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Abstract

In order to introduce a band gap into graphene structures, charge carriers can
be laterally confined in quasi-one-dimensional graphene nanoribbons (GNR)
with nanometer scale widths. These GNR can be produced in an atomi-
cally precise fashion and with well-defined electronic structure by thermally
induced on-surface synthesis from halogen-substituted molecular precursors.
In this thesis, photoemission techniques are used to characterize the elec-
tronic structure of the different phases of such a bottom-up synthesis reac-
tion: the Br-substituted monomers after adsorption on a Au(111) surface,
an intermediate polymer and finally the fully conjugated GNR. Fundamental
differences, especially concerning the band gap, are observed which are at-
tributed to the different nature of the respective electronic systems. Using
temperature-programmed desorption, the reaction pathway of the Br atoms
after dehalogenation is followed, namely associative desorption of HBr during
the cyclodehydrogenation reaction in the last step of the on-surface synthesis.
As an alternative to the established, thermally induced fabrication method,
photo-induced covalent coupling of the molecular precursors on the surface is
investigated and dimerization is observed. The underlying process is found
to be an electronic excitation within the substrate followed by charge transfer
into the adsorbate, creating an anionic resonance. Additionally we find that
N-doping of molecular precursors allows to align the band gap with respect to
the Fermi level of the substrate without altering the size of the band gap.

Following a different approach for the development of functional nanostruc-
tures, a photochromic molecule, di-meta-cyano-azobenzene, is studied with
photoelectron spectroscopies on the semi-metallic Bi(111) surface. Azoben-
zenes in solution undergo reversible, photo-induced trans—cis isomerization
reactions and in this work, photoisomerization of the azobenzene derivative
is observed also for molecules directly adsorbed on the surface. However, the
process is not initiated by an intramolecular electronic excitation as in the free
molecule but rather by photon absorption in the substrate followed by charge
transfer into the unoccupied electronic states of the adsorbate and formation of
an anionic resonance which leads to the conformational change. Photoisomer-
ization can furthermore be initiated in the multilayer where the efficiency of
the process depends on the molecular environment. In both coverage regimes,
the cis isomers perform a thermally induced reaction which is interpreted as
a phenyl ring rotation.






Kurzzusammenfassung in deutscher Sprache

Um eine Bandliicke in Graphenstrukturen einzubringen, konnen Ladungstrager
in quasi-eindimensionalen Graphen-Nanobéndern (engl. graphene nanoribb-
ons, GNR) mit Breiten im Nanometer-Bereich lateral eingeschrankt werden.
Durch thermisch induzierte, oberflichenassistierte Synthese ausgehend von ha-
logensubstituierten molekularen Vorldufermolekiilen kénnen diese GNR auf
atomar prézise Weise und mit wohldefinierter elektronischer Struktur herge-
stellt werden. In dieser Arbeit werden Photoemissionsmethoden verwendet,
um die elektronische Struktur der verschiedenen Phasen einer solchen, auf-
bauenden Synthesereaktion zu charakterisieren: die Br-substituierten Mono-
mere nach der Adsorption auf der Au(111)-Oberfléche, das intermediére Po-
lymer und letztlich das voll konjugierte GNR. Fundamentale Unterschiede,
vor allem in Bezug auf die Bandliicke, werden beobachtet und dem unter-
schiedlichen Wesen der jeweiligen elektronischen Systeme zugeschrieben. Mit-
tels Thermodesorptionsspektroskopie wird der Reaktionspfad der Br-Atome
nach der Dehalogenierung verfolgt, ndmlich eine assoziative Desorption von
HBr wihrend der Zyklodehydrogenierungsreaktion im letzten Schritt der ober-
flichengebundenen Synthese. Als Alternative zur etablierten, thermischen in-
duzierten Herstellungsmethode wird eine lichtinduzierte kovalente Kopplung
der Vorlaufermolekiile untersucht und eine Dimerisierung beobachtet. Der zu-
grunde liegende Prozess wird als elektronische Anregung im Substrat erkannt,
gefolgt von Ladungstransfer ins Adsorbat, der eine anionische Resonanz er-
zeugt. Desweiteren lernen wir, dass N-Dotierung der molekularen Vorlaufer ei-
ne Ausrichtung der Bandliicke relativ zum Ferminiveau des Substrats erlaubt,
ohne die Grole der Bandliicke zu éndern.

Einem anderen Ansatz fiir die Entwicklung funktionaler Nanostrukturen
nachgehend wird ein photochromes Molekiil, di-meta-cyano-Azobenzol, mit-
tels Photoelektronenspektroskopien auf der halbmetallischen Bi(111)-Ober-
fliche untersucht. Azobenzol unterzieht sich in Lésung einer reversiblen, licht-
induzierten trans—cis-Isomerisierungsreaktion und in dieser Arbeit wird die
Photoisomerisierung des Azobenzolderivats auch fiir direkt an der Oberfléche
adsorbierte Molekiile beobachtet. Allerdings wird dieser Prozess nicht, wie im
freien Molekiil, durch intramolekulare elektronische Anregung ausgelost, son-
dern vielmehr durch Photonenabsorption im Substrat gefolgt von Ladungs-
transfer in die unbesetzten elektronischen Zustdnde des Adsorbats und die
Bildung einer anionischen Resonanz, die zur Konformationséinderung fiihrt.
Photoisomerisierung kann auflerdem in der Multilage ausgelost werden, wo
die Effizienz des Prozesses von der molekularen Umgebung abhéngt. In bei-
den Bedeckungsordnungen vollfiihrt das cis-Isomer eine thermisch ausgeloste
Reaktion, die als Phenylringrotation interpretiert wird.
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Chapter 1

Introduction

Advances in nanotechnological materials research can generally be divided into
two categories: on the one hand, there is the challenge of improving exist-
ing concepts and devices to meet more and more ambitious performance re-
quirements. For example, miniaturization of field-effect transistors (FETSs)
[1, 2, 3, 4, 5, 6], radio-frequency transmitters [7, 8, 9], conducting paths
[10, 11, 12, 13] and data storage devices [14, 15, 16, 17, 18] requires addressing
fundamental physical limitations, as devices reach the nanoscale which is gov-
erned by the principles of quantum mechanics. Additionally, the reduced size
leads to increased heat development and energy consumption. On the other
hand, the same physical principles of the nanoscale can also provide oppor-
tunities for entirely new devices and concepts such as transparent electrodes
[19], multiple exciton generation for photovoltaics [20, 21, 22], molecular ma-
chines and switches [23, 24, 25, 26, 27, 28|, functional surfaces [29, 30, 31, 32]
or molecular self-assembly [33, 34, 35].

Several different classes of materials are in the focus of current research in
order to pursue the further development of nanotechnological devices. While
graphene and other low-dimensional carbon materials have been particularly
prominent in recent years, the idea of machines and electronic devices based on
single functional molecules is equally intriguing. Additionally, there are many
other fascinating materials, e.g. topological insulators [36, 37|, the properties
of which promise to foster the development of spintronic devices [38, 39]. The
present thesis follows two of the above pathways, namely low-dimensional car-
bon materials on the one hand and single functional molecular units, namely
molecular switches, on the other hand.

Since its experimental realization in 2004, graphene has been subject to
many studies both in fundamental and applied research due to its unique
structural and electronic properties [40, 41, 42, 43]. Besides its remarkably
low, atomic thickness, electrons close to the Fermi level in graphene behave like

17



18 CHAPTER 1. INTRODUCTION

a two-dimensional gas of massless Dirac fermions. By virtue of this property,
graphene offers possibilities to study quantum electrodynamics with a table-top
experiment and at the same time promises a manifold of possible applications
due to its extraordinarily high charge carrier mobility. However, an infinitely
extended graphene sheet (“bulk graphene”) is a semi-metal with a vanishing
band gap, which is a major drawback, e.g. for the use in graphene transistors
which have been built but possess only insufficient on—off ratios [4, 5].

Nevertheless, by modifying the structure of graphene, a band gap of techno-
logically relevant size can be introduced, at the cost of charge carrier mobility,
by applying mechanical strain along the sheet [44, 45, 46], using a bilayer of
graphene [47, 48, 6] or by charge carrier confinement in quasi-one-dimensional
graphene nanoribbons (GNR). The latter concept has the additional advantage
that it inherently addresses the need for lateral size constrictions of a graphene
structure in a nanotechnological device.

Unlike carbon nanotubes (CNT), GNR are flat graphene structures with
widths on the nanometer scale but, similar to CNT, the electronic structure
of GNR is highly dependent on their geometry and chemical composition: the
one-dimensional band structure of a GNR depends critically on its chirality
(armchair, zigzag or intermediate edge shapes) [49, 50] and the size of the band
gap depends inversely on the GNR width [51, 52, 53, 54, 55, 56, 57]. Along
edges with zigzag character, a spin-polarized edge state is found which can be
thought of as a one-dimensional surface state of the two-dimensional ribbon
[58, 59, 60, 61, 62, 63]. By doping GNR, e.g. with N or B atoms, a shifting of
the band structure with respect to the chemical potential of the environment
can be observed [64, 65, 66], similar to bulk graphene [67, 68]. However, in past
experimental studies, precise control over dopant concentration and location
has been challenging, which is unfortunate because the effect of doping is sig-
nificantly influenced by these parameters. Variation of GNR width, chirality
and doping thus provide complementary approaches for tailoring their elec-
tronic structure. GNR FETs have already been made and show significantly
higher on—off ratios compared with devices using bulk graphene [69, 56].

