to react with provided metal atoms. Due to steric hindrance, the remaining
four nitrogen atoms in the bridging position remain inert. As a consequence of
the absence of spacer groups, the whole phthalocyanine macrocycle is in contact
with the substrate for coverages of up to one monolayer

Figure 3.2: 2H-Tetraphenylporphyrin (2HTPP). The four nitrogen atoms are able to
coordinate provided metal atoms, e.g., iron, cobalt, nickel and copper. Oxidation
of the metal and reduction of the pyrrolic hydrogen leads to M(II)TPP complexes
and the release of molecular hydrogen. This substance serves as the reference
material to all porphyrinoid substances investigated in this thesis. The phenyl
substituents on the macrocycle provide a certain distance to the underlying metal
substrates.
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Figure 3.3: 2H-Tetrapyridylporphyrin (2HTPyP). In addition to the redox reaction
between the central four nitrogen atoms and dosed metal atoms, the other four
nitrogen atoms in the peripheral pyridyl groups can coordinate neutral Cu(0)
atoms, and form two-dimensional metal-organic networks.

Figure 3.4: 2H-Tetrakis(3,5-Di-tert-Butylphenyl)Porphyrin (2HTTBPP). The bulky
di-tert-butylphenyl spacer substituents increase the distance between adsorbate
and substrate compared to other porphyrinoid molecules presented here. This
geometrical shaping results in reduced orbital overlap with the substrate’s wave
functions, and thus in a decreased adsorbate-substrate interaction, compared to
2HPc and 2HTPP.
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3.1.1 Metalation of Tetrapyrroles on Au(111)

The metalation of tetrapyrrole molecules, including 2HTPP and 2HTPyP, on Au(111)
surfaces by coordination with vapor deposited copper atoms is summarized here.
The individual influences of uni- and bi-functional ligands towards the coordinated
copper atoms are discussed. Moreover, metalation reactions of 2HTPyP molecules
with different deposition sequences are also discussed in detail.

Metalation of 2HTPP on Au(111) with Copper Atoms

The organic layer on the sample is prepared by thermal desorption of metal-free 2HTPP
multilayers at 570 K on Au(111). This procedure leaves one well-ordered monolayer
of 2HTPP on the substrate. [13] The two peaks in the N 1s spectrum represent two
different species, i.e., pyrrolic ( NH , 399.8 eV) and iminic ( N , 397.8 eV) nitrogen,
with a relative peak distance of 2.0 eV. After deposition of copper atoms onto this
sample, the distance is reduced to 1.5 eV while the iminic nitrogen species exhibits a
larger peak shift than the pyrrolic nitrogen species.

This can be explained by the formation of an initial complex between copper and
2HTPP at room temperature. In this complex, the intact 2HTPP molecules coordinate
to neutral copper, i.e., Cu(0) atoms, with the metal atom sitting atop the molecular
plane. Density functional theory (DFT) calculations suggest that the iminic nitrogen
atoms form shorter bonds to center metal atom than the pyrrolic nitrogen atoms. [19]

The copper atom is mostly coordinated by the iminic nitrogen atoms. This agrees
well with the binding energy shifts observed for the N 1s peaks.

Annealing of the sample at 420 K leads to substantial changes in the spectrum.
A new peak appears at 398.1 eV in the N 1s region at expense of the two other
species. This proves reaction of both nitrogen species in the 2HTPP molecules. The
simultaneous rise of a small signal in the Cu 2p3/2 spectra indicates a reaction for the
copper atoms a well. Since the species exhibits a higher binding energy of 934.3 eV
compared to the neutral species (932.2 eV), as shown on right panel of Figure 3.5,
an oxidation of the copper atom in the complex is suggested. Comparison with the
results from the cobalt/2HTPP system [14] suggests the formation of the copper(II)-
tetraphenylporphyrin (CuTPP) complex. Further annealing the sample to even higher
temperature (470 K), more and more 2HTPP molecules are metalated to CuTPP.
Complete metalation of 2HTPP with copper atoms was found to occur at 520 K.

It is worth to mention that upon sample annealing from room temperature to 520 K,
the Cu(0)-related peak at 932.2 eV decreases due to diffusion of copper atoms into the
bulk phase of the gold substrate.
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Figure 3.5: Metalation of 2HTPP with Copper Atoms on Au(111).
0.037 MLS = 1 MLM 2HTPP on Au(111) is investigated at 300 K before (bottom)
and after deposition of 0.32 MLS copper at 300 K as well as after subsequent
annealing to the indicated temperatures.

(a) The two nitrogen species of the free base in the N 1s XP spectra shift their binding
energy due to formation of an initial complex and become equivalent upon heating
in the product complex.
Line Colors: blue – unreacted iminic and pyrrolic nitrogen; brown – iminic
and pyrrolic nitrogen of the initial complex; green – metalated nitrogen; gray –
satellites.

(b) 2HTPP (gray and white spheres) is deposited on Au(111) (bottom). Deposited
copper atoms (green) diffuse to reaction centers. Initial complexes with copper
atoms sitting on one side of 2HTPP are formed. Annealing leads to reaction of
copper atoms with 2HTPP and formation of CuTPP (top).

(c) The Cu 2p3/2 XP spectra of the system after deposition of copper contains two
features. The peak at 932.2 eV is attributed to Cu(0) while the peak at 934.7 eV
is attributed to Cu(II) originated from direct metalation of 2HTPP to CuTPP by
copper atoms. The decrease of Cu(0) signal is due to diffusion of copper atoms
into the gold bulk.
Line Colors: blue – metallic copper; green – reacted copper.

The four nitrogen atoms in the porphyrin macrocycle coordinate the copper atom
and form CuTPP while the remaining molecule is not affected by the metalation
reaction. Hence, the 2HTPP molecule shows a unifunctional behavior towards copper
atoms, i.e., it exhibits only one reactive moiety.
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Metalation of Predeposited 2HTPyP on Au(111) with Copper

The temperature induced metalation process of 2HTPyP molecules on Au(111) by
copper atoms deposited on the organic layer has been examined by XPS and STM,
see Publication [P5]. The individual experimental steps are shown together with the
corresponding photoemission spectra for copper and nitrogen in Figure 3.6.

After deposition of a tenfold excess of copper atoms onto a submonolayer (< 1 MLM)
amount of 2HTPyP at room temperature, the formation of an initial complex Cu(0)-
2HTPyP has been observed. Its presence can be deduced from the signal shown by the
brown peaks in the N 1s spectra in Figure 3.6 (a). Further, it also has been identified
by STM measurements, see Publication [P5].

In this initial complex, the intact 2HTPyP molecules coordinate with neutral copper
atoms. The main interaction occurs via the iminic nitrogen atoms ( N ). The metal
atom sits on one side of the porphyrin plane while the two hydrogen atoms bonded to
the pyrrolic nitrogen atoms ( NH ) are pushed to the opposite side. [19,171]

DFT gas-phase calculations provided additional insight into the oxidation state of
the copper atom in this initial complex. The population analysis retrieves a charge
of the copper atom of +0.5 e. Similar complexes between a porphyrin and a neutral
metal atom have been previously reported for the metalation of 2HTPP with zinc and
the reaction of 2HTPP molecules with a Cu(111) surface. [19,171]

Upon the deposition of copper atoms it is revealed by STM that islands with rhombic
shape emerge. Comparison with the pure organic layer shows that the copper atoms
are necessary for the formation of the islands. XPS studies allow for an assignment of
the chemical nature of species in these islands. The two-dimensional metal-organic
coordination network with rather large voids is stabilized by coordination of the
pyridylic nitrogen atoms to “free” copper atoms on the surface. This binding motive,
i.e., coordination of copper with pyridine derivatives, has been observed before. [172,173]

After deposition of 0.19 MLS copper onto the sample, all 2HTPyP-related peaks
undergo a rigid shift of 0.6 eV towards higher binding energy compared to the pure
2HTPyP monolayer on Au(111). This shift could originate from two contributions. On
the one hand, the work function could be decreased by copper atoms on Au(111). [174]

On the other hand, the positive charge of the coordinated copper atoms might lead to
a weakening of the interfacial dipole and thus to a reduced work function. A coaction
of both effects is also possible.

Subsequent annealing of the sample to 450 K for two minutes leads to reaction of
the copper atoms bound in the initial complex. Similar to the reaction of 2HTPP,
the coordinated copper atom is oxidized, hydrogen is released, and the metalated
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Figure 3.6: Copper Metalates Predeposited 2HTPyP on Au(111).
0.018 MLS ≈ 0.5 MLM 2HTPyP on Au(111) has been investigated before (bottom)
and after deposition of 0.19 MLS copper at 300 K and subsequent heating to the
indicated temperatures.

(a) The two nitrogen species of the macrocycle ( N and NH ) in the N 1s XP
spectra shift their binding energy due to formation of an initial complex while
the pyridyl groups (NP) experience a shift due to coordination of copper atoms.
The species of the macrocycle become equivalent in the product complex. The
reduction of the total intensity from bottom to top is caused by partial desorption
at the elevated temperatures and signal damping by copper atoms.
Line Colors: blue – unreacted iminic and pyrrolic nitrogen in the macrocycle;
magenta – pyridylic nitrogen in the side groups; gray – satellites; brown – iminic
and pyrrolic nitrogen of the initial complex; green – metalated nitrogen.

(b) 2HTPyP (gray and white spheres) is deposited on Au(111) (bottom). Deposited
copper atoms (green, tenfold excess) coordinate to two iminic nitrogen atoms
of the 2HTPyP macrocycle, forming the initial complex and link two pyridyl
groups of neighboring 2HTPyP molecule forming linear bridges. For better
visibility, model structures are displayed from different points of view. Annealing
to moderate temperatures leads to reaction of copper atoms with 2HTPyP and
formation of CuTPyP. The py-Cu-py bridges maintain at this temperature. Upon
further annealing, copper atoms are released from the py-Cu-py motives and
diffuse into the Au(111) substrate.

(c) The peak at 932.2 eV in the Cu 2p3/2 XP spectra is attributed to Cu(0) while the
peak at 934.7 eV is assigned to Cu(II) in CuTPyP. The decrease of the Cu(0)
signal is due to diffusion of copper into the gold bulk.
Line Colors: blue – metallic copper; green – reacted copper.
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compound copper(II)-tetrapyridylporphyrin (CuTPyP) is produced. Its formation
is corroborated by the new spectral feature in the N 1s spectrum in Figure 3.6 at
398.3 eV ( NCu , green) and the Cu2+-related Cu 2p3/2 peak at 934.7 eV. In the
metalated porphyrin, a charge of +0.9 e is attributed to the coordinated copper atoms
by population analysis of DFT calculations. This increased oxidation state of copper
in CuTPyP compared to the initial complex agrees well with the higher binding energy
shift observed in the Cu 2p3/2 spectra. According to quantitative analysis of XPS data,
only 14 % of the initial complex remain with this preparation sequence. Prolonged
annealing leads to a complete reaction.

The changes of the photoemission spectra are dominated by the reaction in the
molecular center region. Population analysis in corresponding DFT calculations
provides a charge for the bridging copper atom of +0.4 e. Since this value is only
slightly smaller than the charge for the copper atom in the initial complex (+0.5 e), it is
difficult to distinguish these two species by their corresponding Cu 2p3/2 spectroscopic
fingerprints. However, STM measurements provide complementary information about
the arrangement of the CuTPyP molecules on the surface. It turns out that the
network islands persist and the Cu(0) in the py−Cu−py bridge stays intact.

In order to investigate the temperature-dependent structural changes of the two-
dimensional coordination network, the sample is further annealed to 570 K. STM
topographs reveal that the open network collapses and a close-packed arrangement
becomes visible. This implies a release of copper atoms from the bridging positions.
A possible explanation for this observation arises from the fact that copper alloys into
gold surfaces at elevated temperatures. [175] This leads to a reduced concentration of
copper on the surface and thus to a deficiency for metal-organic coordination.

The reduced total intensity of the Cu 2p3/2 signal shown in Figure 3.6 and the emission
angle dependent measurement of the Cu 2p3/2 signal presented in the supporting
information of Publication [P5] prove that alloy formation is indeed the case here.

The N 1s spectrum taken after annealing to 570 K shows only contributions from
CuTPyP, which indicates all 2HTPyP molecules on Au(111) are metalated. The
pyridyl-related peak is shifted to lower binding energy by 0.2 eV relative to peak
positions at 300 K and 450 K. This change can be easily interpreted by the fact that
the peripheral nitrogen atoms lose their coordination with copper atoms and thus
regain electron density from the coordination bond.

Compared to the unifunctional behavior, i.e., complex formation, of 2HTPP mol-
ecules on Au(111), 2HTPyP molecules show a bifunctional behavior, i.e., complex
formation and bridging, towards co-adsorbed copper atoms. The four nitrogen atoms
of the 2HTPyP macrocycle oxidatively coordinate to copper atoms and form the
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complex CuTPyP. In contrast, the four nitrogen atoms in the peripheral pyridyl
groups coordinate to neutral atoms with one copper atom linking two pyridyl groups
of neighboring molecules. The formation of four linear py-Cu-py bridges per building
block leads to a two-dimensional metal-organic coordination network.

Most importantly, this network comprises copper in two different oxidation states
in different local environments and thus can be considered as mixed valent. This is
in contrast to most metal-organic networks or frameworks which typically use one
kind of metal ion to connect the struts. By choice of the annealing temperature,
different chemical and structural properties of the network can be achieved or, in case
of individual annealing steps, induced.

Metalation of 2HTPyP with Predeposited Copper Atoms on Au(111)

It is well known that isolated atoms, like in the previously described experiment,
exhibit an increased reactivity compared to atoms adsorbed on surfaces or embedded in
clusters. [17] This enhancement might lead to the formation of the previously discussed
coordination compounds. However, it is questionable whether the individual copper
atoms react directly with the organic molecules or are initially adsorbed on the
gold substrate and diffuse to the reaction centers. In order to decide if the latter
mechanism is possible, a sample has been prepared using a reverse deposition sequence.
First, 0.19 MLS copper are vapor deposited onto a Au(111) surface and subsequently
0.5 MLM = 0.019 MLS 2HTPyP are deposited on top.

This preparation method gives very similar results compared to the aforementioned
study with the original deposition sequence as shown in Figure 3.6.

The N 1s spectrum recorded at 300 K (bottom) contains five peaks plus a shake-up
satellite. The peak assignment is included in Figure 3.7 (a). The amount of the initial
complex species (brown curve) is significantly lower compared to the case of first
deposited porphyrin (Figure 3.6). This observation can be explained by the fact that
deposited copper forms clusters on Au(111). [175] In the previous case, the diffusing
copper atoms can find reaction centers before they are gathered in the clusters while
in this case they are already trapped.

With sample annealing to higher temperatures, i.e., 470 K and 570 K, the respective
spectra are very similar to the first case. About 76 % of the central nitrogen atoms are
metalated with copper at 470 K in Figure 3.7, compared to 86 % at 450 K in Figure
3.6. Comparing the individual Cu 2p3/2 spectra the overall intensity decreases. This
suggests that copper atoms are thermally released from the py-Cu-py bridges as well
as copper clusters and diffuse into the bulk of the Au(111) substrate.
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Figure 3.7: 2HTPyP Complexes Predeposited Copper on Au(111).
0.019 MLS ≈ 0.5 MLM 2HTPyP are evaporated onto Au(111) with pre-deposited
0.19 MLS copper at 300 K and investigated directly after preparation and after
subsequent heating to the indicated temperatures.

(a) The two nitrogen species of the macrocycle ( N and NH ) in the N 1s XP
spectra shift their binding energy due to formation of an initial complex while
the pyridyl groups (NP) experience a shift due to coordination of copper atoms.
The species of the macrocycle become equivalent in the product complex. The
reduction of the total intensity from bottom to top is caused by partial desorption
at the elevated temperatures.
Line Colors: blue – unreacted iminic and pyrrolic nitrogen in the macrocycle;
magenta – pyridylic nitrogen in the side groups; brown – iminic and pyrrolic
nitrogen of the initial complex; green – metalated nitrogen; gray – satellites.

(b) Copper atoms (green spheres) are deposited onto the Au(111) surface first (bot-
tom). Subsequently, 2HTPyP (gray and white spheres) is deposited on top. At
ambient temperature, copper is coordinated by iminic nitrogen of the 2HTPyP
macrocycle, forming the initial complexes as well as linear bridges linking two
pyridyl groups of neighboring molecules. Annealing leads to formation of CuTPyP
without affection of the py-Cu-py bridges. At higher temperatures, copper atoms
are released from the links and diffuse into the substrate. The model structures
are displayed from two different points of view.