Despite these intriguing electronic properties, synthesis of structurally pre-
cise GNR remains challenging using lithography [70, 53], longitudinal unzip-
ping of CNTs [71, 72, 73] or other top-down concepts [56]. While some top-
down procedures allow design of arbitrary graphene nanostructures and devices
on a length scale of tens of nanometers, they lack the necessary atomic precision
on the sub-nanometer scale which is necessary to guarantee well-defined edge
shapes, sufficiently low defect concentrations or GNR widths of a few nanome-
ters. However, a high degree of geometrical precision is very important in order
to employ GNR, e.g. in transistor devices, because of the critical dependence of
the electronic properties of the GNR on their geometrical shape. Due to these
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shortcomings we will follow a fundamentally different bottom-up approach to
GNR synthesis in this thesis, namely self-assembly of surface-bound molecular
precursors [74, 34]. Specifically, the precursors are halogen-substituted and
the halogen (in our case Br) can be thermally dissociated leading to radical
species which subsequently couple covalently [35, 12, 75, 76]. This concept has
been successfully applied for GNR fabrication on noble metal surfaces [77, 78].

The objective of the present thesis, with regard to GNR, is to investi-
gate the electronic properties of the different stages of the thermally-induced
on-surface synthesis reaction, i.e. the adsorbed precursor molecules, an inter-
mediate, not fully conjugated polymer and finally the GNR. To that end we
use two-photon photoemission (2PPE), which allows spectroscopy of occupied
as well as unoccupied electronic states. We observe the formation of a one-
dimensional band structure both for the intermediate polymer and the GNR.
However, the electronic system of the fully aromatic GNR is fundamentally
different from the polymer and as a consequence, the band gap is only half
as large and the end of the finite GNR exhibit peculiar, localized electronic
states. Furthermore we use temperature-programmed desorption to study the
thermal synthesis reaction in detail, particularly the reaction pathway of the
Br substituents after dissociation which desorb associatively as HBr during the
final step of the reaction. Furthermore, in order to explore a possible photo-
induced pathway for GNR synthesis, we investigate the effect of UV light and
observe an on-surface covalent coupling reaction of the molecular precursors
which is initiated by an electronic excitation in the substrate followed by charge
transfer into unoccupied electronic states of the adsorbate. Additionally, the
effect of nitrogen doping is studied by precursor substitution which results in
n-doping of the GNR. While the size of the band gap remains unaffected, the
alignment of the electronic structure of the GNR with respect to the Fermi
level of the underlying substrate can be altered by the doping.

As outlined above, graphene structures, which we have discussed above,
are only one approach to the development of novel nanomaterials. In contrast,
other strategies are e.g. single molecules equipped with functional groups or
complex supramolecular structures consisting of different molecular building
blocks. In the research on such molecular materials, focus currently lies on
prototypical systems which comprise distinct functions. One prominent exam-
ple are molecular switches, molecules with two or more (meta-)stable states,
all of which typically have different conformations. The different molecular
states have distinct physical or chemical properties that allow to determine
the state of the molecule and furthermore typically constitute the technologi-
cal interest in the specific compound, e.g. conductivity, hydrophobicity, dipole
moment or color (i.e. fluorescence wavelength). Additionally, interconversion
channels exist between the molecular states which allow external manipulation
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and arbitrary changes of the above characteristics [79, 23, 24, 25].

There is a large variety of changes which molecular switches can undergo
and by which they are categorized: the most studied are conformational
switches which e.g. perform trans—cis isomerization reactions, like azoben-
zene [80, 81|, or ring-opening/-closing reactions, like spiropyran [82, 83, 84];
diarylethenes mainly change their electronic structure and thereby also their
conductivity [85, 86], and metal-phthalocyanines [87, 88] as well as metal-
porphyrins [89, 90] can be converted between different spin states. The exter-
nal stimuli can be equally diverse: light of different wavelengths [80, 82], heat
[91, 92], electric fields [93], inelastically tunneling electrons [94, 95], or exposure
to particular chemical environments [90] can be used for manipulation.

Motivation for the work with molecular switches arises both from tech-
nological interests as well as questions of fundamental research. Switching
units have been used to give function to more complex molecules into which
they have been incorporated [96, 27], they are thought of as elements of nano-
electric switches in molecular circuity [97, 98, 99] and have been used as a key
unit in self-assembled monolayers (SAMs) which constitute functional surfaces
[30, 32]. For example, surfaces functionalized with SAMs have been used to
induce lateral motion of adsorbed macroscopic droplets [29] or to modulate
the adhesion of biological cells [31]. Furthermore, the bistability of certain
molecular switches makes them attractive for optical data storage applica-
tions [14, 17, 18, 100] and the changing molecular conformation upon external
stimuli is interesting for sensor applications. The latter is also motivated by
the human perception of light, which is triggered by a cis—trans isomeriza-
tion of a chromophore in rhodopsin [101, 102, 103]. Molecular switches are
also of considerable interest for the development of dispersion corrections to
density functional theory which take into account van der Waals interactions
[104, 105, 106].

Since external manipulation with light is the most suitable stimulus in
many situations, the majority of the most-studied systems are photochromic
molecular switches. Among them, azobenzene is a particularly prominent ex-
ample and at the same time constitutes one of the most simple molecular
switches. Azobenzene can be interconverted between the energetically favored
trans isomer and the metastable cis form by light absorption. Following the
corresponding intramolecular electronic excitation, azobenzene relaxes on the
potential energy surface (PES) of an excited molecular state, transcending the
energetic barrier between the two isomers in the electronic ground state. This
barrier can also be overcome thermally in a cis—trans back-reaction along the
PES of the ground state [80, 107, 81, 108, 109].

In most scenarios for a technical implementation of molecular switches, they
will be required to maintain their functionality in a condensed state, i.e. in a
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three-dimensional matrix or confined to two-dimensional surfaces or interfaces.
Molecular switches adsorbed directly on (especially metal) surfaces are often
found to lose the functionality they possess in solution [110, 111, 112, 113, 114,
115]. In a few cases, the switching ability is conserved in the adsorbed state
but the excitation mechanism that induces the conformational change usually
differs from the one in the free molecule [116, 117, 118, 119]. Whether or
not adsorption leads to a quenching of the molecular functionality depends on
different aspects of the molecule—substrate interaction, i.e. steric hindrance due
to the presence of the substrate, electronic coupling of the molecular orbitals
and the substrate bands which may result in efficient de-excitation channels
and thus reduced lifetimes of excited molecular states or a modified potential
energy surface which can lead to a loss of bistability [120]. In higher adsorbate
layers, i.e. in the multilayer regime, conservation of the switching ability is
much more common due to the increased decoupling from the substrate [113,
121, 122, 123] and photoisomerization has even been observed in bulk materials
[124, 125].

In order to conserve the switching properties at surfaces or to increase
the efficiency of the processes, different approaches have been developed to
decouple molecular switches from the substrate, namely separating the pho-
tochromic unit from the surface by long linker groups in self-assembled mono-
layers [126, 127, 128, 129], using thin isolating layers [130, 131, 132] or bulky
side-groups attached to the functional molecules [133, 134, 135, 136, 137]. An
alternative strategy to achieve functional adsorbed molecular switches with
high efficiency is to explicitly take the adsorbate—substrate interaction into
account which naturally requires substantial insight into the electronic and
geometrical aspects of this interaction. However, since the substrate can offer
excitation channels unavailable to the isolated molecule [138, 139, 140], these
interactions can be beneficial. We will pursue this strategy in the present thesis
by choosing a semi-metallic substrate and a specific azobenzene derivative, di-
meta-cyano-azobenzene (DMC), the properties of which, respectively, interact
to foster photoisomerization.

In the present thesis, we are interested in the photoisomerization ability
of DMC on the Bi(111) surface. We use photoemission techniques to char-
acterize photo-induced changes of DMC in the first and higher layers which
are identified as photoisomerization reactions. Using direct photoemission and
2PPE, the electronic structure of the adsorbate-substrate system is studied
and we find that the photoisomerization reactions in both coverage regimes
are initiated by electronic excitations in the substrate bands and subsequent
creation of an anionic resonance of DMC. In light of the reversibility of the iso-
merization reaction of azobenzene in solution, we then attempted to use light
and thermal activation to bring the system back into its trans-state. While
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the cis-isomers prove too stable to perform such a back-reaction, we observe
a different, thermally induced reaction which we ascribe to the rotation of a
phenyl ring in the cis-isomer around a o-bond.

The two concepts followed in the framework of this thesis, photoisomer-
ization of adsorbed molecular switches as well as surface-bound covalent as-
sembly of GNR are based on the external manipulation of 7-conjugated or-
ganic molecules adsorbed directly on (semi-)metal surfaces. The correspond-
ing adsorbate-substrate bond is governed by van der Waals interaction, i.e.
physisorption, in both cases and the molecular arrangement is determined by
(covalent or non-covalent) self-assembly in a bottom-up fashion. Both concepts
also share common problems with regard to application in nanotechnological
devices: unlike the semiconducting substrates typically found in current de-
vices, we use metallic and semi-metallic substrates which would of course lead
to short-circuits. On the mesoscopic scale, the self-assembly of the adsorbate
molecules occurs uniformly on the entire surface and there are no means of
writing arbitrary structures, as in lithography, which would however be desir-
able for the development of devices. The organic molecules are furthermore
not as thermally stable as bulk semiconductor materials and more sensitive to
photodegradation, particularly induced by UV light.

The layout of this thesis is as follows. We will introduce the main exper-
imental technique, two-photon photoemission, along with the details of the
used setup as well as sample preparation and characterization in chapter 2.
Chapter 3 will first give an introduction to the electronic structure of GNR in
general followed by an overview over previously conducted studies on the sys-
tems investigated here. In section 3.2, we will discuss a bottom-up fabricated
armchair GNR (AGNR) with respect to (i) the structure of the corresponding
monomers, (ii) its thermally induced two-step synthesis which we follow using
temperature-programmed desorption (TPD), (iii) the electronic structure of
the intermediate polyanthrylene in comparison to (iv) the final reaction prod-
uct, the AGNR, and finally (v) a photo-induced reaction as an alternative
pathway for covalent coupling of the molecular precursors. Section 3.3 will
cover another, chevron-shaped bottom-up synthesized GNR (CGNR) and the
effects of precursor nitrogen doping on (i) its band gap alignment with respect
to the Fermi level and (ii) its image potential state (IPS). Chapter 4 will first
give a short introduction to the isomerization of azobenzene, an overview over
previous work on the azobenzene derivative used in the present thesis and
the excitation mechanisms at substrate—adsorbate interfaces. Section 4.1 will
cover photoisomerization reactions in (i) the first monolayer and (ii) higher
layers, followed by (iii) the discussion of a thermally induced reaction of the
c1S 1somers.
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Chapter 2

Experimental Methods and
Setup

2.1 Two-Photon Photoemission (2PPE)

(a) (b) | 2Ahv
Ekin /_ * ...... O *1Ahv OAhV
hv, E TOF .. O
4% N ¥ ¥
Evac 7
hv
1 unoccupied
state
\%‘ hv hv+Ahv
E
] 4) occupied é ! J) J)
state
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Figure 2.1: (a) Schematic depiction of 2C-2PPE from an adsorbate-covered metal. The
pump pulse (hvy) excites an electron to an unoccupied intermediate state. The probe pulse
(hvg) photoemits the electron which is detected in a time-of-flight spectrometer. Adapted
from ref. [141]. (b) Assignment of 1C-2PPE spectral features to occupied, unoccupied or
final electronic states by variation of the photon energy huv.

In order to study surface-bound molecules with respect to their electronic
structure, we mainly employ two-photon photoemission (2PPE) which is a
pump-probe technique able to probe the occupied and unoccupied electronic
states of the adsorbate—substrate system. 2PPE has proven to be a valuable
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technique for the investigation of the electronic structure of surfaces and ad-
sorbates [142, 143, 144, 145, 146]. Like conventional photoemission it is a
surface-sensitive method due to the low mean free path of electrons at the
respective energies. In 2PPE, electrons are photo-emitted from the sample in
a two-step process by two laser pulses with equal (one-color 2PPE, 1C-2PPE)
or different (two-color 2PPE, 2C-2PPE) photon energies hvy and hry. The
photon energies are smaller than the work function ® in order to avoid direct
photoemission processes. A photon of the first pulse, the pump pulse, excites
an electron from an occupied electronic state below the Fermi energy Er to an
unoccupied intermediate state which lies below the vacuum level Fy,. = Er+®
of the sample (see Fig. 2.1a). Both the occupied, initial state and the unoc-
cupied, intermediate state may arise from electronic states of the substrate
(e.g. bands, surface states and resonances), molecule-induced electronic states
(e.g. molecular orbitals, possibly hybridized with substrate states) or elec-
tronic states associated with an interface (e.g. image potential states). The
second pulse, the probe pulse, excites the electron above the vacuum level of
the sample into a final state with energy FEpi,. which propagates toward the
detector, in this case a time-of-flight (TOF') spectrometer (see sect. 2.2). Note,
that this two-step process is generally one quantum mechanical excitation pro-
cess, rather than two time-separated excitations (unless the pulses are delayed
with respect to each other, see below). Consequently, it can also occur via a
virtual intermediate state, i.e. even when there is a vanishing density of states
(DOS) at the intermediate energetic position.

Due to the different origins that a peak in a 2PPE spectrum might have,
the spectra are usually displayed versus the final state energy, referenced to
the Fermi level, which is essentially the kinetic energy FEi;, added to the work
function of the sample, Epjna — Er = FEyxn + . One advantage of this energy
axis is that the work function can be read from the spectra’s low energy cut-off
(the secondary edge). Furthermore, the binding energies of the corresponding
occupied (unoccupied) electronic states can be obtained by subtraction of both
photon energies (the probe photon energy). Variation of the photon energies
allows an assignment of a spectral feature to an occupied or an unoccupied
electronic state. This is schematically depicted in Fig. 2.1b for the case of 1C-
2PPE with a photon energy hv. Upon variation of the photon energy by Ahv,
the final state energy of a feature which arises from an occupied state shifts
by 2Ahv because the corresponding state is probed with two photons. This is
different, when a peak in the spectrum originates from an unoccupied electronic
state, where the peak shift amounts to 1Ahr. Another possibility is that a
spectral feature is due to a final state which lies above the vacuum level and
which is characterized by a vanishing peak shift upon photon energy variation.
It is straight forward to transfer this assignment scheme to 2C-2PPE if there is
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a fixed relation between the two photon energies, e.g. hvy = 2hvy, as is usually
the case in our setup. It is important to note that the aforementioned scheme
is generally not applicable to electronic states which disperse perpendicular
to the surface, most notably bulk bands, because the energy of these states
(bands) itself varies with photon energy due to the dispersion as different points
in the Brillouin zone are probed.

Another major advantage of 2PPE is the ability to investigate the charge
carrier dynamics of a given system on the timescale of the laser pulses, thus typ-
ically on the femtosecond timescale, on which electronic relaxation processes
take place as well. In such a time-resolved 2PPE (TR-2PPE) experiment, the
probe pulse is delayed with respect to the pump pulse by increasing the length
of its beam path accordingly. The transient population of an unoccupied elec-
tronic state N(t) is implicitly contained in the time-resolved 2PPE intensity
of a spectral feature, the cross-correlation (XC). However, the XC is a convo-
lution of the population N (t) with the temporal shapes of the two laser pulses
I(t), usually assumed to be of Gaussian or sech® shape. The convolution of
the two laser pulses alone, i.e. in case of a virtual intermediate state, gives the
auto-correlation function (AC).

XC(t) = (ACxN)( (]1*IQ*N)( ) (2.1)
— / / Ii(x — ) I(t — y)dzdy (2.2)

Whereas N (t) may be as simple as an exponential decay function in case of de-
excitation of an unoccupied state via a single decay channel, the population
dynamics may be more complicated when additional population and decay
channels have to be taken into account. The convolution may be replaced by
N(t) alone when the duration of the laser pulses is negligible compared to the
timescale of population dynamics.

In analogy to angle-resolved direct photoemission, angle-resolved 2PPE
(AR-2PPE) experiments give information about the dispersion of electronic
states parallel to the surface and hence about the degree of charge carrier
delocalization. In our experiments, we rotate the sample in front of the electron
spectrometer such that electrons emitted under a different angle ¥ with respect
to the surface normal and thus a parallel momentum of

V2me B
% sin o (2.3)

ky =
are detected. Unlike the parallel momentum, the momentum component per-
pendicular to the surface is not conserved in the photoemission process due
to the potential discontinuity at the surface. In many cases, such as surface
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states or image potential states, the dispersion can be approximated by the
parabolic dispersion relation of a free charge carrier with an effective mass m*,

m—” (2.4)

When the photon energy exceeds the work function of the sample, direct
photoemission is observed which is much more efficient than 2PPE. Our laser
system provides photon energies up to 6.2 eV (see sect. 2.2) and we can thus
use it to conduct ultraviolet photoemission spectroscopy (UPS) on most sam-
ples. On the other hand, when the photon energy is lower than half the work
function, hv < %@, and 2PPE is not energetically possible, an analogous ex-
citation process involving three photons, three-photon photoemission (3PPE),
can be observed which usually gives a relatively weak signal but allows e.g.
the determination of the work function which is important for the experiments
conducted in this thesis.

2.2 Experimental Setup

Photoemission experiments were conducted in a setup which can roughly be
divided into an ultrahigh vacuum (UHV) chamber and a laser system for gen-
eration of the ultrashort laser pulses. Both parts have not been modified sig-
nificantly for the experiments conducted in this thesis and their present state
has been described very well and in great details elsewhere [148, 116, 149, 150,
147, 114, 141].

The UHV chamber depicted in Fig. 2.2 contains two levels, subdividing
the chamber into a preparation and an analysis part (within a single chamber).
The single crystal sample is mounted on a flow cryostat with its axis perpen-
dicular to the two levels and is equipped with resistive heating. Therefore,
and in combination with a temperature controller (LakeShore 340), precise
temperature control with an accuracy of less than 1 K can be achieved from
around 40 K when cooled with liquid helium to more than 800 K. In order
to facilitate exchange of the single crystals without having to break the vac-
uum, a part of the sample holder can be removed from the cryostat using an
in-situ screwdriver and subsequently be transferred with a transfer rod to a
sample storage unit or into a load-lock which allows quick removal (insertion)
of samples from (into) the UHV system.

For preparation of the single crystal substrates, the upper level contains a
sputter gun (Specs IQE 11-A) for ion bombardment of the sample with Ar*
with a beam energy of 1.5 keV in case of Au(111) and 0.9 keV for Bi(111),
respectively, under an incidence angle of 45°. After sputtering, the crystal was
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Figure 2.2: Ultrahigh vacuum chamber used in the photoemission experiments. The upper
level is equipped with facilities for single crystal preparation (sputter gun), deposition of ad-
sorbates (Knudsen cell evaporator) and characterization with a quadruple mass spectrometer
(QMS). Sample transfer into a separable sample garage or a load-lock can be achieved with
a transfer rod. The lower level contains the time-of-flight (TOF) spectrometer and facilities
for LEED in an environment shielded from stray magnetic and electric fields. Adapted from
ref. [147].

annealed at 800 K (Au) or 410 K (Bi), respectively. Thin adsorbate films were
produced by evaporating solid materials from a Knudsen cell evaporator (Ken-
tax TCE-BSC) at varying temperatures according to Tab. 2.1. The adsorbed
films were characterized with a quadrupole mass spectrometer (QMS) with
respect to adsorbate composition (fragmentation pattern) and layer thickness
as described in the specific chapters. The mass range of our QMS (Balzers
QMG 1124) allows measurement from 1 to 200 amu.