(c) Cu 2p3/2 XP spectra of the copper on Au(111) before (bottom) and after vapor
deposition of 2HTPyP at 300 K (second from bottom) as well as after annealing
the sample are shown. The peak at 932.2 eV is attributed to Cu(0) while the
peak at 934.7 eV corresponds to Cu(II) in CuTPyP. The decrease of Cu(0) signal
is due to diffusion of copper into the gold bulk.
Line Colors: blue – metallic copper; green – reacted copper.
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STM investigations on the sample with reversed preparation reveal that 2HTPyP
also exhibits bifunctional behavior and coordinates copper with the pyridyl substituents
as well as with the central nitrogen atoms. This leads to the same metal-organic
coordination network as in the previous case. Again, the network structure can persist
at an elevated temperature of 450 K. Upon further annealing of the sample to 570 K,
the coordination network established py-Cu-py bridges disappears and a densely
packed CuTPyP monolayer structure is formed. The copper atoms are released from
the bridges and diffuse into the Au(111) substrate. This results in the same effect of a
reduced binding energy shift for the pyridylic nitrogen peaks in the N 1s spectrum
shown in Figure 3.6. The unchanged intensity of the Cu(II) species in the Cu 2p3/2
spectra indicate that neither metalated molecules are desorbing nor that copper is
released out of the central position.

3.1.2 Metalation of Tetrapyrroles with Substrate Atoms
from Cu(111)

As demonstrated in Section 3.1.1, adsorbed 2HTPyP molecules are able to react with
pre-deposited copper atoms on Au(111) surfaces and form CuTPyP. This implies that
adsorbed tetrapyrrole molecules can “pick up” extra metal atoms from surfaces. [13,16,17]

This result and the strong interaction of iminic nitrogen atoms with the copper
substrates [171,176,177] raise the question whether the atomically flat substrate might
serve as a metal source by itself. In fact, this metalation reaction has been observed
for 2HTPP as well as 2HPc and is presented in this section.

Metalation of 2HTPP with Substrate Atoms from Cu(111)

Inspired by previous studies concerning the multilayer metalation of 2HTPP on
Cu(111), [178] metalation of 2H -porphyrin and 2H -diphenylporphyrin on Cu(110), [179]

and metalation of protoporphyrin IX on Cu(110) as well as Cu(100), [180] the temperature-
dependent chemical reaction and structural changes of 2HTPP on Cu(111) have been
investigated by means of XPS, UPS, and STM in this thesis.

The evolution of the nitrogen containing species of 0.4 MLM 2HTPP deposited on
Cu(111) has been monitored by XPS, STM, and UPS. The N 1s spectra in Figure
3.8 (a) indicate that a fraction of 2HTPP molecules has undergone the metalation
to CuTPP with the substrate at an annealing temperature of 400 K and that the
metalation is complete at 450 K. Due to the enormous intensity of the Cu 2p3/2 signal
from the bulk phase, the Cu(II)-related signal from CuTPP is concealed and thus
cannot be discussed as in the last sections.
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Figure 3.8: Metalation of 2HTPP with Substrate Atoms from Cu(111). Results
obtained from complementary techniques are opposed for 0.014 MLS ≈ 0.4 MLM
2HTPP on Cu(111). The photoemission data has always been recorded at
ambient temperature directly after deposition and after annealing to the indicated
temperatures for two minutes, respectively. Graphs are adapted from Reference
[181].

(a) The two individual nitrogen species in the N 1s spectra of the free base become
equivalent due to reaction with the substrate in the product complex.

(b) STM images of single molecules after deposition and after sample annealing for
two minutes each at the indicated temperatures. At 400 K, the formed CuTPP
exhibits a larger distance to the surface than 2HTPP. After heating to 450 K,
CuTPP presents a tilted configuration relative to the substrate with one molecule
side brought closer to surface. The whole molecule appears parallel to the surface
with a reduced height subsequent to annealing at 500 K.

(c) UV spectra (He Iα – 21.2 eV) of a clean Cu(111) surface and this system are shown.
The peak located at 0.3 eV is attributed to the Cu(111) Shockley surface state. It
gets suppressed due to adsorption of the organic layer, recovers due to a reduced
effective coverage, [181] and is quenched again by the carbonaceous residue on the
surface. The peak at 0.9 eV corresponds to a phantom peak of the Cu 3d band
arising from additional He Iβ radiation (23.1 eV).

Among the sample annealing treatment, a subtle effect was discovered by thorough
STM studies. At room temperature, 2HTPP appears as individual molecules adsorbed
parallel to the surface on Cu(111). This arrangement results from a strong localized
adsorbate-substrate interaction between the iminic nitrogen atoms and surface copper
atoms. [171] Due to the local geometry, the phenyl substituents on the macrocycle are
unable to align parallel to the surface and appear as two lobes in the STM images.
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Upon annealing to 450 K for two minutes, all 2HTPP molecules react to CuTPP.
Due to the high mobility of the now metalated molecules, imaging is only possible
at low temperature. In these images, the complexes appear with brighter and darker
sides which indicates tilted molecular planes.

According to the reported dehydrogenation of porphyrins on Cu(110) at 420 K, [179]

this can be interpreted as a partial dehydrogenation. Removal of hydrogen – in
the ortho position in the phenyl substituents or from the pyrrolic subunits in the
macrocycle – results in a reduced steric hindrance between these groups. [182] As a
consequence, two neighboring phenyl rings exhibit smaller dihedral angles and get
closer to the substrate. The side with reduced apparent height appears darker in STM
image.

Further annealing to 500 K leads to a situation in which the CuTPP molecule
exhibits a rather symmetric appearance again in the STM images. In addition, the
molecular plane is aligned parallel to the substrate’s surface again. However, the
distance to the surface is reduced after annealing. These finding can be explained by
a successive dehydrogenation process of the molecule. At a certain extent, all phenyl
rings are able to align almost parallel to substrate and the whole molecule gets closer
to the substrate.

This behavior can also be verified by ultraviolet photoelectron spectroscopy, as
shown in Figure 3.8 (c). The Cu(111) surface exhibits a pronounced Shockley surface
state centered at 0.3 eV which is largely suppressed by adsorption of 2HTPP on the
sample. It partially recovers after annealing to 450 K due to the decrease of effective
coverage on the substrate. This effect is related to the observed tilting of the molecules.
Upon further annealing to 500 K, the surface state is suppressed again. This correlates
very well with the consequences of flat-lying molecules as seen in the STM study.

Upon annealing, copper atoms from a (111) surface can incorporate into 2HTPP
macrocycles under the formation of CuTPP. Structural changes of the molecules are
observed by STM studies and originate from successive dehydrogenation reactions of
CuTPP. This decomposition could be verified further by UPS studies.

Metalation of 2HPc with Substrate Atoms from Cu(111)

Analogue to the metalation of 2HTPP on Cu(111) at submonolayer coverages discussed
in the previous section, the metalation of 2HPc is studied at similar conditions. 2HPc
is deposited on a Cu(111) surface cooled to 160 K. Here, the coverages start at
submonolayers and extend to multilayers comprising a few molecular layers. The
deposited 2HPc reacts with copper from the surface to copper(II) phthalocyanine
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(CuPc) according to the equation

2HPc +Cu Ð→ CuPc +H2(g) . (3.1)

In case of submonolayer coverages of 2HPc, the reaction starts already below 240 K
and is almost completed at ambient temperature (not shown, see Publication [P1]).
For 2HPc multilayers (4 MLM) the metalation process is complete at an elevated
temperature of 500 K, as shown in Figure 3.9 (a). After annealing to 500 K, the
observed reduction of N 1s intensity, compared to original intensity at 300 K, is
attributed to thermally activated growth of three-dimensional islands. This situation
resembles structures growing in Stranski-Krastanow-mode and has also been observed
for other organic multilayers. [183–186]

The observation of this multilayer metalation of 2HPc [187] raises the question how
the molecules above the contact layer gain access to copper atoms and get metalated.
There are two mechanisms imaginable. On the one hand, copper atoms might diffuse
into the organic phase and react there. On the other hand, an exchange process
could replace metalated molecules from the interface with pristine molecules from the
organic phase and establish a situation similar to the submonolayer metalation.

To decide this question, a series of particularly designed experiments comprising dif-
ferent layer arrangements have been performed using TPD/TPR. The layer sequences
and the corresponding results for multilayer metalation are illustrated in Figure 3.9
and discussed in detail here.

In a first simple case, as shown in Figure 3.10 (a), 2HPc multilayers are deposited on
Cu(111) at low temperature. Upon increased temperature, a reaction of the organic
molecules with the copper substrate is expected and at even higher temperature
desorption of CuPc should occur according to the previous experiments. Depending
on the heating rate, the reaction might not be complete and unreacted 2HPc could
desorb as well. The experimental results are in total agreement with the theory in
this case.

In order to prevent direct interaction of the 2HPc layer with the substrate a
monolayer of inert nickel(II) phthalocyanine (NiPc) is inserted between the 2HPc layer
and the copper substrate as shown in Figure 3.10 (b). Since NiPc in direct contact to
a Cu(111) surface is unable to desorb, it should not be observed in the TPD spectrum
which should comprise 2HPc and CuPc. The latter would originate from reaction of
copper atom which diffused through the NiPc layer and reacted with 2HPc.

In contrast to this hypothesis, the TPD spectrum of 2 MLM 2HPc deposited onto
0.8 MLM NiPc on Cu(111) shows not only CuPc as the majority species and a small
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Figure 3.9: Metalation of 2HPc with Substrate Atoms from Cu(111). All XP spectra
have been taken at room temperature after annealing the sample to the indicated
temperatures for two minutes. The solid vertical line indicates the shifted peak
position resulting from increased core hole screening at reduced coverages. All
spectra have been obtained with normal emission geometry. Graphs are adapted
from Reference [187]. Details concerning TPD data are given in Publication [P1].

(a) The N 1s XP spectrum of 4 MLM 2HPc vapor deposited onto Cu(111) at 300 K
is opposed to the ones taken after annealing to the indicated temperatures. At
500 K the metalation reaction is completed. Only one molecular adlayer remains
at 650 K.

(b)4 MLM 2HPc at 300 K are fully converted to CuPc at 500 K under the transforma-
tion from a smooth two-dimensional film into three-dimensional islands with lower
XPS intensity. Upon annealing to 650 K, multilayer desorption occurs leaving
one monolayer of CuPc on the surface.

contribution of 2HPc, but also desorption of NiPc. The latter can be explained by the
exchange of molecules between the monolayer and the higher layers. An additional
experiment involves an excessive deposition of 1.8 MLM NiPc on the copper surface to
ensure a complete covering of the substrate and to prevent any direct contact between
2HPc and the copper surface. The sample is completed by 1 MLM 2HPc deposited
on top of NiPc. In this case, desorption of all three species is expected. Again, TPD
shows that CuPc desorbs as the majority species, accompanied by NiPc and 2HPc.
This result shows unambiguously that, even though both reactants are separated by
a closed NiPc layer in the beginning, the 2HPc molecules can still react with the
Cu(111) surface.These findings reveal the exchange of molecules between the interface
layer, which is directly in contact to the metal surface, and the higher layers consisting
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Figure 3.10: Exemplary TPD/TPR Spectra of the Metalation of 2HPc with Substrate
Atoms from Cu(111). The desorption rate as a function of sample temperature
of two exemplary samples with different layer arrangements have been recorded
using a heating rate of 5 K/s. The intensities of the individual masses have
been measured quasi-simultaneously. Desorption occurs only above the reaction
temperature of 500 K. Samples have been studied immediately after preparation.
Graphs adapted from Reference [187]. A detailed discussion of the TPD data is
given in Publication [P1].
Line Colors: black – 2HPc, m/z = 515; red – CuPc, m/z = 576; green – NiPc,
m/z = 571.

(a) The prepared sample carries 2.2 MLM 2HPc on the Cu(111) crystal. The major
species is CuPc. The small amount of unreacted 2HPc desorbing at the same
time indicates a fast propagation of the metalated species into the top layers.

(b)The sample comprises 0.8 MLM NiPc on the Cu(111) surface capped by 2 MLM
2HPc. The NiPc layer is stable and does not desorb or react up to 700 K (see
supporting information in Publication [P1]). Besides the major species CuPc,
desorption of NiPc and 2HPc has also been observed. This implies a fast exchange
of molecules between the first adlayer and the remaining organic phase.

of 2HPc, NiPc, or CuPc molecules. This process allows 2HPc molecules from the top
layers to come in contact with the copper substrate and form CuPc. Repetition of
this scheme can result in a complete metalation of the organic adsorbate.

Even though it cannot be completely excluded that additionally copper atoms
diffuse from the substrate up into the organic layers and react there, this variant
seems quite unlikely. A direct metal exchange of NiPc with the substrate can be
ruled out, since TPD spectra of NiPc multilayers on Cu(111) show no contribution of
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CuPc. Desorption spectra of CuPc covering a layer of NiPc however exhibits similar
intensities of both species. This observation strongly favors a molecule exchange
mechanism.

These findings have important implications for metal-organic interfaces in organic
electronic devices. Organic monolayers have been proposed as contact primers for
adjusting the energy level alignment at the interface in a way that the electron (hole)
injection barrier is lowered. If such a contact primer layer is replaced with molecules
from the organic semiconductor layers through this exchange process, drastic changes of
injection barriers could occur at the metal-organic interface and affect its performance.

3.1.3 Interaction of Tetrapyrroles with Substrates

As discussed above, the metalation of 2HTPP by Cu(111) requires elevated tempera-
tures while 2HPc is metalated below room temperature. In order to interpret this, the
interaction between tetrapyrroles and the substrate has been studied in detail. Either
an exchange of the substrate (Figure 3.11) or a variation of the distance between
molecule and substrate (Figure 3.12) is employed to tune the interaction.

The spectra of unperturbed molecules in the multilayers, i.e., on top of a thick layer,
are independent on the choice of substrate. The peak separation between pyrrolic
nitrogen ( NH ) and iminic nitrogen ( N ) is 2.1 eV. A similar value is measured
for the adsorption directly on the substrate in case of Au(111) and Ag(111). Due to
the weak adsorbate-substrate interaction, [176,188,189] this peak separation changes only
slightly to 2.0 eV for molecules in these monolayers. In contrast, 2HTPP adsorbed on
Cu(111) exhibits a reduced peak separation of 1.5 eV. This effect arises mainly from
the substantial shift to higher binding energy of the iminic nitrogen-related peak by
0.65 eV.

It is reasonable to propose that 2HTPP molecules form strong localized bonds to the
copper substrate by the lone pairs of the iminic nitrogen atoms. This bonding situation
here is very similar to the case discussed in Section 3.1.1, i.e., the iminic nitrogen
atoms preferably interact with the copper surface and form the initial complex. This
manifests itself in similar binding energies.

In case of 2HTPP multilayers, the full width at half maximum (FWHM) of the N 1s
signal is 1.0 eV, while on Ag(111) and Au(111) the FWHM increases to 1.5 eV, which
is attributed to inhomogeneity broadening. 2HTPP molecules can form long range
well-ordered structures on Ag(111) and Au(111). In these structures, the locations
of individual molecules are rather determined by intermolecular interaction than by
interaction with the substrate. Hence, the nitrogen atoms locate at a variety of
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Figure 3.11: Adsorbate-Substrate Interaction: Substrate Variation. 2HTPP with
varying coverages on coinage metals is studied by XPS.

(a) N 1s XP spectra of 2HTPP multilayers (top, intensity of the signal multiplied
by 0.5), 2HTPP monolayers on Au(111) and Ag(111), and 2HTPP on Cu(111)
at a coverage of 0.022 MLS = 0.6 MLM (bottom). Gold and silver exhibit no
interaction with 2HTPP since the peak distance is constant. On copper the
distance is reduced indicating an interaction of the iminic nitrogen with the
substrate. Graphs adapted from Publication [P3]. [171]

Line Colors: green – pyrrolic nitrogen ( NH ); blue – iminic nitrogen( N ).
(b) Illustration of the same adsorbate placed on different substrates.

different adsorption sites. [176,188,189] As a consequence, the photo-ion experiences a
modulated screening from the substrate.

The FWHM on Cu(111) is reduced to 1.0 eV which is the same as in the multilayer
case. The strong adsorbate-substrate interaction between 2HTPP and Cu(111) leads
to fixed adsorption sites with respect to the substrate. This eliminates the variable
substrates’ influence and eliminates the inhomogeneity broadening. Further studies
prove that this strong N Cu interaction between the iminic nitrogen and Cu(111)
surface can even force an in-plane tilting of the peripheral phenyl groups. This induces
a decreased distance of the porphyrin plane to the surface and thus influences the
interaction between adsorbate and substrate even further. [176,190]

In order to investigate the adsorbate-substrate interaction by tuning the distance
between adsorbate and substrate, porphyrinoids with different spacer groups are
investigated on the same substrate.

Submonolayer coverages of three substituted tetrapyrrole molecules, i.e., 2HPc,
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Figure 3.12: Adsorbate-Substrate Interaction: Adsorbate Variation.
Different submonolayer coverages of porphyrinoids with varying spacer groups
are deposited on Cu(111) and studied by XPS.