Photoelectron spectroscopy was performed using the time-of-flight (TOF)
spectrometer in the analysis level. The length of the drift tube is 210 mm
and the acceptance angle is 6°. The laser pulses were coupled into the UHV
chamber through a MgF, viewport and are incident on the surface with an
angle of 45°. The diameter of the laser beams is on the order of tens of
pm, therefore spatial overlap of the beams has to be established with a CCD
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Compound Label Tp [°C]
10,10’-dibromo-9,9’-bianthryl DBBA/AGNR 197
6,11-dibromo-1,2,3,4-tetraphenyl-triphenylene CGNR 137
CGNR (singly N-doped) N-CGNR 197
CGNR (doubly N-doped) 2N-CGNR 177
di-meta-cyano-azobenzene DMC 107

Table 2.1: Evaporation temperatures Tp of the compounds presented in this work. DBBA
was obtained from Synthon Chemicals GmbH & Co. KG. The other compounds were ob-
tained from collaborators as specified in the respective sections of this thesis.

camera positioned outside the chamber at a position equivalent to the sample.
To that end, the beams are deflected with a mirror immediately before the
viewport. Temporal overlap of the two beams is achieved by scanning the
pump-probe delay with a reflector on a precision linear stage and observing a
sharp increase in 2PPE signal intensity when both pulses overlap temporally.
The signal increase is due to the correlated 2C-2PPE signal.

In order to conduct 2PPE experiments, ultrashort laser pulses with pulse
durations of around 50 fs are necessary. Such short laser pulses can be produced
in a Ti:Sapphire oscillator (Coherent Mira 900B) which is pumped with a
Nd:YAG laser at 532 nm (Coherent Verdi V18). The emission wavelength
can be tuned to a certain degree but was centered around 800 nm in the
experiments presented in this work. Since the duration of the pulses is limited
by their bandwidth due to the uncertainty principle, a high spectral width is
desirable and lies around 30 nm in our setup. A schematic overview of the
laser system is shown in Fig. 2.3.

The aforementioned pulses are amplified in a regenerative amplifier (Coher-
ent RegA 9050) which is pumped from the same Nd:YAG laser and which con-
verts the output of the Ti:Sapphire oscillator with a repetition rate of 80 MHz
and pulse energies on the order of nJ into more intense pulses with energies
in the pJ range. Essentially, this is realized by integrating several less intense
pulses which reduces the repetition rate to 300 kHz. In order to avoid damaging
certain components within the regenerative amplifier, the pulses are tempo-
rally stretched before entering the device. In order to regain the necessary
temporal resolution, they are compressed again after amplification.

The resulting infrared (IR) pulses (A = 800 nm, hr = 1.55 V) can directly
be used for experiments, or frequency-doubled using S-barium-borate (BBO)
crystals. Frequency-doubling the fundamental IR beam twice yields UV light of
a photon energy of 6.2 eV which we use for direct photoemission experiments.
Since a broader spectral range is desirable and since the ability to vary the
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Figure 2.3: Laser setup used for direct photoemission and 2PPE experiments. Infrared
pulses are generated in a Ti:Sapphire oscillator and amplified in a regenerative amplifier.
Both devices are pumped with a Nd:YAG laser. The resulting intense pulses are used to
drive an OPA or immediately for measurements. The OPA converts the pulses into the
visible spectrum and provides another source for the second harmonic. All these beams can
be frequency-doubled using BBO crystals. Doubling the fundamental infrared beam twice
provides 6.2 eV beams for direct photoemission experiments.

photon energy is often necessary to assign features to occupied or unoccupied
electronic states, respectively, the intense IR pulses are also used to pump an
optical parametric amplifier (OPA, Coherent OPA9450) which converts them
into pulses of tunable wavelength in the visible regime. Additionally, the OPA
provides another source for the second harmonic of the IR fundamental. The
visible pulses can be converted into the UV range by another BBO. Most
1C-2PPE experiments are conducted using these UV pulses, while 2C-2PPE
usually involves a combination of UV and visible or UV and second harmonic
pulses, respectively. With the different beams described above, most of the
spectral range from 1.5 to 6.2 €V is covered by our laser system.

As the temporal width of the laser pulses increases in many optical compo-
nents such as lenses, prisms, etc., they have to be compressed again in order to
maintain the necessary intensity and time-resolution. This is achieved using
prism compressors [151] which consist of two prisms and exhibit a negative dis-
persion due to a combination of their geometric alignment and the dispersion
within the prism material.

Depending on the requirements by the particular measurement, the laser
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pulses used for photoemission or 2PPE experiments are characterized with
respect to their wavelength, spot profile, duration and intensity. Unless other-
wise noted, they are p-polarized when incident on the substrate in front of the
TOF analyzer. In order to quantify light-induced reactions by a cross section,
work function changes have been analyzed as a function of the photon dose d.

PmW] x ¢[min]

d[cm™2] = 47. 10%4
[em™*] = 47.686 x 10 hleV] % D2[m?]

(2.5)

P denotes the time-averaged power of the laser beam, t is the illumination time
and D is the laser spot diameter. The spatial profile of the laser spot was fitted
with a two-dimensional Gaussian fit function yielding an averaged spot diam-
eter. In the illumination experiments, fluence and pulse energy varied from
measurement to measurement but were always on the order of 10'%*! cm=2s7!
(fluence) and 1072*! mJem™2 (pulse energy), respectively. Depending on the
efficiency of the light-induced processes, some illumination measurements were
carried out by applying a constant photon flux and continuous acquisition of
photoemission spectra while in other experiments, cycles of measuring (at lower

fluence) and illumination (at higher fluence) were repeated multiple times.



Chapter 3

Thermally Synthesized
Graphene Nanoribbons and

Light-Induced Coupling of the
Precursors on Au(111)

In this first part of the present thesis we will discuss the electronic structure
of the species that occur in the individual reaction steps of thermal two-step
reactions leading to the synthesis of GNR. Additionally, we will investigate a
photochemical coupling of the precursor molecules, and the effect of precursor
doping with nitrogen. Before discussing the results of our experiments, we will
review the band structure of GNR in general as well as the preceding studies
on the systems investigated here. We then turn to the results of this work.
Sect. 3.2 covers the synthesis and properties of straight armchair GNR with a
width of seven carbon atoms while the effect of doping on the band gap and on
the position of the image potential state of a chevron-type GNR is discussed
in sect. 3.3.

3.1 Background: Band Structure and On-Sur-
face Synthesis of Graphene Nanoribbons

As already mentioned in the introduction, GNR are one of the possible strate-
gies to introduce a band gap to graphene structures. Additionally, the fact
that this is achieved by confinement of the charge carriers by drastically re-
ducing the size of a graphene sheet in one dimension inherently addresses the
fact that nanotechnological devices only allow for a limited spatial extent of
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their components—a requirement which can not be met by bulk graphene.
Furthermore, the electronic properties of GNR can be influenced by choosing
their geometrical shape, i.e. width and chirality, as well as the incorporation of
dopant atoms. The perspective of being able to tailor the electronic structure
of GNR in the fabrication process makes them very attractive for the use in
nanotechnology.

The synthesis of GNR so far has been relying greatly on top-down methods
in which GNR have been derived either from graphene or carbon nanotubes.
While these methods allow for the fabrication of a great variety of GNR struc-
tures and lithography provides the ability to compose arbitrary mesoscopic
structures, which is an important prerequisite for applications, they lack the
necessary precision on the sub-nanometer scale, i.e. atomic precision. Conse-
quently, the resulting GNR suffer from a relatively high defect concentration,
large widths reflected in small band gaps and limited quality of the edges which
however is crucial for the electronic structure. As we will see in sect. 3.1.2, a
change of perspective offers an alternative: instead of isolating GNR from su-
perordinate structures, bottom-up synthesis from smaller units, i.e. molecules,
provides a solution for all of the above issues.

3.1.1 Band Structure of Graphene Nanoribbons

(a) (b)  armchair zigzag

armchair

Figure 3.1: (a) Calculated valence and conduction band of graphene. Both bands overlap
only at the K- and K’-points of the hexagonal Brillouin zone, forming Dirac cones with
linear dispersion. Red arrows indicate the crystallographic directions of armchair and zigzag
nanoribbons, respectively. Adapted from ref. [43]. (b) Calculated one-dimensional band
structures for an N = 6 armchair and an N = 6 zigzag nanoribbon, respectively. The wave
number k is normalized to the lattice vector. The nomenclature for the width is illustrated
using the depictions of the two GNR. Adapted from ref. [49].
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The most interesting properties of graphene are related to its electronic
structure, specifically its valence (VB) and conduction bands (CB). Fig. 3.1a
depicts the dispersion of both bands in the hexagonal Brillouin zone. The
bands are energetically separated most at the central I'-point and overlap only
in six points, the K- and K’-points at the corners of the Brillouin zone. In the
vicinity of these points the VB and CB form a Dirac cone which is character-
ized by a linear dispersion relation EF = hvpk, where vg is the Fermi velocity
which in graphene amounts to a relatively large value of 1 x 10¢ ms™! [43]. In
this regime and in the limit of a vanishing charge carrier concentration, the
electrons and holes behave like massless Dirac particles [41].

A GNR can be thought of as a long strip cut out of a graphene sheet.
Considering that there are different crystallographic directions, along which
the GNR can be cut out, there are different types of GNR which are most in-
tuitively characterized by their edges. The orientation of the GNR axis within
the fictitious graphene sheet is referred to as ‘chirality’. Fig. 3.1b depicts
two prominent types of GNR: armchair and zigzag GNR. The nomenclature
is analogous to the one for carbon nanotubes. Together with the width w and
the length, these categories fully characterize the system. The width is often
denoted in terms of the number of carbon atom rows N counted perpendicular
to the ribbon axis, as indicated in Fig. 3.1b.

The behavior of the charge carriers in quasi-one-dimensional GNR are
usually described by a one-dimensional band structure. In most theoretical
studies, the GNR are assumed to be infinitely long. Under this condition,
calculations can be performed quite efficiently due to the periodic boundary
conditions and the small unit cell. The opening of a band gap, in contrast
to bulk graphene, is one of the main reasons for the technological interest in
GNR. While modern calculations give quantitatively more accurate results,
the basic properties of the band structure of GNR can be understood if we ap-
proximate it as a projection of the valence and conduction bands of graphene
along the direction which is associated with the chirality of the GNR [49]. The
red arrows in Fig. 3.1a indicate these two directions for armchair and zigzag
GNR. For armchair GNR, the mere projection gives a one-dimensional band
structure with a Dirac cone at the I'-point whereas the one-dimensional band
structure for the zigzag GNR results in a large gap at the I'-point and a Dirac
cone in the outer region of the Brillouin zone.

Fig. 3.1b depicts calculated band structures for an armchair and a zigzag
GNR, respectively, each with a width of N = 6 [49]. While these tight-binding
calculations from 1996 are outdated, they nicely illustrate the band structure
qualitatively. In contrast to a simple projection of the graphene band structure,
we find a direct band gap at the ['-point of the armchair GNR. The opening
of this gap is due to the lateral quantum confinement of the charge carriers
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perpendicular to the GNR axis. Along with the opening of the band gap comes
a non-vanishing mass of the charge carriers, which, thinking of technological
applications, is the ‘cost’ of the band gap. In the zigzag GNR, a pair of
metallic states is found instead of a Dirac cone. Note, that these states are
not a 'washed-out’ Dirac cone but that they are exclusively found in GNR and
are localized at the edges of the zigzag ribbon which is why they are referred
to as edge states [49, 58, 59].

T
\
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Figure 3.2: Edge states associated with zigzag edges. (a) Spin-resolved calculated band
structure of a zigzag GNR (N=17) without external electric field. The wave number is
normalized by the lattice vector. The calculations were performed with DFT using LSDA.
(b) Analogous calculation with an external electric field of 0.1 A applied perpendicular
to and in the plane of the GNR. The red and blue line represent states with different spin
configuration. The inset shows a magnification in the range of 50 meV around Er (horizontal
line) and 0.7 < ka < 7. Both (a) and (b) were adapted from ref. [59]. (¢) Characterization
of chiral GNR using the chiral vector T. Adapted from ref. [50]. (d) STM image of a chiral
(8,1) edge with a width of 19.5 nm (Vs = 0.3 V, I, = 60 pA). (e) Structural model for the
GNR shown in (d). (f) dI/dV spectra measured at locations represented by black dots in
(d). The inset shows a measurement with higher resolution on the edge of a (5,2) GNR with
15.6 nm width. Figures (d-f) were adapted from ref. [62].

As revealed by more recent calculations [59] using DFT and the local spin
density approximation (LSDA) which allows spin-resolved calculations, edge
states are not metallic but there is a small gap between the two edge states,
which is shown in Fig. 3.2a. Nevertheless, the bands are degenerate with
respect to the two spin states. This degeneracy is lifted in the presence of
external electric fields which are applied perpendicular to the axis and in the
plane of the GNR (see Fig. 3.2b). In this case, both edge states of one spin
configuration become metallic while the two counterparts with opposite spin
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Figure 3.3: (a) Atomically resolved

~ LT STM image of the edge of a (2,1) chi-
ral edge (Vs = —0.97 V, I; = 50 pA).

Adopted from ref. [63]. (b) Simulated

S STM image for the same edge as in (a)
\\.\:~'~ ‘ from first principles using the Tersoff—

Hamann approximation and the same
bias as in the experiment. Adopted from
ref. [63].

become more insulating. The same degeneracy lifting is predicted for zigzag
GNR in contact with a ferroelectric polymer [61].

Besides the two GNR types described above, armchair and zigzag, there
are others with a continuous variation of the chirality which are consequently
referred to as chiral GNR. The edges of chiral GNR posses a mixed, partly
armchair, partly zigzag character which is also reflected in their electronic
structure. For characterization of such systems, the chiral vector T = +ga+b
is used following the classification by Ezawa [50], which is illustrated in Fig.
3.2c. a and b denote the lattice vectors of graphene and ¢ is one of the
two scalar parameters used to label the chiral GNR. While the chiral vector
describes the orientation of the GNR axis within a fictitious graphene sheet,
a second parameter describing the width of the GNR is necessary in order to
fully characterize the system. The second parameter p = m — ¢ is related to
the width via m, which is the number of adjacent phenyl rings along the zigzag
direction (see Fig. 3.2c). The chirality is denoted as (p,q).

The above described edge states have also been observed experimentally.
Fig. 3.2d shows a topographic STM image of a chiral (8,1) GNR’s edge with
atomic resolution. The edge is dominated by a curvature of the ribbon with
an extension of 3 A above the mid-GNR plateau [62]. Fig. 3.2e shows the cor-
responding structure model. Scanning tunneling spectroscopy (STS) reveals
two electronic states close to the Fermi level which are observed only near the
chiral GNR edge (see Fig. 3.2f). Despite the fact that this particular GNR is
not a perfect zigzag GNR, its zigzag character is quite pronounced. In con-
trast, the (2,1) GNR shown in Fig. 3.3 possesses an edge with a more balanced
armchair /zigzag characteristic. As revealed in STM and first-principles calcu-
lations, an edge state is observed even in this case but it is located only at
the zigzag intervals of the edge. As we will see later on in this thesis in line
with other experiments as well as calculations, edge states are also observed
at the short edges of finite armchair GNR, i.e. at their zigzag-shaped ends
[13, 152, 153, 60].

We have already observed that unlike graphene, both armchair and zigzag
GNR possess a band gap but so far haven’t addressed its magnitude. Numer-



38 CHAPTER 3. GRAPHENE NANORIBBONS

F T T T T
(a) 25 B armchair
20 18 N=3n ®
0_15 e N=7 N=3n+1 B 7
10 N=3n+2 A

2 3
w [nm]

. . . 0 30 60 90
zigzag w [nm]

w [nm]

Figure 3.4: (a,b) Tight-binding calculations of the band gap for chiral GNR. The chiral
GNR are characterized by two parameters p and ¢ which are explained in the text. Adopted
from ref. [50]. (c¢) Calculated width dependence of the band gap A for armchair GNR using
DFT with LSDA. Each trace corresponds to one width category. The N = 7 armchair GNR,
which will be studied in this thesis is highlighted. Adopted from ref. [52]. (d) Calculated
band gaps for zigzag GNR with varying width using DFT and LSDA. Adopted from ref. [52].
(e) Measurement of the width-dependent band gap of six different sets of lithographically
fabricated GNR categorized into device types P1 through P4, D1 and D2. Adopted from
ref. [53].

ous studies have dealt with the size of GNR band gaps, both experimentally
and theoretically [51, 52, 53, 54, 55, 56, 57]. Generally, the band gap A is
reduced with increasing GNR width w, independent of chirality, as shown in
Fig. 3.4a,b. Tight-binding calculations show the behavior of the gap nicely for
a large variety of chiral GNRs but they suffer from a shortcoming of the tight-
binding approach, namely that some armchair GNR (for every N = 3p + 2,
with p a natural number) are predicted to be metallic, contrary to more re-
cent results and experiments [52]. The band gap of zigzag GNRs is generally
smaller than that of armchair GNR. As shown in Fig. 3.4c, the band gap of
armchair GNR varies periodically with varying width, additionally to the gen-
eral inverse width-dependence [52] and armchair GNR can thus be classified
into three categories where each category is comprised of the GNR with widths
N that differ by an integer multiple of three. The band gap of the armchair
GNR shown here is generally on the order of electronvolts which characterizes
them as semiconducting. An analogous calculation performed for zigzag GNR
shows qualitatively the same trend, except for very small GNR widths where
the gap is reduced with decreasing width (see Fig. 3.4d) [52]. Experimen-
tally, the inverse relation between band gap and width has been confirmed by
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Figure 3.5: Nitrogen doping. Incor-
poration of nitrogen in graphene struc-
tures can occur at three different sites
Ny, Ny and N3. The principle effect
on the electronic structure of graphene
is the release of the additional electron
into the conduction band. Adapted
from ref. [66].

conductance measurements [53] and STS [62]. Fig. 3.4e shows the result of
conductance measurements on lithographically fabricated GNR with varying
width and chirality. In agreement with theory, an inverse relation between
band gap and width is found. This behavior seems to be independent of the
chirality which the authors ascribe to imperfect edges which are due to the
fabrication process employed [53].

Thinking of the implementation of GNR in nanotechnological devices, the
observed influence of the GNR geometry on the band structure allows, in
principle, to deliberately design a GNR with regard to its electronic properties.
We have seen that the size of the gap can be influenced by varying the GNR
width. In a device, the electronic structure of the environment has to be taken
into account as well and a way to arbitrarily align the bands of materials with a
common interface would be beneficial. Such an alignment requires a shift of the
band structure with respect to the Fermi level. Doping graphene or GNR with
nitrogen has such an effect, as sketched in Fig. 3.5. The additional electron of
the dopant leads to an n-doping as it integrates into the conduction band of
graphene [64, 65, 67, 68]. The opposite effect occurs upon doping with boron
which leads to p-doping [154, 155]. Fortunately, doping does not lead to a
significant loss of conductivity [156]. The effect of doping furthermore depends
on the site which is substituted with the dopant atom. This is particularly
important when doping GNR via modification of the precursors, as will be
demonstrated in this thesis. Since it is desirable to control the size of the
band gap and its alignment with the chemical potential of the surrounding
independently, pyridinic nitrogen substitutions at the edges (N3 in Fig. 3.5)
are of particular interest, since they result in n-doping but leave the size of the
gap largely unaffected. This is in contrast to bulk substitutions, which lead to
a reduction of the gap size [64, 66].
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3.1.2 Thermal On-Surface Synthesis of GNR from Molec-
ular Precursors

Halogen-substituted molecules have been known to self-assemble into different
nanostructures on surfaces. Upon deposition on the substrate, the molecules
remain intact but thermal dissociation of the Br or I atoms activates the
molecules by creating a radical or multi-radical molecular state. The ele-
vated temperature allows diffusion of the molecules which leads to directional
covalent coupling. The resulting nanostructure, e.g. a chain or network, is
determined by the geometry of the precursor molecules [35, 12, 75]. Using dif-
ferent halogens in the same molecule, a “hierarchical” two-step reaction can be
induced which offers an extension of the concept toward increasingly complex
patterns [76].