(a) N 1s XP spectra of 0.5 MLM 2HPc, 0.6 MLM 2HTPP, and 0.9 MLM 2HTTBPP
deposited on Cu(111) are recorded at 300 K. The 0.5 ML 2HPc spectrum (bottom)
already indicates a partial metalation. The corresponding multilayer (> 20 MLM)
spectrum (reduced intensity, shifted by −0.6 eV) is added for comparison of the
peak shape. 2HTPP exhibits a similar inter-peak distance and thus a comparable
interaction with the substrate. Since this distance is increased for 2HTTBPP,
the molecule interacts less with the substrate due to a larger displacement from
the surface. The fit for 2HPc neglects the small binding energy difference of
0.4 eV [191,192] between the iminic nitrogen atoms in the peripheral meso-positions
and the center and combines them into one single peak.
Line Colors: green – pyrrolic nitrogen ( NH ); blue – iminic nitrogen( N );
red – metalated nitrogen ( NCu ).

(b) Illustration of different adsorbates placed on the same substrate pointing out the
different distance from the molecular plane to the surface.

2HTPP, and 2HTTBPP, have been adsorbed on Cu(111) at room temperature. For
each substance N 1s XP spectra have been recorded and are shown in Figure 3.12.
The figure includes illustrations of their individual geometry on a copper surface to
emphasize on the varying distance between the molecular plane and the substrate. It
should be noted that the apparent distances do not represent the real distances for
each molecule adsorbed on Cu(111). This is especially true for 2HTPP and 2HTTBPP
whose distances depend highly on the deformation of the side groups. However, it
is reasonable to assume that 2HTTBPP provides a larger spacing than 2HTPP and
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2HPc.
2HTTBPP, which has the largest side groups among these three molecules, exhibits

two well resolved N 1s peaks at submonolayer coverages. The peak spacing of 2.0 eV
marked by vertical lines in Figure 3.12 is the same as for 2HTPP adsorbed on the
inert substrates Ag(111) and Au(111).

2HTPP, which carries phenyl substituents, shares the same molecular core as
2HTTBPP and thus intrinsic reactivity. As the phenyl groups are smaller than the
3,5-di-tert-butylphenyl-groups which are much larger but also softer , i.e., deformable,
and can rotate, the distance between adsorbate and substrate is reduced for 2HTPP.
As expected, the submonolayer (0.6 ML) spectrum of 2HTPP on Cu(111) shows a
similar N 1s spectrum as the corresponding to 2HTTBPP. As the major difference,
the peak spacing shrinks to 1.5 eV, which is due to the interaction of iminic nitrogen
with the substrate’s copper atoms as discussed above.

Since 2HPc has only hydrogen as substituents, it is planar and hence has the smallest
distance to the Cu(111) substrate in the discussed cases. Since it comprises additional
iminic nitrogen atoms in the macrocycle, the natural intensity ratio of the peaks is
altered in the N 1s XP spectrum. Close inspection of the spectra reveals a reduced
pyrrolic to iminic nitrogen peak intensity ratio compared to the theoretical value of
1 ∶ 3 which is observed in multilayer spectra. This finding indicates that a partial
metalation reaction of 2HPc with substrate copper atoms already occurs at room
temperature. This result is in agreement with the observations presented in Section
3.1.2.

Furthermore, both pyrrolic and iminic nitrogen peaks experience a binding energy
shift of −0.1 eV for 2HPc compared to 2HTPP. This indicates an enhanced electron
hole screening effect by the substrate and implies a stronger interaction of 2HPc with
the copper substrate than 2HTPP.

3.1.4 Electronic Properties of the Cobalt-Phthalocyanine/
Cu(111) Interface

In studies of cobalt(II) phthalocyanines on Au(111), [193] Au(110), [194] Ag(100), [195,196]

Ag(111), [26] and MnO, [197] a comprehensive description of the electronic and magnetic
properties is reported. There, it is proposed that a charge transfer from the substrate
to the adsorbed molecules occurs mainly via the Co 3d atomic orbital. Due to the
presence of unpaired electrons, multiplet splitting in photoelectron spectra is expected.
This renders the investigation of the open-shell system of CoPc adsorbates on single
crystal surfaces more interesting but also more challenging.
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Figure 3.13: Electronic Properties of the Interface between CoPc and Cu(111): Core
Levels. Co 2p XP spectra for (A) 1 MLM, (B) 2 MLM, (C) 2 MLM annealed to
630 K for two minutes leaving 1 MLM, and (D) 10 MLM CoPc on Cu(111) have
been recorded at room temperature. The Co 2p signal comprises a multiplet
structure arising from photo-hole/orbital angular momentum interaction (green)
and a closed shell species in contact with the substrate exhibiting a pure doublet
(blue). The assignment of the each fitted green sublevel is discussed in detail
in the text. The doublet positions and separations for the Co 2p doublets are
marked by vertical lines. The intensity of the multilayer spectrum (D) is scaled
for better comparison.

In previous studies it has been demonstrated that the interaction between cobalt
tetrapyrroles and a Ag(111) substrate can be interpreted in terms of a charge transfer
from the substrate to the central metal in cobalt(II)-porphyrin (CoTPP) or cobalt(II)-
phthalocyanine (CoPc). [5,26] Extending this previous work by another substrate, the
valence band and core levels of CoPc on Cu(111) instead of silver are investigated.
The room temperature sample has been studied by XPS and UPS.

Spectrum (D) in Figure 3.13 explains the complicated Co 2p peak structure observed
for multilayers of CoPc on Cu(111). Due to the J-J coupling of the Co 2p photohole
with the unpaired electron in the Co 3d orbital, the typical spin-orbit splitting of
p-orbitals, e.g., 2p1/2 and 2p3/2, further splits into additional sublevels with degeneracy
2J + 1. In addition, a satellite structure due to the shake-up process is observed.

These sublevel peaks, indicated by green curves in Figure 3.13, are fitted with
intensity ratio of 1:3 and 3:5 for 2p1/2 and 2p3/2, respectively. As can be seen, the
apparent distance between the two major components, i.e., the spin-orbit split between
Co 2p1/2 and Co 2p3/2, amounts to 15.7 eV.

The intensity ratio of the multiplets in combination with the symmetry of the
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adsorbate2 leads to the conclusion that the unpaired electron is located in the dz2

orbital.
In contrast, both spectra of one monolayer of CoPc on Cu(111), see Figure 3.13 (A,

C), exhibit a much simpler composition. They show only simple spin-orbit splitting
and the satellites. The peak width, i.e., FWHM, is reduced compared to the multilayer
spectra. The absence of a complex multiplet split structure of Co 2p indicates that
the coupling between the Co 2p photohole and the 3d electron is quenched in the
first adlayer. Both doublet components (blue curves) shift to lower binding energy
and exhibit a reduced energy separation of 14.8 eV. The latter value is typical for a
2p1/2-2p3/2 energy separation for metallic cobalt.

The spectrum corresponding to the intermediate situation of 2 MLM CoPc on
Cu(111), see Figure 3.13 (B), consists of features related to monolayer and multilayer
coverages. The doublet from the layer in direct contact to the surface has identical
parameters as the monolayer spectrum. However, it is damped by the second layer
and thus exhibits a slightly lower intensity. The contribution from the second layer
strongly resembles the multilayer multiplet structure although the position is shifted
to higher binding energy.

Since the Co 2p core levels start to resemble the multiplet split structure of bulk
material from the second layer on, the strong chemical interaction is limited to the
first layer, as also corroborated by investigations on the valence band. An extra peak
around 0.9 eV is observed in the vicinity of the Fermi edge, see Publication [P7].

After annealing to 630 K, only the monolayer feature persists, see Figure 3.13 (C).
Since this effect is also used in this work to prepare ordered monolayers, see Section
3.1.1, secondary effects leading to the observed features can be excluded.

Based on the involved symmetries, the interaction can only take place via the
spz orbitals of the substrate orbitals and the dz2 orbitals of the metal center in
the adsorbate or the π-system of the macrocycle. Since the electronic structure is
significantly altered at the cobalt atom, an electron transfer between the copper
substrate and the cobalt dz2 is most likely.

The valence band spectra, shown in Figure 3.14, provide additional information
about the strong interaction between CoPc and the copper substrate. The SOMO
(dz2 from cobalt, see above) is located at 1.2 eV in the interaction-free case, i.e., with
multilayer coverages. Due to the hybridization with the orbitals from the surface,
new hybrid states are generated. Two states are visible in Figure 3.14 (b) for a CoPc

2 Phthalocyanines typically adsorb with the molecular plane parallel to the substrate surface at
low coverages. As a consequence, their D4h gas phase symmetry, recognizable in Figure 3.1, is
reduced to C4v on the substrate.
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Figure 3.14: Electronic Properties of the Interface between CoPc and Cu(111): Valence
Band. The evolution of the vacuum level (VL) and HOMO as a function of CoPc
coverage on Cu(111) as derived from He Iα UP spectra, see Publication [P7], is
shown.

(a) The vacuum level is derived from the secondary electron cut-off shown here.
(b)The position of the HOMO is determined in the presented valence band region

close to the Fermi energy EF.
(c) The ionization potential (IP ) exhibits a maximum at submonolayer coverages

and becomes constant after the first layer is complete. This indicates a strong
electronic interaction of the substrate with the adjacent molecules.

coverage of 1 MLM with binding energies of 1.4 eV and 0.9 eV, respectively.
Calculations on this system confirm that a new state below the Fermi level is resulting

from the strong interaction, i.e., hybridization, of the adsorbed metal complex with
the surface via the dz2 orbital. [198] Analogue to the results reported for cobalt(II)-
octaethylporphyrin on a Ag(111) surface, [199] the shift from the Co 2p signal suggests
a charge transfer from the substrate to the adsorbate.

As shown in Figure 3.14 (c), the energy of the vacuum level (VL) experiences a
dramatic decrease as the initially clean copper surface becomes gradually covered by
CoPc molecules. As the first monolayer is completed, a minimum of the work function
of the covered Cu(111) surface is reached. This is a common phenomenon for most
of organic adsorptives on metal surfaces. [27,94,200,201] The so-called cushion effect is
discussed in Section 1.6.1.

Upon further deposition of CoPc the energy of the VL slowly increases again by
about 0.2 eV but does not reach its initial value. Simultaneously, the HOMO energy
evolves in a similar way as the VL energy, resulting in constant ionization energy (IE)
of about 5.8 eV. The binding energies of the C 1s, N 1s, and Co 2p peaks also show
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a similar shift within the resolution of the XPS measurement, see Publication [P7].
This is a good indication that band bending might occur in the adsorbed CoPc film.
This effect causes a raise of the intrinsic Fermi level of the organic adsorbate near the
surface and aligns it with the Fermi level of the copper substrate. Since the energy
shift of the HOMO is not reaching a constant value within a few adsorbed monolayers
of CoPc, this electronic effect reaches far into the bulk of the organic phase. This
observation is somehow in contrast to other adsorbed organic molecules with a low
concentration of mobile charge carriers for which the electronic equilibrium is usually
achieved within few adlayers.

The presented results from XP and UP spectroscopy on copper samples with different
coverages of CoPc provides significant experimental evidence that the electron transfer
from the copper substrate to the adsorbate CoPc happens indeed through the 3dz2

orbital of the Co(II) ion. This renders the organic on metal system studied in this
project unique and interesting.
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Ag(111)

3.2 Metalation of a Substituted Corrole with
Cobalt on Au(111) and Ag(111)

So far, all of the investigated substances contain two reactive species in the central
macrocycle, i.e., pyrrolic ( NH ) and iminic ( N ) nitrogen with a stoichiometry of
2 ∶ 2. Since the pyrrolic moieties can be reduced by metal complexation, this substance
class favors the formation of a formal +II state of the central metal ion. The influences
of the peripheral reactivity, see Sections 3.1.1 and 3.1.2, and of the outer geometry, see
Section 3.1.3, have been studied in this thesis. Hence, it is obvious to alter the reactive
center in the macrocycle. Since many transition metals form stable di- or tri-cations,
e.g., cobalt, the introduction of an additional reducible group in the molecule’s core
suggests itself.

This situation can be achieved by the usage of corrole instead of porphyrin as stem
compound. It can be considered as a porphyrin which has one methin bridge removed
under preservation of the aromatic system. As consequences, it contains pyrrolic and
iminic nitrogen with a stoichiometric ratio of 3 ∶ 1 and exhibits a slightly smaller void
in the center of the molecule.

In nature, its partially saturated analogon, i.e., corrin, plays an important role
as active centers in biological processes, e.g., in cobalamin which is also known as
vitamin B12. The biochemically rare element cobalt is resting in the center of a highly
substituted corrin ring.

This section covers the investigation performed on the metalation of 3HHEDMC
(Figure 3.15) with cobalt. The focus here lies on submonolayer coverages of the organic

Figure 3.15: 3H-Hexaethyldimethylcorrole (3HHEDMC). This substance exhibits a
similar yet significantly modified macrocycle as 2HTPP, see Section 3.1. Formal
removal of one of the four methin-bridges under preservation of the aromaticity
in the macrocycle also leads to replacement of one of the iminic with a pyrrolic
nitrogen fragment. This alteration should render the formation of M(III)HEDMC
complexes possible.
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compound deposited on the inert noble metal surfaces Ag(111) and Au(111). Redox
reaction with co-adsorbed cobalt atoms is expected. This would result in the loss
of all three pyrrolic hydrogen atoms ( NH ) and metalation of the corrole into a
Co(III) complex. Some of the results corresponding to this system are collected in
Publication [P8]. Since this is an ongoing project, the presented discussion contains
unpublished aspects as well.

3.2.1 Metalation of a Substituted Corrole on Au(111)

The here presented experiments are the first ones comprising 3HHEDMC. Hence, it is
advisable to minimize the influence of the substrate and to use a highly inert material.
Typically, gold is the first choice in such a case. In addition, gold exhibits no substrate
related features in the N 1s region.

Figure 3.16 (a) shows the study of desorption of 1.2 MLM 3HHEDMC from Au(111).
The organic substance has been deposited at ambient temperature on the cleaned
gold crystal. The corresponding N 1s spectrum (A) shows two nitrogen species which
are assigned to pyrrolic nitrogen ( NH ) and iminic nitrogen ( N ). It should be
pointed out that the observed ratio of the peak intensities of 4.6 does not match its
theoretical value of 3:1.

Preparation of a monolayer, in a similar way as described in Section 3.1.1, has been
attempted. However, upon annealing for one hour to 400 K, a considerable change has
been observed on the envelop shape of the N 1s spectrum. This indicates the presence
of a new peak, in this specific case between the positions of pyrrolic and iminic nitrogen.
In addition, a minor decrease of the total signal intensity by approximately 10 % due
to desorption has been observed. After an additional annealing step, this time to
550 K for one hour, the N 1s spectrum is dominated by one single peak indicating an
almost complete reaction.

The hydrogen bound to pyrrolic nitrogen atoms can be reduced. Implying a reaction
with the substrate, due to the absence of other species, the formation of a Au(III)
corrole complex might has been observed, in analogy to the previously discussed
metalation reactions. Despite the inertness of gold, a few complexes with square
planar geometry, in which gold typically is in the formal oxidation state +III, are
known, e.g., chloroauric acid (HAuCl4). Since the hypothetical gold corrole would
share both properties and metalation from the bulk phase is possible, see Section
3.1.2, its formation is not completely unreasonable.

As the causes for the observed – so far reproducible – effects remain unclear, further
investigations are advised. Special attention should be paid to the purity of the
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Figure 3.16: Metalation of 3HHEDMC on Au(111). Spectra of 3HHEDMC deposited
on Au(111) without and with dosed cobalt have been recorded after deposition
at ambient temperature and after subsequent annealing. A reaction is observed
in both cases.
Line Colors: blue – iminic and pyrrolic nitrogen of 3HHEDMC; green – reacted
nitrogen.

(a) N 1s photoelectron spectra of 1.2 MLM 3HHEDMC on Au(111) are shown directly
after deposition (A) on the clean gold surface and after annealing to 400 K (B)
as well as 550 K (C) for one hour, respectively.

(b) N 1s photoelectron spectra of 1.6 MLM 3HHEDMC on Au(111) are shown directly
after deposition (A), after e-beam deposition of 0.05 Å cobalt (B), and after
additional annealing to 400 K for one hour (C), respectively.

deposited organic layer as well as to contamination from the substrate. Although
single crystals exhibit outstanding overall purity, segregation of impurities to the
surface during annealing processes might lead to surprising results. This is especially
known for new crystals such as the one used in this experiment.

Besides this interesting behavior, the main issue of this investigation addresses the
reaction with cobalt. Figure 3.16 (b) shows the spectra of 1.6 MLM 3HHEDMC on
Au(111) and their reaction with 0.05 Å subsequently deposited cobalt. The minor
change in peak shape can be attributed to a larger contribution of multilayer species
in case of the pristine sample (A). Deposition of cobalt leads to the formation of a
new nitrogen species in spectrum (B) which is attributed to the metalated molecule.
Upon annealing to 400 K for one hour (C), the spectrum is dominated by a single
peak which is ascribed to the cobalt complex. This assignment is supported by the
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related Co 2p spectra which are almost identical to the ones taken on silver, see Figure
3.19 (b). The discussion on this feature is given in Section 3.2.2.

The results clearly reveal that 3HHEDMC molecules can be metalated by cobalt,
as it has been predicted by the experiments involving the other tetrapyrroles. The
apparent reaction of the clean Au(111) substrate with 3HHEDMC is surprising and
would be of fundamental interest in gold chemistry. Hence, a verification with extreme
attention to impurities is advised. Furthermore, the tracing of precursor states would
be of great importance to deduce the detailed reaction steps.

3.2.2 Metalation of a Substituted Corrole on Ag(111) at
Ambient Temperature

Submonolayer coverages of 3HHEDMC have been vapor deposited onto a cleaned
Ag(111) single crystal at ambient temperature. As can be seen in Figure 3.17 (a), the
analysis of the recorded spectra is hindered by the large contribution of a background.
This signal originates from the tails of the Ag 3d peaks and their related plasmons.
Figure 3.17 (b) shows the same N 1s spectra as in Figure 3.17 (a) but after removal of
a scaled and fitted background.

As in the previously presented case involving gold as substrate, see Section 3.2.1,
the intensity ratio between pyrrolic ( NH ) and iminic ( N ) nitrogen does not
match the stoichiometric ratio of 3:1. In contrast to the previous case, similar signal
amplitudes for both species are observed here. This indicates that a reaction with the
silver substrate is already occurring at room temperature. Experiments with reduced
deposition temperature are addressed in Section 3.2.3.

The reduction of one pyrrolic hydrogen could explain the observed intensity ratio.
Due to the lack of other substances, only a reaction with the substrate seems reasonable.
This would include the oxidation of silver and the formation of a Ag(I) corrole complex.
Since the most common, non-zero, oxidation state of silver is +I, metalation from
the substrate is possible. Furthermore, a similar reaction has been observed on the
less reactive gold substrate. Due to these indications, a metalation reaction seems
possible. Clearly, further input is needed to unambiguously determine the reaction
process between 3HHEDMC and the silver substrate.

As can be seen in Figure 3.17, after deposition of 0.05 Å cobalt both nitrogen peaks
merge into one single peak. Due to its position between the original peaks and since the
change is a consequence of the cobalt deposition, the new species corresponds to the
now four equivalent nitrogen atoms ( NCo ) in the metalated molecule cobalt(III)-
hexaethyldimethylcorrole (CoHEDMC). The Co 2p spectra discussed in Section 3.2.5
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Figure 3.17: Submonolayer Metalation of 3HHEDMC on Ag(111) at Ambient Tem-
perature. Spectra of 3HHEDMC deposited on Ag(111) without and with dosed
cobalt have been recorded. Spectra (B) show the N 1s spectrum of 0.7 MLM
3HHEDMC on Ag(111) deposited on the sample at 300 K. Spectra (C) corre-
sponds to the situation after e-beam evaporation of 0.05 Å cobalt onto the sample
at ambient temperature.
Line Colors: blue – iminic and pyrrolic nitrogen of 3HHEDMC; green – reacted
nitrogen; gray – background.

(a) Spectrum (A) of a clean Ag(111) crystal recorded in the N 1s region is used for
background subtraction. The recorded spectra are presented without background
correction.

(b)The spectra from (a) are shown with applied background correction.

corroborate this assignment.
Again, the investigation of the possible reaction between 3HHEDMC and silver

from the substrate is advised with extreme attention to impurities.

3.2.3 Metalation of a Substituted Corrole on Ag(111) at Low
Temperature

Section 3.2.2 documents a pronounced adsorbate/substrate interaction of 3HHEDMC
with the Ag(111) surface at ambient temperature, e.g., a possible reaction of silver
with the organic molecule under formation of a Ag(I) complex. In order to avoid this
possible reaction of the corrole with the substrate, preparation of the organic layer
and deposition of cobalt has been carried out at 160 K in this case.

At lowered temperature, the N 1s spectra shown in Figure 3.18 exhibit the expected
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Figure 3.18: Monolayer Metalation of 3HHEDMC on Ag(111) at Low Temperature.
Spectra of 3HHEDMC deposited on Ag(111) without and with dosed cobalt
have been recorded. Spectra (B) show the N 1s spectra of 1 MLM 3HHEDMC on
Ag(111) applied on the sample at 160 K. Spectra (C) correspond to the situation
after e-beam evaporation of 0.1 Å cobalt onto the sample at low temperature.
Spectra (D) correspond to the same sample at 310 K.
Line Colors: blue – iminic and pyrrolic nitrogen of 3HHEDMC; green – reacted
nitrogen; gray – background.

(a) The spectrum (A) of a clean Ag(111) crystal recorded in the N 1s region is used for
background subtraction. The recorded spectra are presented without background
correction.

(b)The spectra from (a) are shown with applied background correction.

stoichiometric 3:1-ratio of pyrrolic ( NH , 399.7 eV) to iminic ( N , 397.8 eV)
nitrogen. After deposition of 0.1 Å cobalt, a considerable change is observable in
the corresponding N 1s spectrum. A new peak (398.4 eV) arises between the initial
features. Its amplitude gain equals the intensity loss of the two initial nitrogen species
which keep their natural intensity ratio of 3:1 during this reaction. Therefore, this
new species is assigned to the now metal coordinating nitrogen atoms in CoHEDMC
( NCo ).

Heating the sample to ambient temperature causes no pronounced change in the
spectrum. This observation implies that the metalation reaction with cobalt is almost
complete at 160 K. Since a reaction with silver is not observed at this temperature,
the reaction must lead to the CoHEDMC complex.

Sample preparation at low temperature is able to inhibit the reaction of 3HHEDMC
with the silver substrate. However, the metalation with cobalt is not suppressed at
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160 K. Nevertheless, this experiment allows for an explicit assignment of CoHEDMC
as the formed product.

3.2.4 Metalation of 3HHEDMC Multilayers with Cobalt on
Ag(111)

In order to obtain substrate independent reference spectra, the metalation of multilay-
ers consisting of 3HHEDMC with cobalt has also been investigated. Spectrum (A) in
Figure 3.19 (a) corresponds to 20 MLM 3HHEDMC deposited on Ag(111) at ambient
temperature. The N 1s spectrum exhibits the stoichiometric ratio of 3:1 between
pyrrolic ( NH , 399.8 eV) and iminic ( N , 397.7 eV) nitrogen. This indicates that
physical vapor deposition is able to prepare layers of intact 3HHEDMC molecules.

After deposition of 0.08 Å cobalt, spectrum (B) reveals that a new peak between

Figure 3.19: Multilayer Metalation of Corrole on Ag(111). Spectra of 20 MLM
3HHEDMC on Ag(111) are shown directly after deposition (A) as well as after
cobalt dosages of 0.08 Å (B), 0.28 Å (C), and 0.48 Å (D) onto the multilayer at
300 K. Annealing of the sample to 380 K for 30 minutes yields spectrum (E).

(a) The reaction is shown in the N 1s region. A new species grows at the expense of
the initial ones.
Line Colors: blue – iminic and pyrrolic nitrogen of 3HHEDMC; green – reacted
nitrogen.

(b)The reaction is shown in the Co 2p region. The oxidized and metallic cobalt
increase upon additional dose. Further reaction occurs upon annealing.
Line Colors: blue – metallic cobalt; green – reacted cobalt; gray – satellite.
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the two original nitrogen species at 398.8 eV is necessary to explain the measured data.
Based on previous studies presented in this chapter, this feature is assigned to the
metalated nitrogen species NCo .

Stepwise dosage of additional cobalt of up to 0.48 Å onto the organic layers leads to
an increasing intensity of metalated nitrogen species. In contrast to the metalation of
3HHEDMC at ambient temperature on Ag(111), see Section 3.2.2, the ratio of the
nitrogen species strictly matches its theoretical value for all N 1s spectra of 3HHEDMC
in Figure 3.19. This leads to the conclusion that all three pyrrole groups react with
the incorporated cobalt.

In order to achieve a higher metalation yield, the sample has finally been annealed to
380 K for 30 minutes. Along the expected contribution of the metalated species to the
spectrum, a decrease of total intensity is observed. Since the annealing temperature is
similar to the evaporation temperature of 3HHEDMC, see Table 2.2, the desorption
of the metalated and pristine corroles explains this effect.

3.2.5 Oxidation State of Cobalt in CoHEDMC

The previous results suggest an oxidation state of +III for the cobalt ion in the
CoHEDMC complex. However, a determination of the actual oxidation state requires
a more elaborate analysis of the Co 2p core level spectra.

Figure 3.20 comprises the Co 2p spectra of multilayers of 2HTPP (bottom) and
3HHEDMC (top), after each has partially been metalated with cobalt. The spectra
have been recorded at ambient temperature and with similar coverages for the organic
layers and doses of the metal.

The green peaks represent the multiplet peak structure of oxidized cobalt species.
The blue peaks point to residual neutral cobalt, i.e., metallic, which serves as a
reference for a doublet without multiplet splitting. The corresponding satellites are
colored gray and not discussed in detail.

As discussed in Section 3.1.4, the multiplet splitting of the Co 2p level for the Co(II)
species in CoTPP is induced by an unpaired electron spin in the Co 3d subshell. This
implies that the CoTPP complex is paramagnetic. This residual spin also leads to an
increased spin-orbit split of the Co 2p1/2 and 2p3/2 states compared to metallic cobalt.

The spectrum of CoHEDMC comprises the doublet corresponding to the metallic
species as well. However, it is quite obvious that other features are distinctly different
from the CoTPP spectrum. The multiplet structure of the oxidized species is not
present anymore. This absence also infers that the investigated species is diamagnetic.
The observed spin-orbit splitting is similar to the one found for metallic cobalt before.
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Figure 3.20: Co 2p XP Spectra for 3HHEDMC and 2HTPP Multilayers Metalated by
Cobalt. 3HHEDMC and 2HTPP multilayers have been deposited and subsequently
0.1 Å cobalt has been added at ambient temperature, respectively. The spectra
are normalized with respect to areal intensity for better comparison. The total
angular momentum J is given for each peak of reacted cobalt.

(a) The Co 2p XP spectra of 20 MLM partially metalated 3HHEDMC on Ag(111)
exhibit no multiplet splitting.

(b)The Co 2p XP spectra of 10 MLM partially metalated 2HTPP on and Al2O3/Al
substrate exhibit a complex multiplet substructure.
Line Colors: blue – metallic cobalt; green – oxidized cobalt; gray – satellites.

Similar binding energy differences are reported for other diamagnetic Co(III) complexes
in literature. [202,203]

Since CoHEDMC is diamagnetic, the +II oxidation state is ruled out. Furthermore,
the complex must be low spin, which is common for square planar geometries anyway.
A participation of the substrate, which led to the diamagnetism of CoPc on Cu(111),
see Section 3.1.4, is excluded by the large thickness of the organic layer.

Due to the fact that cobalt prefers the oxidation state +III over the rare +I state and
due to the result from Section 3.2.4 that all three pyrrole groups react, the investigated
complex must be Co(III)HEDMC. A direct comparison of metallic Co(0), Co(II), and
Co(III) spectra are presented with further discussion in Publication [P8].
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3.2.6 Valence Band Structure of CoHEDMC and CoTPP

In addition to the exploration of the core level states, a brief overview on the valence
band structure of 3HHEDMC submonolayers deposited on Ag(111) metalated by
cobalt is presented here. A more detailed discussion is given in Publication [P8].

Several valence regions are shown in Figure 3.21. The spectrum of a clean Ag(111)
specimen (A) exhibits the sp-band at low binding energies, the onset of the d-band
at higher binding energies as well as the surface state of the Ag(111) surface close to
the Fermi level. The latter feature is preserved upon deposition of cobalt as shown in
spectrum (B) and quenched upon deposition of 3HHEDMC.

The organic phase causes a new feature around 1.7 eV which is attributed to its
HOMO. Deposition of cobalt on the organic layer (D) leads to interaction of the
metal’s dz2 orbital with the silver substrate’s sp band under formation of two new
occupied states at 1.3 eV and 0.2 eV, respectively.

These new features are similar to the valence states of iron(II)-tetraphenylporphyrin
(FeTPP) on Ag(111) reported in literature. [24,204] Since Fe(II) is isoelectronic to Co(III),
close similarity of the valence electronic structure is not surprising. This result also
supports the assignment of the oxidation state for cobalt in CoHEDMC, see Section
3.2.5.

CoTPP deposited on Ag(111) gives rise to valence states at 1.7 eV and 0.6 eV,
respectively, as shown in Figure 3.21 (E). The similar energy separation of the features
in combination with the similar geometry again supports the proposed electronic
interaction of the adsorbate with the substrate. Association of the new features with
the organic ligand or residual cobalt atoms are excluded, since the UP spectra of the
pure materials lack of peaks at the corresponding binding energies.
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Figure 3.21: UPS Study for Metalation of 3HHEDMC by Cobalt on Ag(111). (A)
corresponds to the clean Ag(111) surface, (B) to 0.065 MLS cobalt on Ag(111), (C)
to a 3HHEDMC monolayer, (D) to CoHEDMC in situ prepared by metalation of
a 3HHEDMC monolayer with 0.065 MLS cobalt, and (E) to a CoTPP monolayer
prepared by direct vapor deposition of CoTPP onto the Ag(111) surface.

(a) UP spectra (He Iα– 21.2 eV) of the described situations. The additional signals
attributed to the interaction between cobalt in the complex and the silver substrate
are marked by orange shading. The narrow peak close to EF in the spectra (A) and
(B) corresponds to the Ag(111) surface state, which is suppressed by adsorbates
in cases (C), (D) and (E).

(b) Illustrations of corresponding situations in (a) with different adsorbates, i.e.,
cobalt atoms (blue spheres), corrole related molecules (orange), and porphyrin
related molecules (green), on the silver surface (hatched). Their derived reaction
products are shown as combinations of the symbols.
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3.3 Metalation of 2HTPP Multilayers with Cobalt
and Reaction Depth Profiling

Organic electronic devices are not based on single molecular layers3 but use thicknesses
on the nanometer scale. In order to be able to establish electrical contacts, metals
are often vapor deposited on the organic layers. For performance optimization, these
contacts often consist of an inert wiring part and a chemically tuned interface layer.
The latter often comprises low-work function metals for improved electron injection.
However, these metals are typically quite reactive and complex transition regions
may be introduced. These buried interfaces might include sharp transition, chemical
reactions at interfaces, and interdiffusion layers, i.e., interphases, perpendicular to the
interfacial plane.

In the latter cases, the metal-organic interfaces cannot be regarded as simple contacts
between a metal and an organic layer anymore, but should be considered as a third
layer resulting from reaction and/or diffusion. The processes taking place at those
interfaces are essential for properties of organic electronic devices.

Hence, the study of metal-organic interfaces with the focus on “thick” structures,
i.e., multilayers, is essential. In this section, the metalation of 2HTPP by cobalt
using different sample preparation processes is investigated in detail. Photoemission
spectroscopy using a conventional laboratory X-ray source as well as a helium discharge
lamp have been used to study the formation of the interface. Incremental deposition of
cobalt renders a determination of the reaction products as a function of deposited metal
possible – similar to a chemical titration. Since the structure of the interface depends
on deposition parameters, the deposition rate and resting phases, i.e., measurement
steps, might affect the final interface.

In order to circumvent this influence, a similar interface has been prepared with a
single deposition step and investigated by photoemission spectroscopy using monochro-
matic synchrotron radiation. The chemical composition of formed interface/interphase
perpendicular to the surface is reconstructed from spectra acquired with varied pho-
ton energy. In an additional experiment, 2HTPP and cobalt have been deposited
simultaneously to obtain a homogeneous reference for the reaction layer.

The specimen consist of 2HTPP deposited on cleaned naturally oxidized aluminum
foil as an inert substrate and subsequently deposited cobalt.

3 An exception is given for graphene based circuits.
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3.3.1 Surface Titration at Constant Photon Energy

In contrast to the discussed well-defined single-layer systems, thicker layers exhibit
deviant properties. Diffusion and related processes, such as cluster growth, become
more important. This raises the question about the “kinetics” during the formation
of the interface.

In this experiment, a 25 nm thick 2HTPP layer has been prepared on a cleaned,
naturally oxidized aluminum foil which provides an inert substrate. Cobalt atoms have
been incrementally deposited at ambient temperature on the sample with constant flux
and varying step sizes until a nominal thickness of 3 nm has been reached. N 1s and
Co 2p X-ray photoemission as well as He Iα valence band spectra have been acquired
in between the individual deposition steps. Further details are given in Publication
[P10].