In contrast to conventional GNR fabrication techniques such as lithography
[70, 53] and unzipping carbon nanotubes [71, 72, 73], bottom-up synthesis offers
the ability to produce atomically precise GNR with a well-defined electronic
structure [77, 78, 157]. However, this strategy comes with different challenges,
most notably the inability to write arbitrary patterns (which we will address
in the framework of this thesis, see sect. 3.2.5).

Fig. 3.6a,b shows the two-step on-surface synthesis of an N = 7 armchair
GNR on Au(111) from molecular precursors which is thermally activated. This
work by Cai et al. from 2010 marks the first successful on-surface synthesis of
a GNR [77] and we will investigate the resulting GNR as well as the reaction
process extensively in this thesis. Henceforth, we will use the acronym AGNR
representative of this specific system. A Br-substituted bianthryl precursor
molecule (10,10’-dibromo-9,9’-bianthryl, DBBA) is deposited on a Au(111)
surface through thermal evaporation into UHV. Cai et al. state that the “ther-
mal sublimation of the monomers onto a solid surface removes their halogen
substituents” [77], which however is a (reasonable) assumption based on a com-
parable system [35]. Another possibility is that dehalogenation occurs later,
during the annealing step leading to polymerization. We will address this issue
using STM and temperature-programmed desorption in this thesis (see sect.
3.2.1 and 3.2.2).

Either way, the first heating step at 200 °C induces molecular diffusion of
the dehalogenated, biradical precursor molecules on the surface which leads
to directional covalent coupling of the DBBA units, forming a linear polyan-
thrylene polymer. In this structure, the anthrylene units are inclined with
respect to the surface plane in an alternating sequence due to steric repulsion,
which is reflected in a double row of protrusions in STM (see Fig. 3.6¢). The
further reaction path of the dissociated Br atoms has been given relatively
little attention in the above study. While the Br atoms are not observed in
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200°C 400°C
dehalogenation (b) aYe

Figure 3.6: Synthesis of AGNR on the Au(111) surface. (a) Structure models of the
reaction steps. In the first step, the adsorbed DBBA is dehalogenated, leaving radical species
and Br atoms on the surface. In the subsequent polymerization step, covalent coupling of
the DBBA radicals leads to the formation of a polyanthrylene chain. Upon heating this
polymer, a cyclodehydrogenation reaction yields the fully aromatic AGNR. (b) Depiction
of the reaction scheme with Lewis structures. (c,d) STM images of (c¢) the polyanthrylene
chain (Vg = 1.9V, I; = 80 pA) and (d) the AGNR (Vs = —0.1 V, I; = 0.2 nA) together
with partially overlaid DFT-based simulations of these STM images. (e) Overview STM
image showing multiple AGNR which are isotropically oriented. The inset shows an image
taken with higher resolution. (Vg = =3 V, I; = 0.03 nA, inset: Vg = —1.5 V, I, = 0.5 nA).
Figures (a), (c), (d) and (e) were adapted from ref. [77].

STM after polymerization, they might well be adsorbed on the surface in this
stage of the reaction and possibly influence the synthesis of the GNR. STM
might not be able to observe Br atoms if they diffuse on the surface at the
respective temperatures, are incorporated into the polyanthrylene structure
(e.g. beneath the upstanding anthrylene parts) or diffuse to step edges. In
fact, a recent computational study suggests that the desorption temperature
of atomic halogens on noble metal surfaces is significantly higher than the
temperatures necessary for self-assembly processes [158]. Furthermore, it was
found that the metallic substrates lower the barrier for dissociation of halo-
genated organic compounds. In sect. 3.2.2 we will see that indeed the Br
atoms are still present on the surface after the polymerization reaction.

In a second step, the polyanthrylene undergoes a cyclodehydrogenation re-
action upon further thermal activation at 400 °C. Such a reaction has also
been observed for other nanographenes [159]. The resulting flat, fully aro-
matic AGNR do not show defects or irregularities and have a width of 0.74 nm
(see Fig. 3.6d). They are isotropically oriented on the surface, as seen in Fig.
3.6e with no preferential alignment along the herringbone reconstruction of
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Method Environment VB [eV] CB [eV] A [eV] Ref.
DFT (LDA) in vacuum - 1.6 [52]
DFT (PBE) in vacuum - 1.5 [51]
DFT (HSE) in vacuum - - 2.1 [51]
GW in vacuum — 3.7 [55]
GW-IC on Au(111) - 2327 [163]
DFT-D2 (PBE) on Au(111) - 15 [164]
STS / ARUPS on Au(11l) 07 +16 2.3  [163]
ARUPS / IPES on Au(788)  —0.9  +19 28  [160]
STS on Au(111) -1.1 +1.6 2.7 [13]
This work on Au(111) —1.2 +1.4 2.6

Table 3.1: Electronic structure of the AGNR. Energetic positions of the valence and con-
duction bands, respectively, as well as the band gap, determined by theoretical and experi-
mental methods. PBE: Perdew-Burke-Enzerhof realization of the general gradient approxi-
mation. HSE: Hybrid density functional suited to reproduce experimentally observed band
gaps [51]. GW: Green’s function approach (G) based on the screen Coulomb interaction
(W). GW-IC: GW with image charge corrections to account for the interaction with the
Au(111) substrate. DFT-D2: DFT calculation using PBE and dispersion correction which
is included with the DFT-D2 approach by Grimme. STS data reported in ref. [163] are
derived from the onsets of the bands. For the values derived in this work, see sect. 3.2.4.

Au(111). The same fabrication procedure has also been applied on the stepped
Au(788) surface where AGNR can be successfully produced with a mean length
of 23 nm and align along the steps [160]. The on-surface cyclodehydrogenation
reaction has been studied in detail using dispersion-corrected DFT [161] and
the study suggests that the dehydrogenation is catalyzed by the metallic sub-
strate. In the initial step, two H atoms are dissociated from the polyanthrylene
and adsorbed on the Au(111) surface, followed by C—C coupling. This reaction
then lowers the barrier for dehydrogenation in the adjacent anthrylene units re-
sulting in a chain reaction along the polymer [161]. Experimentally, the same
thermally induced on-surface synthesis yielding AGNR can be observed on
the Ag(111) surface which demonstrates a certain degree of versatility of this
method [77]. Non-thermal cyclodehydrogenation of single anthrylene units in
the polymer can furthermore be achieved by hole attachment in an STM junc-
tion (bias below approx. —2 V) which allows the production of an intra-ribbon
heterojunction [162].

The on-surface synthesis described here constitutes an important step in
the research on GNR because it allows fabrication of GNR with a well-defined
edge structure but also because, unlike top-down approaches, it is capable of
producing sufficiently narrow GNR to obtain a band gap on the order of elec-
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tronvolts. For the N = 7 armchair GNR observed here, which has a width of
0.74 nm, different calculations using DFT and various functionals have been
conducted (see Tab. 3.1). While earlier calculations using simple DFT func-
tionals such as LDA and GGA (PBE) give a band gap of less than 2 eV [52, 51,
the value obtained from Green’s function calculations (GW approach) yields
a higher value of 3.7 eV [55]. Taking into account the electron—electron inter-
action with the metallic substrate by image charge corrections, the GW value
is reduced to 2.3 to 2.7 eV [163]. Another study of the AGNR on Au(111)
has found a band gap of 1.5 eV by employing DFT with DFT-D2 dispersion
corrections. Using surface-sensitive electron spectroscopies, we will obtain an
experimental band gap of 2.6 eV (as described in sect. 3.2.4), in relatively
good agreement with other experimental studies carried out since. These ex-
perimental results will be discussed in the context of our own measurements,
but the corresponding values are shown in Tab. 3.1.

Despite the numerous studies of the AGNR system which have been car-
ried out over the past years, some questions remain. The structure of the
monomer phase which occurs after deposition of DBBA onto a substrate at
room temperature has so far not been studied, particularly with respect to the
question whether the precursor adsorbs intact or in a dehalogenated form and
with respect to the reaction pathway of Br after dissociation. The electronic
structure of the intermediate polyanthrylene has also not been investigated up
to now. All these issues will be addressed in the work presented here.

(a) precursor

Q ¢

Figure 3.7: Synthesis of the CGNR on the Au(111) surface. (a) Reaction scheme for the
two-step thermal process. The adsorbed molecular precursor undergoes a polymerization.
The polymer is three-dimensional and after the second heating step, a fully aromatic chevron
GNR is obtained. (b) Overview STM image over the adsorbed CGNR on the Au(111)
surface. The nanoribbons align with the herringbone reconstruction of the substrate. The
inset shows a high-resolution image of one CGNR together with a partially overlaid DFT-
based simulation of the STM image (Vs = —2V, I; = 20 pA, inset: Vs = =2V, I; = 0.5 nA).
Adapted from ref. [77].
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Besides the AGNR system, the paper by Cai et al. reports on a second
GNR which can be produced by on-surface synthesis. Fig. 3.7a shows the syn-
thetic route toward this chevron-type GNR, henceforth referred to as CGNR.
A different precursor molecule (6,11-dibromo-1,2,3,4-tetraphenyl-triphenylene)
adsorbed on Au(111) performs a thermally induced polymerization at 250 °C
and the resulting twisted polyphenylene reacts toward a fully aromatic, flat
GNR upon heating to 440 °C. This CGNR can be seen as composed of two
alternating armchair-edge sub-ribbons, namely an N =9 and an N =6 GNR
and thus it has partly larger and smaller width compared to the AGNR, re-
spectively. It is conceivable that the chevron-type shape of the overall ribbons
has an effect of the electronic band structure in general and, specifically, elec-
tron transport properties. Just as the AGNR, the CGNR does not show any
defects, as seen in the inset of Fig. 3.7b. Unlike the AGNR, the CGNR align
preferentially with the herringbone reconstruction (see Fig. 3.7b) and have a
typical length of 20 to 30 nm with longer ribbons being particularly rare which
is ascribed to the length-limiting interaction with the soliton lines which have
typical lengths on this order [77]. The CGNR, too, can be grown in parallel
orientation with respect to each other on the stepped Au(788) surface [160].
Calculations using DFT (GGA) and a “tight binding +U” (TBU) approach
consistently predict a band gap of 1.5 eV for the CGNR in vacuum [165].