As shown by the N 1s spectra in Figure 3.22 (a), the spectrum of the metal-free
porphyrin molecules shows two distinctive contributions. The signals originate from
pyrrolic nitrogen ( NH ) at 400.9 eV as well as iminic nitrogen ( N ) at 398.9 eV,
which is in line with previous XPS studies on this molecule. [14] A small shift of the
features to higher binding energies is attributed to a reduced photo-hole screening
due to the absence of a metallic substrate in close vicinity of the probed molecules.

Upon deposition of the initial small amount of cobalt onto the 2HTPP film at room
temperature, a significant change in the N 1s spectrum occurs, i.e., the minimum
between the two initial peaks is shallower, which can be explained by a third peak at
399.8 eV. Based on previous studies, [14] this new peak originates from the metalation
of 2HTPP molecules by cobalt atoms under the formation of CoTPP.

Further deposition of cobalt causes this new peak to grow on expense of the two
original components which is indicating an ongoing metalation reaction. Concurrent
to the increasing amount of cobalt, the overall intensity of the N 1s spectrum is
reduced. This is attributed to signal damping due to the grown metallic overlayer.
The continuation of the metalation reaction upon cobalt deposition is further supported
by the Co 2p XP spectra presented in Figure 3.23. The spectrum corresponding to the
lowest cobalt coverage is dominated by a complex multiplet structure. The base peaks,
i.e., the component with maximal J exhibiting the highest intensity, of the Co 2p
doublet appear at 797.1 eV (Co 2p1/2; J = 1) and 781.1 eV (Co 2p3/2; J = 2). Based on
the discussions in Section 3.2.5 and in previous studies, this doublet with a spin-orbit
split of 16.0 eV is assigned to Co(II) ions. [26,202,203,205,206] This suggests that most cobalt
atoms are coordinated and oxidized by the porphyrin. This correlates well with the
corresponding N 1s spectra shown in Figure 3.22.

93



3 Results and Discussion

Figure 3.22: Coverage Dependent N 1s Spectra of 2HTPP Metalated by Cobalt. 25 nm
2HTPP have been evaporated onto a cleaned Al2O3/Al substrate. Subsequently,
cobalt has incrementally been dosed onto the sample by e-beam evaporation. The
total cobalt amount for each deposition step is displayed above the corresponding
spectrum in the graph.

(a) The XP spectra presented original N 1s intensities of this experiment. The two
nitrogen species in 2HTPP are damped by deposited cobalt and by a growing
layer of CoTPP whose thickness initially increases with metal dosage. All nitrogen
species experience dampening by the metallic cover layer at high cobalt coverages.
Line Colors: green – pyrrolic nitrogen of 2HTPP; red – iminic nitrogen of 2HTPP;
blue – reacted nitrogen in CoTPP; gray – satellites.

(b)The corresponding Co 2p XP spectra are normalized areal intensity for better
comparison. Initially mainly reacted cobalt is observed. Upon further dosage a
contribution of metallic cobalt appears and soon dominates the spectra.

Additional deposition of cobalt atoms onto this sample causes the minority species
to grow. The corresponding pure doublet is located at 794.4 eV (Co 2p1/2) and 779.5 eV
(Co 2p3/2) and exhibits a smaller spin split of 15.0 eV, which are typical properties for
metallic cobalt. Upon further deposition of cobalt atoms for up to 3 nm, this doublet
increases in intensity and finally dominates the whole spectrum as shown in Figure
3.22 (b). This indicates that this doublet originates from residual unreacted cobalt
atoms. This assumption is further corroborated by the appearance of a Fermi edge at
a cobalt coverage of approximately 2 Å. Details on the interpretation of the spectra
are presented in Publication [P10].

Figure 3.24 also documents a pronounced binding energy shift of all features in
the N 1s, Co 2p, C 1s, as well as a selected feature in the valence band region. The
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Figure 3.23: Deconvoluted Coverage Dependent Co 2p Spectra of 2HTPP Metalated
by Cobalt. The shown spectra correspond the first five deposition steps in Figure
Figure 3.22 with cobalt coverages of (A) 0.05 Å, (B) 0.1 Å, (C) 0.2 Å, (D) 0.4 Å
and (E) 0.6 Å. The total angular momentum J is given for each peak of reacted
cobalt. The spin-orbit split energy of the 2p orbitals is stated for the most intense
sub-level of each species.
Line colors: green – oxidized cobalt; blue – metallic cobalt; gray – satellites.

relatives shifts as a function of coverage as shown in Figure 3.24 (a). All core levels
as well as the examined valence state exhibit a rapid and unanimous energy shift
towards lower binding energy. This effect most likely arises from upward band bending
associated with long-range electron donation into the organic layers. Details are given
in Publication [P10].

Under the assumption of sharp transitions between the involved layers, i.e., 2HTPP,
CoTPP, and metallic cobalt, their respective vertical extension of the reaction zone,
i.e., the thickness of the CoTPP layer, can be determined from the coverage dependent
intensities of the respective N 1s species. A detailed analysis of the spectra is presented
in Publication [P10].

During the deposition of the initial small cobalt amounts, the thickness of the
reacted layer increases very fast. Almost all cobalt atoms coordinate with 2HTPP
molecules and are oxidized. However, with increasing cobalt coverages, the formation
of metallic cobalt clusters becomes the dominating effect and the reaction depth
increases less. For cobalt coverages above approximately 2.5 nm, the reaction zone
exhibits no significant changes and saturates at a thickness of approximately 1.9 nm.

The matching trends for the reaction thickness and the relative peak positions in
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Figure 3.24: Cobalt Coverage Dependent Quantities. The evolution of various proper-
ties are presented as a function of cobalt coverage on the sample.

(a) The binding energy shifts of the investigated core levels and a selected valence
band state are displayed as a function of cobalt coverage. The values are obtained
from the individual deconvolution of the corresponding spectra.

(b)The thickness of the CoTPP layer is given as a function of cobalt coverage. The
values are calculated from the corresponding N 1s spectra under the assumption
of a sharp interface between the reacted CoTPP and unreacted 2HTPP layer.

Figure 3.24 both reveal that the interfacial phase is essentially formed after deposition
of 0.1 nm cobalt which corresponds to a half-filled Co(0001) layer4. Further deposition
of cobalt leads to the growth of the metallic bulk phase on top which completes the
interface.

3.3.2 Depth Profiling Using Varied Photon Energy

In this section, HAXPES is used to investigate an organic-metal interphase. Large
amounts of cobalt deposited onto a thick layer of 2HTPP model such a buried
interphase. The experiments concerning this topic have mainly been performed at the
HIKE end-station, see Section 2.4.3.

As explained in Section 2.1.2, the increased kinetic energy of the photoelectrons
due to heightened excitation energy leads to an enlarged information depth. Since
HAXPES is also a non-destructive technique, it is predestinated for the investigation
of the chemical environments in multilayered systems such as buried interfaces. This
study employes hard X-ray synchrotron radiation with energies from 2 keV to 6 keV
in steps of 1 keV. In contrast to Section 3.3.1, the organic-metal interface has been
established in one deposition step using the same deposition rate as in the previous
experiment.

4 This value is derived from the interplanar distance of two (0001) planes in bulk cobalt of 203 pm.
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Figure 3.25: Energy Dependent N 1s Spectra of 2HTPP Metalated by Cobalt. N 1s
spectra of two samples comprising 2HTPP and cobalt with complementary
preparation are recorded using different photon energies. For better comparison
of the shape, all N 1s spectra are normalized by areal intensity. Both specimen
have been prepared on a cleaned, naturally oxidized aluminum substrate.

(a) 1.8 nm cobalt have been deposited onto 12 nm 2HTPP in one step. The fraction
corresponding to the reacted nitrogen shows a pronounced dependency on the
photon energy.

(b)40 nm 2HTPP and 1 nm cobalt are simultaneously deposited onto the substrate.
The fraction corresponding to the reacted nitrogen shows no dependency on the
photon energy.
Line Colors: green – pyrrolic nitrogen of 2HTPP; red – iminic nitrogen of 2HTPP;
blue – reacted nitrogen in CoTPP; gray – satellites.

The excitation energy dependent spectra of a sample comprising 12 nm 2HTPP
coated with 1.8 nm cobalt are shown in Figure 3.25 (a). Between the two original
pyrrolic ( NH , green) and iminic nitrogen ( N , red) species, a third peak ( NCo ,
blue) raises, which is attributed to the metal-containing complex, i.e., CoTPP. Along
an increase in photon energy, the portion of the CoTPP-related peak is decreasing
while the relative intensity of the pristine species grows.

This observation can readily be explained under the obvious assumption of a layered
system. As explained in Section 2.1.4, a higher excitation energy leads to a larger
probing depth. As a result, the detector “sees” more unreacted species in deeper
layers. This already proves the intrinsic inhomogeneity of the sample itself.

The vertical chemical composition of the sample can be quantified by examination
of the ratio of the intensities corresponding to reacted and unreacted molecules, which
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are proportional to the fitted areas of the related features. Analysis of the spectra
yields a reaction depth of approximately 1.4 nm, which agrees well with simulations
by SESSA [207–209] (Simulation of Electron Spectra for Surface Analysis) and another
straight-forward numerical simulation. However, the incremental deposition of cobalt
yields a slightly thicker reaction zone. This discrepancy might be explained by the
differences in the deposition methods. Since the initial increments in cobalt coverage
are rather small, reaction could have been favored in this case. In addition, the time
needed to acquire the XP spectra could provide additional diffusion of metal atoms
or deposited molecules. Furthermore, the surface morphology, i.e., roughness, might
differ slightly between the samples and influence the reaction depth. The detailed
analyses are presented in Publication [P9].

As reference for a possible interphase formed between cobalt and 2HTPP, HAXPES
data of a homogeneous sample have been obtained. The pure interphase has been
prepared by simultaneous deposition of 40 nm 2HTPP and 1 nm cobalt, resulting in an
1.5-fold stoichiometric amount of cobalt. The corresponding spectra are displayed in
Figure 3.25 (b). The spectrum is dominated by peak at 399.7 eV, which is attributed
to the metalated nitrogen species ( NCo , blue), while the other two surrounding
peaks are assigned to unreacted pyrrolic ( NH , 400.9 eV, green) and iminic ( N ,
398.9 eV, red) nitrogen species, respectively.

The peak shapes and the corresponding intensity ratios are constant within the
accuracy of the experiment. This confirms the presence of a homogeneous composition
and that bulk synthesis of a metalloporphyrin has been achieved. Considering the
used amounts of substance and the peak intensities, one can conclude that further
side reactions occur. On the one hand, the formation of metal clusters in the organic
matrix is possible. On the other hand, a reaction of cobalt with the residual gas in
the system is possible. The latter possibility is corroborated by the corresponding
Co 2p spectra, see Publication [P9] but not analyzed in detail.

Comparison of the results from these two experiments demonstrates that a non-
destructive, i.e., sputtering free, depth profiling is possible using HAXPES. This renders
the investigation of organic-electronic devices comprising metal-organic interface
or/and interphase possible. In contrast to the established erosive methods, here a
detailed and systematic investigation without sample damage is possible and allows
for a rational design of organic electronic devices.
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3.4 HAXPES Study of a Coated Cathode for
Lithium-Ion Batteries

Apart from the systematic investigations of well-defined layered samples, as shown
for metal-organic interfaces and interphases in Section 3.3.2, HAXPES can also
provide useful information in more applied systems. One application has been the
compositional analysis of an advanced layered electrode which could be used to improve
lithium-ion batteries. The investigations have been carried out in cooperation with
the group of Prof. Dr. Bernhard Roling at the University of Marburg.

This section gathers the results related to the high kinetic energy photoemission
investigations. Their focus lies on determination of the vertical chemical constitution
of the surface near region of the specimen. In addition to the elemental composition,
an assignment of the individual oxidation states is realized. Publication [P12] provides
results from complementary techniques as well as a more detailed description of the
sample preparation and the individual analysis procedures.

In this project, a thin-film LiNi0.5Mn1.5O4 (LNMO) cathode coated with Li4Ti5O12

(LTO) has been electrochemically cycled in a battery electrolyte. The prepared
specimen has been investigated by HAXPES with photon energy varied between 2 keV
and 6 keV in steps of 1 keV resulting in the spectra shown in Figure 3.26. As discussed
in Section 2.1.4, an increased photon energy, and thus raised kinetic energy of emitted
photoelectrons, leads to an enhanced inelastic mean free path of these electrons. As
a consequence, the information depth becomes a function of excitation energy and
non-destructive profiling of the LTO coating becomes possible. The used photon
energy in the range of 2 keV to 6 keV allows for a variation of the probing depth
between 6 nm and 20 nm.

Quantitative analysis of O 1s, C 1s, and F 1s spectra (not presented here, see
Publication [P12]), revealed that the cathode was covered with a 3 nm thick residue
originating from the electrolyte. It consists of organic polymers (90 %), metal fluorides,
and fluorophosphates which could not be removed by the cleaning procedure after the
electrochemical preparation.

A possible mechanism for the origin of this surface layer is presented in Publication
[P12] and briefly described here. Ring opening of ethylene carbonate is catalyzed by
phosphorous pentafluoride and leads to poly(ethylene carbonate) and poly(ethylene
oxide) related decomposition products. The catalyzing strong Lewis-acid originates
from the cell’s electrolyte, i.e., lithium hexafluorophosphate.

According to the preparation procedure, [39] the LTO layer with a thickness of 400 nm
is closed. Since its thickness exceeds the maximal information depth of the used setup
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Figure 3.26: Hard X-Ray Photoemission Survey Spectra of an LTO Coated LNMO
Electrode. Survey spectra of the electrochemically cycled LTO coated LNMO
cathode have been acquired using several excitation energies from 2 keV (top)
to 6 keV (bottom) in steps of 1 keV. The evolution of the peak intensities of
the individual species (assigned in the graph) is correlated to the amount of the
observed species. The spectra are normalized by their total areal intensity. Graph
is taken from Publication [P12].

by far, the LMNO layer should not contribute to the XP spectra. However, the Ti(IV),
Ni(II) and Mn(IV) oxides are found in the the coating layer. Due to the tempering step
in the sample preparation and the compatible crystal structures, a uniform mixture of
the oxides can be assumed, as shown in Figure 3.27. Applying charge equalization
by unobservable lithium ions yields the empirical formula Li1.1Ni0.24Mn0.40Ti1.2O4.
The presence of manganese and nickle in the near-surface region indicates that these
elements diffuse from the LMNO layer into the LTO coating layer.

The last step assumes that all metal cations have the same oxidation states as
in LNMO and LTO. Since the specimen experienced electrochemical charging and
discharging, a preservation of the oxidation states is not self-evident. The oxidation
state of the involved transition metals, i.e., titanium, nickel, and manganese, have
been verified by careful analysis of the related photoemission core level spectra, i.e.,
Ti 2p, Ni 2p, Mn 2p, and Mn 3s.

Although the primary photoemission lines are sufficient to identify the elements
in a sample, their positions are sometimes not characteristic enough to determine
the oxidation state. This situation gets even more complicated due to secondary
effects, such as shake-up or plasmon loss structures or multiplet splitting. Thus,
binding energies corresponding to peak maxima should not be used as a basis to assign
chemical states, especially for transition metals.

Comparison of characteristic features, such as satellites and doublet separation
energies, with those of defined compounds can provide further insight into the chemical
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Figure 3.27: Composition of the LTO Coated LNMO Electrode. Depth profiles on
two scales of the LTO coated LNMO cathode for improved lithium-ion batteries
are illustrated and quantified. Figures are taken from Publication [P12].

(a) The idealized large-scale depth profile on the basis of ToF-SIMS data [39] is
presented for the sample after the heating step. Nickel and manganese ions diffuse
into the LTO top layer.

(b)The detailed near-surface depth profile derived from HAXPES is illustrated. The
diffused ions from (a) are distributed homogeneously in the range of probing
depth. The cathode is covered by a thin layer consisting of organic polymerized
electrolyte decomposition compounds.

(c) The bulk composition TixNiyMnzO4 of the coating layer is given as the relation of
the relative intensities of the transition metals to the relative intensity of the O 1s
oxide signal as a function of photon energy. The relative intensities have been
have been corrected by application of a Shirley or a Tougaard background model,
respectively. The absence of major composition changes as a function of photon
energy, and thus probing depths, indicates a homogeneous vertical composition.

state of the transition metal ions. A full assignment of the species has been achieved in
this study by thorough deconvolution of the complex Ti 2p, Ni 2p, and Mn 2p spectra
and extensive comparison with reported spectroscopic data. [210–219] Details about the
analysis and the specific features are given in Publication [P12].

The diffusion of nickel and manganese ions leads to a doping of the LTO layer.
Since both species exhibit an open d-shell – Ni2+ (d8) and Mn4+ (d3) – in this material,
they could increase the electronic conductivity of the coating significantly. As a
consequence, this effect might explain the very low impedance of the coating material
found by previous studies. [39]

The discussion of aspects leaving the photoemission spectroscopy focus can be found
in Publication [P12].
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3.5 Surface-Assisted Ullmann Coupling Reaction

In Section 3.1, a variety of interactions between organic molecules and a copper
substrate have been investigated employing different techniques. It turned out that
copper can play a twofold role there. On the one hand, the investigated Cu(111)
surface provides a strong interaction to the adsorbed molecules. On the other hand,
mobile add-atoms, present on the surface as a two-dimensional gas phase, can serve
as reactants and metalate the adsorbate.

Copper atoms also participate in the Ullmann coupling reaction which is known since
1901. [40] Since copper is utilized in its metallic form, it is likely this reaction also occurs
on the surface. This part of the presented thesis addresses a surface science based
investigation of the Ullmann coupling reaction with complementary techniques. The
discovery of self-assembling of the investigated oligophenylene bromides on Cu(111)
and Ag(111) motivated a detailed investigation of the produced organic macrocycles.
The formation of carbon-carbon bonds yields stable regular structures on the surface
inducing quantum effects on the corralled surface area.

3.5.1 Surface Science Investigation of the Ullmann Coupling
Reaction

The here presented work has been carried out in cooperation with the group of Prof.
Dr. Nian Lin (STM) at the Hong Kong University of Science and Technology as well
as the groups of Prof. Dr. Hans-Peter Steinrück (XPS, UPS) and PD Dr. Wolfgang
Hieringer (DFT) at the Friedrich-Alexander-Universität Erlangen-Nürnberg. In this
project the adsorption and reaction of DBpTP (Figure 3.28) and TBB (Figure 3.29)
on Cu(111) surface have been studied with XPS, UPS, and STM. DFT calculations
provide additional input to the understanding of the observed intermediate structures,
see Publication [P2]. Since both substances show similar reactivity towards the
copper substrate and exhibit almost identical spectra, the results from photoemission
spectroscopy are discussed together.

Figure 3.28: 4,4′′-Dibromo-para-terphenyl (DBpTP). This building block comprises
two reactive bromide groups on the terminal position of the linear terphenyl
isomer. Depending of the properties of the node it can form chains or networks.
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3.5 Surface-Assisted Ullmann Coupling Reaction

Figure 3.29: 1,3,5-Tris(4-bromophenyl)benzene (TBB). This compound exhibits three
reactive bromide groups and forms two-dimensional coordination networks.

Deposition of submonolayer coverages onto the copper crystal at 170 K leads to
formation of a metal-organic networks. The larger linker TBB forms small irregular
islands on the surface, see Publication [P2]. In contrast, the linear linker forms a
regular network on the surface of slightly deformed hexagons. In this case, three
individual molecules are held together by hydrogen bonding. [46] In both cases, the
deposited molecules seem intact on the STM pictures.

The corresponding Br 3p spectra at low temperature, exemplarily shown for DBpTP,
see Figures 3.30 (a) and 3.32 (a), exhibit a pure doublet structure5 with the J = 3/2

component located at 184.1 eV. This finding is corroborating the assumption that the
molecules remain intact.

Heating of monolayer coverages of DBpTP and TBB to 240 K leads to a complete
conversion of the adsorbed molecules by complete dissociation of the carbon-bromine
bond. An activation energy for the bond cleavage can be estimated from these two
temperatures and ranges from 47 kJ/mol to 67 kJ/mol. This estimate is considerably
lower than the corresponding dissociation energy of bromobenzene in the gas phase of
297 kJ/mol. [220] However, the obtained activation energy agrees well with the theoretical
value of 64 kJ/mol reported for dissociation on copper. [221] The chemical nature of this
conversion is discussed later in the case of adsorbed multilayers.

Increasing the temperature to 300 K (DBpTP) or 393 K (TBB) leads to an insertion
of copper atoms between the biradical terphenyl units, as STM investigations [46]

reveal, see Figures 1.2 and 3.31 (a). Further annealing to 470 K of these organometal-
lic oligomers results in the formation of carbon-carbon bonds. Depending on the
monomers, either polymer chains (DBpTB) or covalent two-dimensional networks
(TBB) are generated. The formation of the carbon bonds involves an elimination of
copper from the intermediate. The resulting structure is shown in the STM topograph

5 Since the analysis focuses on the 3p3/2 component, the second part of the doublet is only partially
recorded and not discussed here.
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Figure 3.30: Reaction of DBpTP Submonolayers on Cu(111) Studied by XPS and
UPS. DBpTP is deposited on Cu(111) at 170 K and subsequently annealed to the
indicated temperatures for two minutes and then cooled down to 300 K for XPS
measurement. Graphs are adapted from Publication [P2].

(a) Br 3p spectra of DBpTP with an initial coverage of θ = 0.041 MLS = 0.9 MLM show
a full conversion of the bromine containing group between 170 K and 240 K and
no desorption at elevated temperatures.

(b) He Iα UP spectra of the stepwise adsorption and annealing of DBpTP on Cu(111)
are shown. The surface state of the clean surface (bottom, red) is quenched with
increasing coverage. At a total coverage of θ = 0.032 MLS = 0.73 MLM the sample
is annealed and the surface state partially recovers. For better comparison, a UP
spectrum with a complete DBpTP monolayer is added (top, red).

in Figure 3.31 (b). Neither the Br 3p nor the C 1s spectra show pronounced changes for
sample temperatures above 240 K. The corresponding spectra are given in Publication
[P2].

Several He Iα UP spectra taken during the adsorption of DBpTP on Cu(111) are
presented in Figure 3.30 (b). The clean copper surface exhibits the surface state and
the phantom peak originating from excitation of Cu 3d electrons with He Iβ radiation,
see Section 3.1.4. The surface state is only partially quenched during adsorption, since
the adsorbate forms islands on the substrate.

After incremental deposition of 0.032 MLS = 0.73 MLM DBpTP, the sample is heated
to ambient temperature resulting in a further decrease of intensity which could be
attributed to a minor rearrangement of the adsorbate. Upon annealing to 483 K, the
surface state recovers due to a reduction of the covered area as a consequence of the
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Figure 3.31: Surface-Assisted Ullmann Coupling Reaction of TBB Molecules on
Cu(111). STM topographs (left) and their corresponding model structures (right)
are shown for adsorption of TBB on Cu(111) after annealing to two different
temperatures. Graphs are taken from Publication [P2].

(a) The organometallic network with C-Cu-C is formed by annealing to 393 K. The co-
ordination network is flexible and irregular. Copper atoms between the monomers
are shown in red.

(b)The organic covalent network is formed by annealing to 473 K exhibiting regular
hexagonal structures.

reaction of the adsorbate, as shown in Figure 1.2. This behavior is obvious since
the organometallic network with copper bridges certainly needs more space than the
corresponding metal free covalent structure. The covalent island formation, which
leads to areas on the Cu(111) surface partially free of adsorbates, hence leads to a
local recovery of the surface state. [46] This recovery is not observed in case of a fully
covered (1 MLM) sample. Similar to spectra of DBpTP on Cu(111) at (sub)monolayer
coverages, see Figure 3.30 (a), the Br 3p spectra for a coverage of 4 MLM exhibit a
single doublet at 170 K, see Figure 3.32 (a). The Br 3p3/2 peak of the pristine molecule
located at 184.4 eV (labeled A) is slightly shifted to higher binding energies due to
reduced screening of the core hole by the surface.

With increasing temperature, a second peak at 182.2 eV (labeled B) appears and
is assigned to bromine detached from the molecule and attached to the surface. In
contrast to the monolayer case where the conversion is finished at 240 K, higher
temperatures are necessary for a complete reaction of all adsorbed molecules. Between
240 K and 473 K the intensity of the signal related to the detached bromine grows at
expense of the intensity of the original bromine species, i.e., no desorption of bromine
containing species occurs.

Considering that the first layer of the multilayer can react at 240 K, one must assume
that the copper surface plays an important role in scission of the carbon-bromine bond.
A rough estimate of the Br 3p3/2 intensity of the pristine and reacted bromine suggests
that the layer in direct contact with the surface has reacted at this temperature.
Regarding the results from 2HTPP multilayer metallation (Section 3.3), diffusion of
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Figure 3.32: Reaction of DBpTP Multilayers on Cu(111) Studied by XPS.
θ = 0.18 MLS = 4 MLM DBpTP are deposited on Cu(111) at 170 K and sub-
sequently annealed to the indicated temperatures for two minutes and then
cooled down to 300 K for XPS measurement. The shift in binding energy for
bromine and carbon originates from a work function change caused by bromine
atoms on the surface. Neither carbon nor bromine containing fragments desorb.
Graphs are adapted from Publication [P2].

(a) The initial Br 3p spectrum only shows species A representing intact molecules.
Upon annealing, species B is formed due to detachment of bromine atoms and
their adsorption on the surface.

(b)The C 1s spectra of DBpTP only show the binding energy shift.

the unreacted molecules to the surface seems plausible.
Figure 3.32 (b) shows that the C 1s peak shifts monotonously towards lower binding

energy with increasing temperature. A quantitative analysis reveals that the shift is
proportional to the relative intensity of the Br 3p signal for detached bromine atoms
(B) for up to 0.8 and saturates at higher ratios.

This can be explained by the fact that bromine atoms on a Cu(111) surface are
known to increase its work function. The intact molecules and the central phenylene
group of the molecules interact only weakly with the surface, e.g., via van der Waals
forces. The vacuum level is an appropriate reference level for molecules without direct
contact to the metallic substrate or with other weak interaction. Hence, the binding
energies of the corresponding core levels, i.e., C 1s and Br 3p3/2 (A), are pinned to
the vacuum level and appear to be shifted to lower binding energies when referenced
to the Fermi level. Concurrently, the peak of chemisorbed, i.e., strongly interacting,
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bromine on the surface (B) stays at constant position, since it is pinned to the Fermi
level.

An analogue discussion addressing the adsorption of TBB is given in Publication
[P2].

In addition to the presented core level studies, the valence band region of the
mentioned molecules has been investigated by UPS. Figure 3.30 (b) shows the spectra
of stepwise adsorption of DBpTP on Cu(111). The surface state at 0.3 eV of the clean
surface gets almost completely quenched with increasing coverage of the adsorbed
molecule. In contrast to the adsorption of 2HTPP, see Section 3.1.2, this state does
not vanish completely. This observation is attributed to large areas on the crystal
without adsorbed molecules.

At a total coverage of 0.73 MLM the sample is annealed to 483 K leading to a partial
recovery of the surface state. Comparison with the UP spectrum of a complete DBpTP
monolayer reveals that a recovery of the surface state requires some unoccupied surface
area.

The observation of reacting multilayers on the Cu(111) surface raises the question
about the corresponding reaction mechanism. Since the reaction take place at low
temperature in case of submonolayer coverages, the activation barrier for this reaction
step is low. In order to explain a full reaction of thicker, i.e., multimolecular, layers,
a diffusion process is necessary to deliver unreacted molecules to the surface. Since
molecules become more mobile at elevated temperatures, such a process seems possible.
Once a molecule gets into contact with the surface, the carbon-bromine bond is cleaved
by the now accessible copper substrate.
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3.5.2 Surface-Assisted Organic Synthesis of Honeycombenes

The here presented work has been carried out in cooperation with the group of Prof.
Dr. Kai Wu and Dr. Yongfeng Wang (STM, STS) at Peking University as well as the
group of PD Dr. Wolfgang Hieringer (DFT) at the Friedrich-Alexander-Universität
Erlangen-Nürnberg.

Inspired by the finding that TBB is able to form self-arranged hexagonal structures
on a silver surface, more suitable precursors have been employed. The first criterion
of such a molecule is certainly the terminal bromophenyl groups used for the surface-
assisted Ullmann reaction. Since linear coupling is observed for the linear building
block DBpTP, the 120° angles for hexagons should be provided by the molecule as a
second factor. Furthermore, a variation of target molecule’s size is desirable.

Figure 3.33: 4,4′′-Dibromo-meta-terphenyl (DBmTP). This compound is similar to
DBpTP, see Figure 3.28, and exhibits two reactive bromide groups as well. The
meta substitution pattern of the central phenylene group allows the formation
of intermolecular nodes in regular patterns which provides access to arrays of
zigzag-shaped polymers and small hexagonal nanotroughs (honeycombenes) upon
annealing.

Figure 3.34: 4,4′′′′-Dibromo-meta′′-quinquephenyl (DBm′′QiP). This compound has
an analog structure to DBmTP, but contains one additional phenylene unit
in each arm. The meta substitution pattern of the central phenylene group
allows the formation of intermolecular nodes in regular patterns which provides
access to arrays of zigzag-shaped polymers and large hexagonal nanotroughs
(honeycombenes) upon annealing.

Alteration of the para substitution pattern of the central phenylene unit in DBpTP
to meta substitution preserves the reactive end groups and provides the necessary
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bent in DBmTP (Figure 3.33). In order to tune the size of the product, phenylene
extension groups are inserted in both arms of this molecule generating DBm′′QiP
(Figure 3.34). The experiments involving an asymmetric extension are discussed in
Section 3.5.3.

XPS Investigations

Two slightly different submonolayer coverages of the precursor DBmTP have been
vapor deposited on silver substrates cooled to 80 K. Figure 3.35 opposes the results
from two substrate preparation sequences. Part (a) uses sputtering to clean the sample
and annealing to heal defects in the Ag(111) surface. In order to tune the surface
reactivity, part (b) employs the sputter cleaning process only. This preserves reactive
sites, i.e., hole defects and adatoms, on the surface.

The pure Br 3p doublet (Br 3p1/2 at 190.4 eV and Br 3p3/2 at 183.8 eV) visible at
the lowest temperatures in Figure 3.35 (a) is attributed to intact DBmTP molecules.
After raising the sample temperature to 300 K, a new doublet appears on the low

Figure 3.35: XPS Study of DBmTP on Ag(111). Normalized Br 3p spectra of DBmTP
on Ag(111) with different surface preparation methods are opposed. Submonolayer
coverages of DBmTP are adsorbed at low temperature and heated to the indicated
temperatures.

(a) The substrate cleaned by sputtering and subsequent annealing to 760 K shows
reaction with θ = 0.021 MLS ≈ 0.38 MLM DBmTP at 300 K.

(b)The substrate cleaned by sputtering yet without subsequent annealing shows re-
action with θ = 0.007 MLS ≈ 0.13 MLM DBmTP at lower temperature, i.e., 260 K.
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Figure 3.36: XPS Study of DBm′′QiP on Ag(111). Normalized Br 3p spectra of
DBm′′QiP on Ag(111) with different surface preparation methods are opposed.
Different coverages of DBm′′QiP are adsorbed at low temperature and heated to
the indicated temperatures.

(a) The substrate cleaned by sputtering and subsequent annealing to 760 K shows
significant reaction with θ = 0.016 MLS ≈ 0.53 MLM DBm′′QiP at 300 K.

(b)The substrate cleaned by sputtering yet without subsequent annealing shows
reaction with θ = 0.076 MLS ≈ 2.53 MLM DBm′′QiP at lower temperature, i.e.,
260 K.

binding energy side shifted by 2.3 eV. Based on the previous study presented in Section
3.5.1, this change is attributed to carbon-bromine bond scission and formation of
chemisorbed bromine species on the silver surface. An increase in temperature to
330 K causes substantial changes in the observed spectrum again. The initial doublet
at higher binding energy almost disappears. This indicates that the cleavage reaction
is completed and all bromine is attached to the surface.

For comparison of the surface’s influence on the reactivity, DBmTP molecules have
been deposited onto the simply sputtered Ag(111) sample. The observed results,
shown in Figure 3.35 (b), are similar to the previous case in (a). However, all binding
energies are shifted by 0.3 eV towards higher values. In addition, the carbon-bromine
bond scission starts at lower temperature. Complete conversion of the deposited layer
on the sample is achieved already at ambient temperature (300 K). The latter result
is not surprising since defects sites are known to exhibit higher reactivity. This leads
to the obvious conclusion, that defect sites play a role in the reaction mechanism. The
altered peak positions most likely originate from final state effects such as reduced
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screening effects presumably due to the rougher surface.
A very similar study has also been performed utilizing DBm′′QiP. The substrate

has been prepared in the same way as described for DBmTP. Again, approximately
0.5 MLM educt have been deposited6 on the annealed surface. The results of the
larger adsorbate DBm′′QiP, shown in Figure 3.36, reproduce the ones gained from the
smaller analogon DBmTP exactly. This verifies that the extension groups only affect
the size of the precursor.

Further details are given in Publication [P11].

STM Topography and dI/dV Mapping

The previous part confirmed the expected chemical properties of the precursor mol-
ecules as well as the reaction products. In order to characterize the shape of the
resulting molecules, STM investigations have been performed. In addition to the pure
topography, see Figure 3.37, also dI/dV maps have been acquired, see Figure 3.38,
as well as tunneling spectra (not shown here, see Publication [P11]). This part only
summarizes the essential results from these investigations to draw a general conclusion.
Further results and a more detailed discussion are given in Publication [P11].