3.2 Synthesis of Straight Armchair GNR and
Light-Induced Precursor Dimerization

This section comprises the results of experiments conducted on the N = 7
armchair GNR (AGNR) which is synthesized on a Au(111) surface from molec-
ular precursors. In sect. 3.2.1, the geometric and electronic structure of the
adsorbed monomers is investigated. In sect. 3.2.2, we follow the thermal on-
surface reaction by detection of different molecular fragments during thermal
desorption. The electronic structure of the intermediate polymer and the final
AGNR are investigated and compared in sects. 3.2.3 and 3.2.4. Finally, we
discuss a photo-induced covalent coupling of the adsorbed monomers in sect.
3.2.5.

3.2.1 Characterization of the Monomer Phase with 2PPE
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Figure 3.8: (a) 1C-2PPE spectra of the DBBA-covered Au(111) surface for different photon
energies hv between 3.80 eV and 4.59 eV. The sample temperature during measurement
was 98 K. A total of seven features are observed: two originating from the Au d-bands, two
associated with the first and second IPS as well as three molecule-induced features. The
spectra have been normalized with respect to one of the d-band peaks. (b) Energetic shift
of the non-bulk states observed in (a) displayed over the photon energy. The corresponding
slopes are shown in the figure.

Before investigating the AGNR and the intermediate polymer, we turn
to the DBBA precursor monomers directly after adsorption on the Au(111)

45
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substrate at room temperature (sample held at 300 K). A coverage of one
monolayer (ML) was achieved by adjusting the evaporation time and the re-
sulting adsorbate layer was characterized by temperature-programmed desorp-
tion (TPD) of the anthracene units as described in the following section 3.2.2.
The subsequent measurements presented here were conducted with the sample
cooled to cryogenic temperatures.

We used 1C-2PPE to study occupied and unoccupied electronic states of
the DBBA monolayer. As we will see in sect. 3.2.5, a light-induced reaction
can be observed for this phase but the measurements shown here were obtained
using photon doses on the order of 10?* cm~2 which are negligible compared
to those used to drive the reaction (on the order of 10%* cm™2). In the photon
energy dependent 2PPE experiment shown in Fig. 3.8a, several features can
be observed. Their final state energies shift with varying photon energy, as
can be observed in Fig. 3.8b. Two prominent peaks are common to 2PPE
spectra recorded on the Au(111) surface and are assigned to the occupied bulk
d-bands, the onset of which lies at around —2 eV [166, 114]. Close to the
Fermi edge, we observe two features, one more intense than the other, in the
spectrum with Av = 4.59 eV. In some spectra with lower hv, the two peaks
can not or only partly be observed which indicates that they shift less with the
photon energy than the Fermi edge and consequently, that the corresponding
electronic states are not occupied. The peak with higher intensity shifts with
a slope of 0.9+ 0.2 which demonstrates that the corresponding electronic state
is unoccupied while the smaller feature can only be clearly observed in one
spectrum and thus no slope can be determined. Nevertheless, since the Fermi
edge, which cuts off the less prominent peak at lower photon energies, shifts
with twice the photon energy, the slope of this peak’s shift must be smaller than
two. By subtracting the photon energy from the final state energies we obtain
binding energies of 3.88 +£0.06 eV and 4.29 4+ 0.08 eV, respectively, relative to
the Fermi level. The work function (which can be directly read as the position
of the secondary edge from the final energy scale) amounts to 4.65 + 0.01 eV
and thus, the two states lie 770 meV and 360 meV below the vacuum level,
respectively. Angle-resolved 1C-2PPE reveals that the intense peak disperses
with an effective mass of 1.2 £+ 0.4 while the dispersion of the less intense
feature can not clearly be determined as the corresponding spectral region is
dominated by the intense, dispersing feature at higher . Due to the energetic
position and the dispersion, we identify the two corresponding electronic states
as image potential states (IPS) with the first quantum numbers n = 1,2. These
states localized at the adsorbate—vacuum interface, which are caused by the
attractive interaction of a charge carrier on the vacuum side with its own image
charge within the metal are a common feature in 2PPE spectra on adsorbate-
covered metallic surfaces [167, 168, 146, 169, 170, 171, 172]. Since we cannot
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determine the slope of the peak assigned to the n = 2 IPS directly but we
only observe that it shifts with a slope smaller than one, it might also arise
from a final state with an energetic position above the vacuum level of the
sample. Such a state would exhibit no peak shift at all. In 2C-2PPE spectra
recorded along with the 1C spectra shown here, we find two features with
identical width, intensity ratio and dispersion as the two peaks assigned to
IPS here. Since the peaks occur at different final state energies due to the
different probe photon energy in 2C-2PPE, we can rule out that they arise
from electronic final states.

Between the d-band features and the two IPS, three additional features
can be observed with relatively low intensity for hv < 4.20 eV and with an
increased intensity at higher photon energies. Based on the peak shift with a
slope of two (shown in Fig. 3.8b), two of them can be assigned to occupied
electronic states, namely the highest occupied molecular orbital (HOMO) at
—1.39 £ 0.11 eV and the HOMO—1 at —1.70 £ 0.09 eV, respectively. These
states are also observed in STS (see Fig. 3.9e,f) and do not show a disper-
sion in angle-resolved 2PPE. The third feature is characterized by a slope of
0.9 £ 0.3 and can thus be assigned to an unoccupied state. Since it does not
disperse parallel to the surface, like the occupied molecular orbitals, we can
assign it to an unoccupied molecular orbital of the adsorbed DBBA. In light
of the two unoccupied states observed in STS (see below) the feature is la-
beled LUMO+42 (LUMO: lowest unoccupied molecular orbital). Its binding
energy, as determined from this measurement, is 3.12 £ 0.08 eV with respect
to the Fermi level. The intensity increase observed in the spectra recorded
with higher photon energies is due to a resonant excitation of the occupied
molecular orbitals via this state.

Besides the electronic structure, the geometrical assembly of the DBBA
monomers on the Au(111) surface is of interest because it may give insight
in the strength of molecule—substrate and molecule—molecule interaction. Ad-
ditionally, the structural arrangement of the molecules is important for the
photo-induced process discussed in sect. 3.2.5 and the question of whether
or not dehalogenation occurs during or after adsorption, which has not been
answered in preceding studies. The STM and STS experiments presented here
have been conducted by Bo Chen in the group of Prof. Franke (Freie Univer-
sitdt Berlin) [173] in the framework of a collaboration in which the author of
the present thesis has contributed to the design of the experiment as well as
the discussion and publication of the results [174].

In the sub-monolayer regime on Au(111), DBBA molecules adsorb in is-
lands which consist of rows aligned along the herringbone reconstruction of the
substrate. Additionally, the rows consisting of alternating protrusions prefer-
ably terminate at the kinks of the herringbone reconstruction which implies
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Figure 3.9: STM and STS experiments on the DBBA precursors on Au(111) performed in
collaboration with the group of Prof. Franke (Freie Universitiat Berlin). (a) Overview STM
image of a DBBA island with the unit cell. The inset shows a high-resolution STM image
with highlighted side-protrusions. The temperature during the measurement was 4.5 K
(both: Vs =2.0V, I; = 0.1 nA). (b) Row of DBBA dimers within the same island together
with an overlaid structure model (grey: C, red: Br, white: H, Vg = 2.0 V, I; = 0.1 nA).
(¢c,d) Lateral manipulation of a single DBBA molecule away from the edge of an island, as
indicated by the arrow (Vs = 0.56 V, I, = 28 pA). (e,f) ST spectra acquired in constant
current mode (I = 40 pA) in the regime of (e) unoccupied and (f) occupied electronic
states. The ST spectra depicted in red were recorded in the center of a DBBA protrusion.
The spectrum in the unoccupied regime was fitted with two Gaussian fit functions (grey).
(f) shows an additional spectrum (dashed, black line) recorded between two dimer rows
(position of the black marker in the inset). The energies for HOMO and HOMO-1, as
determined from 2PPE, are shown as blue, dashed lines.

molecule—substrate interaction. In most cases, the rows consist of two lines of
protrusions whereas occasionally, more lines are observed within one row. As
seen in the inset of Fig. 3.9a, each protrusion is accompanied by a less intense
feature. The orientation of the side feature with respect to the main protrusion
is always the same within a line but different for the two lines within one row
(i.e. the rows are not symmetric with respect to inversion). Nevertheless, the
orientation of the side protrusion is always the same on a given side of every
row. The high degree of ordering which is evident from the orientation of the
side protrusions is indicative of molecule-molecule interaction. However, this
intermolecular forces do not have a covalent character: Fig. 3.9c,d shows a
tip-induced manipulation where a single (intense) protrusion is removed from
the edge of a DBBA island. This furthermore demonstrates that one protru-
sion corresponds to one entire molecule. When the molecule is removed from
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the island, the overall apparent height is reduced and the structure changes to-
ward a two-lobe shape. This is most likely due to a relaxation of the molecule
toward the surface once it is isolated from the island, in which the monomers
are intertwined to a certain degree. The unit cell of the well-ordered DBBA
islands (see Fig. 3.9a) has a size of 2.2 nm?.