The basic scheme of the used Ullmann coupling reaction is drawn in Figure 3.37 (a).
The intact precursor molecules are deposited on the surface. As can be seen in Figure
3.37 (b), the DBm′′QiP molecules form a long-range ordered supramolecular network
at room temperature. The molecules are arranged through quartet nodes formed by a
combination of halogen/hydrogen (Br⋯H) bonds and constructive interaction between
the halogen atoms (Br⋯Br). [47,222]

Annealing of the sample to 640 K results in a detachment of the bromine atoms as
shown by XPS in the previous part and formation of carbon-carbon bonds. As has been
proven before, [50,51] this procedure can provide a novel class of giant oligophenylene
macrocycles with a defined number of monomers. This solvent-free synthesis renders
solubility-enhancing alkyl side groups unnecessary and yields an extremely pure
product on the surface.

The use of low temperature STM allows for verification of the formed geometry on an
atomic scale. A representative STM topography with the corresponding unit cell (over-
lay) is depicted in Figure 3.37 (c) for cyclotriacontaphenylene (C180H120 = (C6H4)30),
called [30]-honeycombene. The name arises from the arrangement of hexagonal pods
resembling honeycombs and the number of phenylene monomers. Apparently, an

6 Note that the definition of one molecular monolayer implies the size of the regarded molecule
and hence the number of molecules in a monolayer is altered.
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Figure 3.37: Ullmann Coupling Reaction of DBm′′QiP on Ag(111).
(a) Reaction scheme for the synthesis of [30]-honeycombene from 4,4′′′′-dibromo-meta-

quinquephenyl (DBm′′QiP) using a Ag(111) substrate in a modified Ullmann
reaction.

(b) STM topograph of DBm′′QiP on Ag(111) adsorbed at 300 K and imaged at 78 K.
Tunneling parameters: U = 0.6 V, I = 0.5 nA. Four molecules are joined with one
end each in a node forming a regular pattern on the surface.

(c) STM topograph of an island comprising [30]-honeycombene molecules, imaged at
78 K. The macrocycles have been obtained by annealing of sample (b) to 640 K.
Tunneling parameters: U = 0.2 V, I = 0.4 nA.

(d) STM topograph of another position of sample (c). In addition to ordered arrays
of hexagonal rings, zigzag polyphenylene chains are also formed.

intermediate species leading to the [30]-honeycombene macrocycles must self-assemble
with hexagonal symmetry on the Ag(111) surface.

Wide area inspection of the surface with the reaction product uncovers the formation
of strained macrocycles originating from four to seven precursor molecules, see Figure
3.38 (a-d). However, the preferred cyclic product turns out to include thirty phenylene
units and is formed by six DBm′′QiP precursor molecules in the presence of metallic
silver via scission of carbon-bromine bonds. With the diameter of 4.0 nm, it represents
the largest shape-persistent, conjugated, and unsubstituted hydrocarbon macrocycle
known to date. These findings demonstrate the capabilities of this approach.

Besides macrocycles, annealing of the precursor on Ag(111) also yields zigzag
polyphenylene chains as shown in Figure 3.37 (d). Closer inspection reveals that the
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3.5 Surface-Assisted Ullmann Coupling Reaction

Figure 3.38: STM and STS Study of Individual Polyphenylene Macrocycles.
Topographs and dI/dV maps of polyphenylene macrocycles with varying ring
size are shown. The white scale bars correspond to a length of 1 nm.

(a) The topograph of [20]-honeycombene shows a strained square molecule. Tunneling
parameters: U = 0.1 V, I = 0.02 nA.

(b)The topograph of [25]-honeycombene shows a pentagonal molecule. Tunneling
parameters: U = 0.05 V, I = 0.02 nA.

(c) The topograph of [30]-honeycombene shows a macrocycle with hexagonal symme-
try. Tunneling parameters: U = 0.1 V, I = 0.02 nA.

(d)The topograph of [35]-honeycombene shows a slightly deformed heptagon. Tun-
neling parameters: U = 0.1 V, I = 0.02 nA.

(e) Left: This topographic image of [30]-honeycombene is acquired with changed
settings. Tunneling parameters: U = 0.1 V, I = 0.5 nA. Right: Spatially resolved
conductance measurements (experimental dI/dV maps) using bias voltages
between 1.5 V and 2.5 V (value in the image) and a tunneling current of 0.5 nA
image the unoccupied states in the same molecule. Depending on the voltage, a
different number of nodes is visible corresponding to different states.

(f) Experimental dI/dV maps at the indicated bias voltage showing the confinement
of the surface state inside the central cavities of the square [20]-honeycombene,
pentagonal [25]-honeycombene, and hexagonal [30]-honeycombene macrocycles
(from left to right). The positions of the macrocycles are derived from STM
images indicated by the overlaid molecular models.
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main axes of these chains prefer orientations related to the high-symmetry directions
of the substrate. [51]

In order to gain insight into the electronic structure of these novel macrocycles,
dI/dV mapping and tunneling conductance experiments (STS) have been performed
on a single [30]-honeycombene molecule. A representative result is shown in Figure
3.38 (e) with experimental dI/dV maps at different bias voltages.

These images provide spatial information about the local density of states (LDOS)
for some low energy unoccupied states. As can be seen, at a bias voltage of 1.5 V the
maximum LDOS appears at the edges, whereas the corners have lower LDOS. With
increasing bias voltage, the images show increasing localization of the density of states
at the corners of the macrocycle. At 2.5 V, additional LDOS maxima are visible at
the edge centers. Meta-linkage is known to interrupt conjugation in the electronic
ground state. [223] The edges in the macrocycle experience para-conjugation. Since
the two phenylene groups corresponding to the adjacent corners of the specific edge
are also in para position to this paraphenylene fragment, they are also included in
the conjugated system of this specific edge. Since one corner phenylene unit shares
the conjugated systems of two edges, the resulting overlap of these para-conjugated
phenylene fragments can lead to a certain amount of second order conjugation, e.g.,
cross-conjugation [224]. Experimental dI/dV spectra for [30]-honeycombene for several
positions in the macrocycle are presented and discussed in Publication [P11].

As shown in Figure 3.38, besides regular hexagonal honeycombenes (c), there are also
other minority products including strained macrocycles with square (a), pentagonal
(b), and heptagonal (d) shape, exhibiting different ring sizes. All of these macrocycles
have been used for a systematic study of ring size effect on electron confinement.
Adsorption of these macrocycles on metallic surfaces leads to the confinement of
surface state electrons inside the central cavity and result in quantum corrals, as
displayed in Figure 3.38 (f).

Confinement of surface state electrons in artificial nanostructures is typically achieved
in closed metal quantum corrals [69] and in pores of supramolecular networks. [54,72,73]

This work presents the first case using a large single-molecule quantum corral. The
dI/dV maps in Figure 3.38 (f) show the standing wave patterns inside the square,
pentagonal, and hexagonal macrocycles at the indicated bias voltages for the surface
electrons. Related dI/dV spectra measured in the centers of the three macrocycles
(not shown here) exhibit a shift of the confined surface state to higher energies with
shrinking size of the macrocycles. Tunneling conductance spectra and further details
are given in Publication [P11].

The energies of those confined surface states correlate with the size of the macrocycle.
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3.5 Surface-Assisted Ullmann Coupling Reaction

Approximation of the corrals by a simple particle-in-the-box model describes the
observed pattern well. The measured energy of 100 meV corresponds to a length of
L = 3.3 nm in case of the square quantum corral in Figure 3.38 (a). The hexagonal
quantum corral in Figure 3.38 (c) yields a measured energy of 20 meV which corresponds
to a length of L = 4.8 nm. These calculated lengths are visualized by white arrows
in Figure 3.38 (a,c). Comparison with the STM topographs reveals that they are a
small but significant amount larger than the outer dimensions of the macrocycle. This
indicates a substantial penetration of the wave function into the confining potential.
This is not surprising, since the model used for calculation utilizes a potential with
infinitely steep walls in contrast to the finite barrier in the experiment.

3.5.3 Self-Assembling of Molecular Fractals: Sierpiński-Like
Triangle

The here presented work has been carried out in cooperation with the group of Prof.
Dr. Kai Wu and Dr. Yongfeng Wang (STM) at Peking University.

In this project the adsorption of DBmQaP (Figure 3.39) on a Ag(111) surface
has been studied by STM. Since this substance comprises the same reactive group
as the molecules in Sections 3.5.1 and 3.5.2 a similar reactivity can be assumed.
As discussed in Section 2.3, coverages of slightly less than 1 MLM DBmTP form a
two-dimensional molecular network on Ag(111). Since DBmQaP associates with the
identical mechanism, the formation of a corresponding network seems expectable.
However, the reduced symmetry of this compound is expected to influence and could
eventually even inhibit the formations of the molecular patterns on the surface.

Figure 3.39: 4,4′′′-Dibromo-meta-Quaterphenyl (DBmQaP). This compound has an
analog structure to DBmTP, but contains one additional phenylene unit in one
of the arms. The asymmetric meta substitution pattern of the central phenylene
group allows the formation of intermolecular nodes.

Vapor deposition of approximately 0.2 MLM DBmQaP or DBmTP and a subsequent
slow cooling of the sample down to 4.4 K results in the formation of small islands
of the adsorbed molecules without a long range ordering. Surprisingly, these islands
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exhibit a porous yet well-defined inner structure, as shown in Figure 3.40 (c,d). Their
shape resembles the mathematical construct called Sierpiński triangle (ST).

This set of points can be constructed starting from an equilateral triangle. Subdivi-
sion of the initial triangle into four congruent new triangles and removal of the inner
one yields a set of three new triangles. Each of these new ones serves as a new initial
object for the next iteration of these operations.

Depending on the number of cycles, these sets can exhibit special properties.
Application of a few iterations leads to esthetic shapes used in decorative patterns
since medieval times, as shown in Figure 3.40 (a,b). [225] Using an infinite number of
repetitions, Sierpiński triangles become fractal7 and exhibit interesting topological
and dimensional properties. First of all, it becomes self-similar, i.e., the main triangle
is a magnification of one of the sub triangles. Due to this process, the remaining area
after an iteration step is reduced to 3/4 of the initial one. Hence, with an increasing
number of steps, the area approaches zero using the Lebesgue measure. In contrast,
the perimeter becomes infinite since every step increases the outline by a factor of 9/6.
Furthermore, the Hausdorff-dimension of such structures is no longer an integer, hence
the name fractal. Since three scaled copies of the initial two-dimensional triangle are
created in an iteration step, the Hausdorff-dimension becomes log(3)/ log(2) ≈ 1.585.

Although fractals form spontaneously in nature, like snowflakes, [227] it is difficult
to generate them in synthetic systems. [226,227] Nevertheless, the STM topographs in
Figure 3.40 clearly demonstrate that this goal can be achieved. The usage of self-
assembling small molecules on surfaces in order to obtain extended molecular fractals
without defects, which will disrupt the repeating pattern, has long been pursued,
but – to the best of our knowledge – not been successful before. In this project, a
diligent combination of building blocks, surface influence, and preparation routines,
the self-assembly of Sierpiński-like triangles could be achieved.

Different generations of fractals have been measured by high-resolution STM. For
instance, the molecular fractals DBmTP-ST-2 and DBmQaP-ST-3 are shown in Figure
3.40 (c,d), respectively. The nomenclature comprises the abbreviation of the precursor
molecule and the generation n of the molecular Sierpiński-like triangles. The order n

corresponds to the amount of different sizes of larger voids in Figure 3.40. It should
be pointed out that the smallest voids formed by three monomers correspond to
generation zero in the STM images. Another molecule with adaptive orientation is
attached each of the nodes and serves as linker. Altogether, a building block comprises
six monomers and three internal nodes. More examples of these molecular fractals
with different orders are presented in Publication [P6].

7 A fractal is “exactly the same at every scale or nearly the same at different scales”. [226]
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Figure 3.40: Sierpiński-like Triangles in Art and Surface Science.
(a) Sierpiński-like triangle pattern as decorative element in a mosaic of the late 11th

century embedded in the floor of Basilica San Clemente, Rome. Image taken
from Reference [225].

(b) Sierpiński-like triangle pattern as decorative element in a mosaic of the late 13th

century embedded in the floor of the Basilica Santi Giovanni e Paolo, Rome. This
work depicts a variation in which the largest central triangle has been filled with
a self-similar continuation of the pattern. Images taken from Reference [225].

(c) High resolution STM images of a 2nd generation molecular Sierpiński-like triangle
DBmTP-ST-2 formed by DBmTP (here called B3PB).
Tunneling parameters: Constant height, U = 0.02 V, I = 1 nA.

(d) High resolution STM images of a 3rd generation molecular Sierpiński-like triangle
DBmQaP-ST-3 formed by DBmQaP (here called B4PB).
Tunneling parameters: Constant height, U = 0.02 V, I = 1 nA.

(e) Molecular models, here using DBmQaP, of the assemblies are presented for both
enantiomers and their orientation on the Ag(111) substrate. The red arrows
indicate the chirality of the connecting nodes, the green arrows and red dashed
lines in the inset graphs indicate intermolecular interactions, see Publication [P6].
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Analysis of the Hausdorff dimension by the box-counting method, see Publication
[P6], results in a value of 1.68±0.01 for DBmQaP-ST-3 which slightly but significantly
deviates from the theoretical value. This effect can be attributed to the fact that the
molecular structure, in contrast to the mathematical model, still exhibits a certain
width from the molecules for the perimeter lines. The fact that the found value is
greater than the theoretical value supports this assumption.

A closer inspection of the contact points in the molecular triangles reveals that each
node is composed of three molecules, as shown in the zoomed insets in Figure 3.40 (e).
The interaction of the bromine atoms mainly among each other [228,229] and with the
hydrogen in ortho position to the bromine substituent on a neighboring molecule
leads to an asymmetric arrangement. This induces a small rotation of the individual
molecules in the node and thus a symmetry reduction. Since this rotation is possible
in two equivalent directions, the node becomes chiral and two enantiomers – either
with clockwise (CW) or counterclockwise (CCW) orientation – can be observed on
the surface. The CW and CCW domains are both rotated by an absolute value of 4°
away from the [21̄1̄] direction of the Ag(111) surface. This result suggests an influence
of the substrate, i.e., a template effect, on the final structure.

The necessarily slow cooling step in the preparation procedure allows for a propa-
gation of the, initially random, dominant chirality through the whole triangle until
all nodes feature the same orientation. As a consequence, the observed assemblies
become self-similar. The slow cooling seems to play an important role in this process
since the yield of fractals on the surface is inverse to the cooling rate of the sample.
This indicates a small temperature window in which the structures can be formed.

A careful combination of various aspects rendered the fabrication of a series of
defect-free molecular Sierpiński-like triangles under ultrahigh vacuum conditions
possible. This includes the design of the asymmetric molecular building block with
a 120○ backbone, the specific intermolecular interactions, the template effect from
the substrate, a suitable molecule-substrate interaction, and a delicate control of
experimental parameters such as a suitable coverage as well as an optimized cooling
rate for the assembling process.
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In this thesis, metal-organic and organic-metal interfaces and/or interphases have
been investigated and characterized by photoemission spectroscopy (XPS/HAXPES,
and UPS), temperature programmed desorption and reaction (TPD/TPR) as well as
scanning tunneling microscopy and spectroscopy (STM/STS). Two different classes
of interfaces have been characterized in detail in this thesis with an aim at deeper
understanding of the chemical and electronic properties at interfaces.

The first part emphasizes on interfaces comprising porphyrinoid macrocycles. This
includes metalation reactions of porphyrins, phthalocyanines, corroles, and their
derivatives. In the second topic, adsorbed terminal oligophenylene dibromides undergo
Ullmann coupling reactions on Cu(111) and exhibit self-assembly on Ag(111). As a
side project, the chemical composition perpendicular to the surface of a cathode for
lithium ion batteries has been studied.

Since these individual topics are rather related by the used methods, especially
by photoemission spectroscopy, than by their results, their individual results are
self-contained and summarized in particular.
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4.1 Coordination Chemistry of Porphyrinoid
Macrocycles with Coinage Metals

Within the framework of the present study the following systems are investigated,
concerning the coordination chemistry of porphyrinoid molecules.

• Coordination of copper atoms by 2HTPP and 2HTPyP on Au(111).

• Metalation of 2HTPP and 2HPc with copper atoms from a on Cu(111) substrate.

• Tuned adsorbate-substrate interaction by adsorbate and substrate variation.

• Coordination of cobalt atoms by a corrole derivative on Ag(111).

• Multilayer metalation of 2HTPP with cobalt atoms.

Investigations using photoemission spectroscopy reveal that the mentioned porphyri-
noids are able to react with various metals and form chelate complexes. Introduction
of peripheral donor groups renders the formation of networks possible. It is found
that the sequential order for the deposition of the metallic and organic components
is of lesser importance and that even the substrate might serve as a metal source.
This leads to investigations concerning the interaction mechanisms between the two
components by means of adsorbate and substrate variation. The electronic properties
of the interface between a metalated phthalocyanine and a metallic surface are studied
in this context.

Furthermore, the reactions of a substituted corrole with coinage metal substrates
and cobalt is explored with great detail. The reactivity towards different substrates is
probed as a function of temperature and layer thickness. As a result, the oxidation
state of the central metal ion can be assigned. The corresponding valence band
structure is compared to the porphyrin analogon.

In addition, the reaction of cobalt with thick layers of 2HTPP is studied by two
radiation sources in order to estimate the thickness of the reaction zone. The laboratory
based investigation uses incremental reacting amounts of the metal for titration of the
organic layer. In contrast, the synchrotron based study uses kinetic energy variation
on a reacted system.
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4.1.1 Coordination of Copper Atoms by 2HTPP and
2HTPyP on Au(111)

Investigations using photoemission spectroscopy prove that 2H -tetraphenylporphyrin
deposited on a Au(111) surface initially coordinates additionally dispensed copper
atoms. Upon annealing, the copper atoms are oxidized under the formation of the
Cu(II)TPP complex. Modification of the ligand with pyridyl groups replacing the
phenyl substituents yields 2H -tetrapyridylporphyrin which exhibits identical reactivity
in the molecular center. The four newly introduced nitrogen atoms are each able
to coordinate neutral copper atoms. Two of these monodentate groups on different
molecules can coordinate to one copper and form a bridging motive.

Additional scanning tunneling microscopy investigations document the formation
of two-dimensional networks on the substrate’s surface. The generated fabric can be
considered as a two-dimensional analogon to metal-organic frameworks (MOF). Hence,
it could be used as a template for epitaxially grown metal-organic frameworks.

Mild annealing of the coordination network comprising neutral copper in the initial
complex and in the bridges to 450 K leads to oxidation of only the chelated copper
atoms. The resulting structure contains copper in two oxidation states coordinated by
the same molecule. The chemical state of the network can be changed by temperature.

Further annealing above 520 K causes a degradation of the network under the
formation of individual close-packed Cu(II)TPyP molecules. The neutral copper
atoms are released from the linking positions and diffuse into the substrate.

4.1.2 Metalation of Tetrapyrroles with Substrate Atoms
from Cu(111)

The investigation of in situ metalation of porphyrinoid molecules with additional
vapor deposited metal atoms is an actively explored field in surface science. However,
the metalation reaction of adsorbed porphyrinoid molecules with atoms from the
substrate was discovered only recently and many aspects are still to discover. This
thesis investigated the metalation of two related tetrapyrroles by atoms from a clean
Cu(111) surface.

First, the temperature-dependent chemical and structural transformation from
2HTPP to Cu(II)TPP on Cu(111) has been investigated. Comprehensive studies by
STM and XPS show that 2HTPP molecules site-specifically adsorb on Cu(111) with
the molecular plane parallel to the substrate at room temperature. After annealing of
the sample to 400 K, a small fraction of the adsorbed 2HTPP molecules already show
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reaction with copper atoms from the substrate forming CuTPP. STM investigations
reveal that CuTPP also show parallel adsorption on Cu(111) at this temperature but
at a larger distance to the surface than 2HTPP. Upon annealing to 450 K, all 2HTPP
molecules are metalated to CuTPP. However, the molecular plane is tilted in this
case. Further sample annealing to 500 K restores the flat-lying orientation, but with
a smaller distance to the surface. The latter two changes are attributed to possible
successive dehydrogenation of CuTPP.

Moreover, the development of the surface state of Cu(111) in UP spectra is considered.
It is largely suppressed by the adsorption of 2HTPP at room temperature. It partially
recovers after annealing to 450 K, and is suppressed again after annealing to 500 K.
This also supports the above mentioned conclusions drawn from the XPS/STM
experimental results.

Second, the redox reaction of 2HPc with copper atoms to CuPc on Cu(111) has been
studied. Characteristic changes of the phthalocyanine related N 1s signal prove that
2HPc reacts with the Cu(111) surface and forms CuPc. At submonolayer coverages,
partial metalation already occurs at 240 K and is almost completed at ambient
temperature. In contrast, for complete metalation of multilayers (four monolayers) of
2HPc an annealing of the sample up to 500 K is necessary.

With the assistance of TPD/TPR, it is demonstrated that molecule exchange
between the layers could be a possible pathway for the observed multilayer metalation
with atoms from the metallic substrate. This finding is potentially of great importance
for organic electronic devices where organic monolayers are used as contact primers
in order to adjust energy levels at interfaces between metal electrodes and organic
semiconductors.

4.1.3 Tuned Adsorbate-Substrate Interaction with
Adsorbate and Substrate

The adsorbate-substrate interaction at submonolayer coverages of 2HTPP molecules
has been investigated using Cu(111), Ag(111), and Au(111) as substrates. Analysis of
XP spectra shows that, compared to Ag(111) and Au(111), 2HTPP molecules interact
stronger with a Cu(111) surface. This interaction mainly happens via the iminic
nitrogen atoms similar to the local bonding situation in the initial, “sitting-atop”
complex during metalation.

Another facet of this investigation focused on the distance between the common
substrate Cu(111) and the tetrapyrrole molecule varied by spacer groups. This distance
increases from 2HPc over 2HTPP to 2HTTBPP. The different reaction products of

122



4.1 Coordination Chemistry of Porphyrinoid Macrocycles with Coinage Metals

the similar centers of these porphyrins at room temperature show the influence of
this distance. A partial reaction of 2HPc with copper atoms from the substrate under
formation of the metal complex indicates a strong interaction. The formation of just
the initial complexes of 2HTPP molecules with the substrate’s copper atoms indicates
a reduced reactivity. The substance with the largest distance to the substrate, i.e.,
2HTTBPP, shows no obvious interaction with the substrate any more. Hence, the
adsorbate-substrate interaction can be tuned by variation of spacer groups influencing
the distance between adsorbed molecules and the substrate surface.

In addition, the influence of the nature of the central metal ion in the complex has
been studied using Cu(111) as substrate and vapor deposited CoPc as adsorbate. Due
to the almost identical geometry of the well-investigated CuPc and CoPc, the distance
to the metal surface is fixed and observed effects can be directly attributed to the
altered electronic interaction of the central ion and the metallic substrate.

In case of a central cobalt ion, the interaction includes a charge transfer from the
substrate’s surface to the metal ion. This leads to an additional electronic state
located at 0.9 eV below the Fermi edge. In addition, the multiplet splitting, which is
observed in unperturbed multilayer spectra of the Co 2p core levels, is quenched if
the metal complex is in contact with the surface. The multiplet splitting arises from
the non-zero angular momentum of the unpaired electron in the 3dz2 orbital. Charge
transfer in this semi-occupied molecular orbital leads to a diamagnetic species with
no angular momentum.

Furthermore, coverage-dependent UPS measurements examining the secondary
electron cut-off and the highest occupied molecular orbital (HOMO) suggest a weak
band bending in the multilayer regime.

4.1.4 Metalation of a Substituted Corrole with Cobalt

As seen before, adsorbed porphyrins are able to oxidize the co-adsorbed cobalt atoms
into their +II oxidation state under reduction of the pyrrole moieties in the macrocycle.
Formal replacement of an iminic by a reactive pyrrolic unit and removal of a methin-
bridge of the cycle leads to the substance class of corroles. Here, 2,3,8,12,17,18-
hexaethyl-7,13-dimethyl-corrole (3HHEDMC) is used which exhibits a slightly smaller
coordination environment and could stabilize trivalent ions.

Utilizing XP and UP spectroscopy to study the reaction of adsorbed corrole with
provided cobalt atoms it could be confirmed that the corresponding cobalt(III) corrole
complex has been formed. UPS investigations further reveal that the cobalt centers
in monolayers of the cobalt(III) corrole complex show a substantial interaction with
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the Ag(111) substrate. However, the electronic structure is less affected compared to
the case involving Co(II) centers in porphyrin complexes on the same substrate. The
electronic properties in the valence band region of the examined cobalt(III) corrole
complex are strikingly similar to the isoelectronic Fe(II)TPP complex.

The XPS experiments additionally indicate a possible reaction of 3HHEDMC with
silver atoms from the substrate. It is proposed that one of the pyrrolic units in
each 3HHEDMC molecule is reduced and a 2HAgHEDMC complex is obtained. A
reaction of 3HHEDMC has been observed on a, compared to silver, even less reactive
Au(111) surface. Interpretation of the recorded XP spectra lead to the conclusion
that Au(III)-corrole complexes are formed in this case.

Since this behavior is rare for these noble metals, further input is required to verify
these results and gain deeper insight into the reaction mechanism between 3HHEDMC
molecules and metal atoms from the corresponding substrate.

4.1.5 Metalation of 2HTPP Multilayer with Cobalt Atoms

Compared to monolayers, multilayers have much more complex structure which renders
their characterization more challenging. In addition, the related interface or interphase
between metallic film covering an organic substrate thin film requires even more
technical effort. Extending the studies on porphyrinoid molecular monolayers on
metal surfaces summarized above, the reaction multilayers of porphyrin molecules with
deposited cobalt atoms has also been investigated. Cobalt atoms easily coordinate
with 2HTPP molecules at room temperature under the formation of CoTPP. Using
a conventional laboratory X-ray source, the metalation a 2HTPP thin film with
incremental deposition of cobalt atoms is monitored. The analysis of the obtained
spectra show that initially most of the dosed metal atoms react with the organic phase
as well as a stagnation of the reaction at higher cobalt coverages yielding approximately
1.9 nm CoTPP. The appearance characteristic features reveal the presence of metallic
phases, i.e., clusters merging into a dense film, on the sample.

HAXPES investigations using a varied X-ray excitation energy from 2 keV to 6 keV
revealed a depth profile of a sample prepared by subsequent one-step deposition
of cobalt atoms onto a prepared 2HTPP thin film. Approximately 1.4 nm CoTPP
are produced before a dense metallic cover layer inhibits a further reaction. This
experimental result corresponds well with the assumed models using various calculation
techniques. As higher kinetic energy leads to increased information depth and HAXPES
is non-destructive, it is essential for identifying the unperturbed electronic structures
and chemical reactions in bulk phases and buried interfaces.
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4.2 Coated Cathode for Lithium-Ion Batteries

As a collaborative side project, the vertical chemical composition of a layered electrode
has been studied by HAXPES. The specimen comprising a thin-film LiNi0.5Mn1.5O4

(LNMO) cathode coated with Li4Ti5O12 (LTO) was probed after electrochemical
cycling in a battery electrolyte. A depth profile of the cathode in discharged state
was obtained with this non-destructive method employing synchrotron X-rays with
photon energy ranging between 2 keV and 6 keV.

It has been found that the entire cathode is covered by a 3.0 nm thin surface
layer mainly consisting of organic polymers (90 %) as well as metal fluorides and
fluorophosphates. Manganese and nickel of the LiNi0.5Mn1.5O4 layer are found to
diffuse into the Li4Ti5O12 coating under preservation of their respective oxidation
states. Most likely, this process occurs during the heating steps involved in the
preparation of the cathode.

The coating layer itself consists of a uniform mixture of Li(I), Ti(IV), Ni(II), and
Mn(IV) oxides with the overall composition of Li1.1Ni0.24Mn0.40Ti1.2O4. The found
doping of the Li4Ti5O12 layer with the open d-shell ions Ni2+ (d8) and Mn4+ (d3)
explains the in electrochemical investigations observed decreases of the impedance of
the LTO coating which corresponds to an increased performance of the battery.
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4.3 Bromoarenes on (111) Surfaces

As another major topic in this thesis covers the reaction and behavior of terminal
oligophenylene dibromides with target-oriented geometries on (111) surfaces of coinage
metal single crystals.

• Ullmann coupling reaction of DBpTP and TBB on Cu(111).

• Surface-assisted synthesis of honeycombenes on Ag(111).

• Self-assembly of molecular Sierpiński triangle fractals on Ag(111).

The Ullmann coupling reaction of arylbromides using solid copper as catalyst and
yielding biphenyls is studied on a single crystal surface by photoemission spectroscopy
as well as scanning tunneling microscopy and spectroscopy. Pilot tests with small
precursor molecules on copper provide information on the spectroscopic features and
topographic information about the observed self-assembling during the individual
reaction steps. Larger precursors with specific geometry on silver render the formation
of gigantic macrocycles and their examination possible. The usage of an asymmetric
precursor results in fractal patterns on the surface.

4.3.1 Ullmann Coupling of DBpTP and TBB on Cu(111)

The adsorption and reaction of 4,4′′-dibromo-para-terphenyl (DBpTP) and 1,3,5-
tris(4-bromophenyl)benzene (TBB) on a Cu(111) surface has been studied with
comprehensive surface science based characterization techniques, i.e., XPS, UPS,
and STM, as well as DFT calculations for theoretical support. The detachment
of bromine from the precursor occurs between 170 K and 240 K at submonolayer
coverages. The estimated activation energy between 47 kJ/mol and 67 kJ/mol for this
process is considerably lower than the corresponding bond energy. This clearly
indicates that the Cu(111) surface is involved in this process. A complete conversion
of the bromine substituents requires heating to 473 K in case several molecular layers
have been deposited. This observation is in line with the previous findings that the
copper surface plays a crucial role in this reaction.

Dehalogenation leads to chemisorbed bromine on the surface, which effectively
suppresses the surface state of the Cu(111) crystal. The remaining bodies of the
molecules undergo linkage under formation of organometallic oligomers. Annealing of
these intermediates leads to elimination of bridging copper atoms and to the formation
of carbon bonded covalent two-dimensional networks.
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STM images of the resulting covalent two-dimensional mesh formed by TBB mole-
cules with varying pore sizes show a preference for hexagonal shapes.

4.3.2 Surface-Assisted Synthesis of Honeycombenes on
Ag(111)

Utilizing a modification of the Ullmann coupling reaction, a class of giant hexag-
onal oligophenylene macrocycles has been synthesized in a solvent-free approach
on silver under ultrahigh vacuum conditions. Coupling of six 4,4′′′′-dibromo-meta′′-
quinquephenyl (DBm′′QiP) molecules on Ag(111) yields [30]-honeycombene, a hexag-
onal cyclotriaconta-phenylene – (C6H4)30 = C180H120, assembled in hexagonal islands
on the surface. With a molecular diameter of 4.0 nm, the well-ordered arrays of
hexagonal rings represent the largest shape-persistent, conjugated, and unsubsti-
tuted hydrocarbon macrocycle known to date. Minority species, including strained
macrocycles like the square [20]-honeycombene (cycloicosaphenylene C120H80), the pen-
tagonal [25]-honeycombene (cyclopentacosaphenylene C150H100), and the heptagonal
[35]-honeycombene (cyclopentatriacontaphenylene C210H140), have also been observed
on the same sample.

Furthermore, these macrocycles serve as organic quantum corrals leading to confine-
ment of surface state electrons inside the central cavity. Calculation using particle-in-
a-box models suggest a partial penetration of the wave functions – corresponding to
the electronic surface state – into the confining potential generated by the macrocycles.

The here presented honeycombene film with well-defined pore sizes and spatial
distribution could potentially serve as a templates for the growth of nanoparticles on
the substrate surface. Additionally, catalytic, electronic, or mechanic applications are
imaginable.

4.3.3 Self-Assembly of Molecular Sierpiński Triangle Fractals
on Ag(111)

By a combination of specific precursor design of DBpTP and 4,4′′′-dibromo-meta-
quaterphenyl (DBmQaP) as well as prudential sample preparation, defect-free Sier-
piński triangle fractals have been obtained via self-assembly on a Ag(111) at tempera-
tures below 80 K. The intermolecular halogen/α-hydrogen interaction is the driving
force for the well-defined cohesion of the individual molecules.

Sierpiński triangles of different generations, i.e., levels of self-similarity respectively
size, have been observed by STM. The obtained supramolecular triangles of up to four
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4 Summary

generations are chiral. The relative orientation of the bromo-substituents of all nodes
within a triangular network is constant but can differ from island to island.

The presented method to realize fractal patterns on a surface gives an esthetic
contribution to the class of surface self-assembled structures.
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A Technical Drawings

This appendix contains the technical drawings related to the evaporator presented in
Section 2.4.6. Images are scaled by 71 % to fit a page, chamfers are 1X45°, threads
are cut to maximum depth, and one piece each is to be manufactured. Dimensions
are given in millimeters and decimal degrees. Tubes are designated by ∅outer × dwall

and parts are made from 1.4301 if not stated otherwise.
The used coaxial heating wire with a diameter of 1 mm and a length of 450 mm from

Thermocoax comprises a stainless steel sheath, no cold ends, and ceramic connectors.
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A.1 Evaporator for Delicate Organic Substances
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PARTS LIST

DESCRIPTIONPART NUMBERQTYITEM
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Shutter rod bottom14
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