Fig. 3.9b shows a high-resolution STM image of a row of DBBA dimers
overlaid with a structure model. The side protrusions are due to the Br sub-
stituents and the intense feature arises from the twisted, three-dimensional
bianthryl backbone of the molecule. Note, that the DBBA monomers shown
in the model have a dihedral angle (angle between the planes of the individual
anthracene units) of 90°, as in the free molecule. Due to attractive interac-
tions with the substrate, one can expect this angle to be lowered when the
molecules are adsorbed on the surface, in the sense that the molecule is pulled
toward the surface. Br atoms of one DBBA molecule and the upstanding part
of an anthracene unit of a neighboring molecule can therefore be expected to
be partially stacked in order to avoid steric hindrance. The formation of dou-
ble rows containing (usually) two dimer lines can not be understood from the
presented structure model because the two sides of a dimer line are equivalent.
The formation of uniform islands or the occurrence of single lines would be
equally conceivable. Considering the strong tendency of the DBBA adsorbate
structure to align with the underlying herringbone reconstruction, preferential
adsorption on certain sites (e.g. the hexagonally close-packed or face-centered
cubic sites) might explain the observed rows. Due to an incommensurability of
the inter-row distance of the adsorbate structure and the width of the soliton
lines, it is conceivable that occasionally one row is comprised of more than two
lines of protrusions.

Scanning tunneling spectroscopy (STS) allows to locally probe occupied
and unoccupied electronic states of an adsorbate molecule. Fig. 3.9e shows
constant-current STS recorded in the energetic regime above the Fermi level
and in the center of the intense DBBA protrusion. Fitting the data with two
Gaussian peaks profiles, we find two adsorbate-induced peaks at 1.93 eV and
2.50 eV which we assign to the LUMO and the LUMO+1. Features associated
with these two unoccupied molecular orbitals are not observed in the 2PPE
spectra discussed above, most likely due to their energetic position within the
projected d-band gap of the substrate along the [111] direction. STS data of
the occupied electronic states (see Fig. 3.9f) are consistent with the HOMO
and HOMO—1 as observed in 2PPE at the respective energies. From the peak
intensities at the different spots, it becomes clear that the HOMO is more
localized at the Br substituents than the HOMO—1.

The electronic structure of DBBA adsorbed on Au(111) is summarized in
Fig. 3.10. Besides two IPS, we find a total of five electronic states assigned to
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molecular orbitals, three unoccupied and two occupied. The findings in this
section furthermore suggest that Br is still attached to the DBBA molecule
upon adsorption on the Au(111) surface at 300 K, which suggests that dehalo-
genation occurs at higher temperatures.

3.2.2 Following the Thermal On-Surface Synthesis with
TPD

Based on the knowledge of the monomer phase in the preceding section, we
will now examine the thermally induced on-surface reaction using temperature-
programmed desorption (TPD). Observing the desorbing species in a QMS
while increasing the sample temperature in a controlled way, i.e. with a linear
ramp of rate 3, we have the opportunity to follow the thermal reaction in its
various stages.

Before investigating different masses, let us first consider the desorption
behavior of the molecular backbone, represented by the anthracene biradical
CysHIS which is detected at a mass of 176 amu. Fig. 3.11a shows TPD of
DBBA layers of varying thickness adsorbed on Au(111). The initial coverage
was controlled via the evaporation time. The sample temperature during de-
position was 300 K. The most intense feature is a zero-order desorption peak
a1 with an onset at around 340 K. This peak does not saturate with increas-
ing initial coverage and is hence assigned to the multilayer. The remaining
two features as and ag both saturate. While ay has a peak shape typical
for zero-order desorption as well, the intensity of as is quite low so that we
can not identify the desorption order from the peak shape. As we have seen
in sect. 3.1.2, the DBBA molecules start diffusing on the surface at elevated
temperatures and subsequently couple, forming the polyanthrylene polymer at
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Figure 3.11: (a) TPD curves for various initial coverages of DBBA on Au(111) recorded
at a fragment mass of 176 amu (CogH7¢) and with a heating rate of 8 = 1 Ks~'. Three
desorption peaks are observed: as and as saturate and are assigned to the first and second
layer, respectively, while 1 arises from the multilayer. The TPD at highest initial coverage
of 4.8 ML is magnified by a factor of 10. The inset shows an extrapolation of the integrated
TPD area to a vanishing deposition time, yielding an estimate for the coverage which is
not desorbed, Ay. (b) Schematic depiction of the thermal synthesis reaction of the AGNR,
starting from DBBA. See sect. 3.1.2 for details. (¢) TPD curves of DBBA with an initial
coverage of 3.6 ML for different fragment masses. Besides the desorption features a_3 of
anthracene (Anth.) at 176 amu, we also follow the desorption of Br, HBr, H, Hy and Brs.
The corresponding masses are noted in the figure and some traces have been magnified as
indicated at the respective labels. Below the figure, a schematic depiction of the processes
at different temperatures is shown. A linear background was subtracted from all TPD.
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a temperature of around 470 K (see Fig. 3.11b) [77]. Therefore, not all DBBA
molecules desorb thermally and hence, not all the adsorbed DBBA molecules
contribute to the TPD signal. The low intensity of ag and its abrupt cut-off
show that at around 500 K, diffusion and covalent coupling becomes dominant
over desorption. Beyond this temperature, no signal of anthracene desorption
is observed anymore.

The TPD area is proportional to the amount of desorbing molecules. The
initial coverage, in units of monolayers, can be determined by referencing it
to the area of a TPD of a single adsorbate layer. In the present case, the
features ap and a3 both saturate which might have different reasons: (i) either
both features arise from the same layer; an occurrence of multiple desorption
features within the first adsorbate layer may be due to a compressed layer
[116, 175, 106] or desorption from defects [176]. (ii) On the other hand, the
formation of a bilayer can also lead to a distinct, saturating desorption peak
of the second layer [177, 176, 178]. Depending on the scenario, the TPD areas
have to be normalized (i) by the area of both, As+ A3, or (ii) by the area of only
one, Ay &~ Az, features, respectively. In order to gauge the coverage, it is neces-
sary to estimate the amount of polymerizing precursors which is done here by
extrapolation of the TPD area to the limit of a vanishing evaporation time (see
inset of Fig. 3.11a), Ag. The amount of molecules adsorbed in the phase corre-
sponding to a3 can then be estimated by adding Ag = 4.1£2.2 arb. units x K
to the peak area of ag, which yields A3 = 5.442.5 arb. units x K. For compar-
ison, the peak area of ap amounts to Ay = 3.4+ 0.5 arb. units x K. Although
the areas of both saturating phases are thus of comparable size, the large error
which results from the above extrapolation makes it difficult to distinguish
bilayer formation or a monolayer composed from two phases. Nevertheless,
because the two values A, and As are similar, we will henceforth assume bi-
layer growth and reference the TPD areas (corrected by Ag) to the average of
the two peak areas, %(Ag + A3). ay is thus interpreted as originating from the
second layer.

Let us now turn to the desorption of species other than the one at 176 amu,
the TPD for which are shown in Fig. 3.11c. Br occurs in two almost equally
common isotopes, ""Br and 3 Br. When we consider the respective desorption
traces which have been recorded after preparation of 3.6 ML, we find that no Br
signal can be observed in the temperature window where desorption from the
second and higher layers is observed. Furthermore, Br does also not desorb in
its molecular form, Brs, as evident by the traces of 158 amu and 160 amu. Note,
that the signal at 162 amu is due to an anthracene fragment with the same
mass (C13Hg ). At higher temperatures, desorption of Br-containing species is
observed which demonstrates that Br is transferred to the sample (from the
evaporator) during sample preparation. The fact that the traces at 79 amu



3.2. STRAIGHT ARMCHAIR GNR 53

and 81 amu exhibit identical behavior and have equal intensity, clearly links
these fragments to Br. The area of these Br desorption peaks is independent
of the initially deposited DBBA coverage (of more than one monolayer), which
excludes a possible dehalogenation in the multilayer that is followed by diffu-
sion of the halogen atoms to the surface. In summary, we observe that there
is no Br present in the multilayer in any form. This surprising result may be
explained by (i) dehalogenation of DBBA during evaporation. However, Br is
attached to the precursors upon adsorption in the first monolayer (see sect.
3.2.1) which in this case would suggest a recombination of the bianthryl and
the Br radicals on the surface. The second possibility is (ii) a dehalogenation
of DBBA after adsorption in the multilayer phase. The necessary dissociation
energy (3.85 eV in the free molecule [158]) would have to be compensated by
another, exothermic reaction in the multilayer phase. Associative desorption
of Bry can be ruled out based on the TPD presented here. Another possible
explanation is polymerization in the multilayer. In the monolayer, this pro-
cess is highly exothermic [158] and might be able to provide enough energy
for dehalogenation. However, the present data are not suited to prove this hy-
pothesis and we would like to point out that polymerization in the multilayer
is merely a possibility.

At around 550 K, desorption of both Br isotopes demonstrate clearly, that
Br is present on the surface even after the polymerization reaction. Therefore,
an involvement of Br in the cyclodehydrogenation reaction can not be com-
pletely ruled out. Simultaneously, we can observe desorption of HBr (again,
for both Br isotopes). The intensity of the HBr signal is higher than that of Br
and both species show exactly the same desorption behavior which indicates
that the observed Br is merely a fragment of HBr in the QMS measurement
process. The observation of a slight increase of the H signal (despite its high
noise level) is also consistent with an associative desorption reaction.

H - +Br- — HBr 1 (3.1)

Such hydrogen-driven halogen desorption processes have been known to occur
at semiconductor surfaces [179, 180, 181]. Several other possible reaction path-
ways exist which lead to removal of the halogen from the surface. While the
formation of Bry is energetically not favored at the surface [158], desorption
of halogen atoms [182] or metal-halogen dimers [183] have been observed for
similar systems. Nevertheless, associative desorption of HBr is the only process
which we observe in this temperature range. While isolated Br is available on
the surface after the polymerization step, the only source of H which is nec-
essary for the formation of the desorbing HBr, are the polyanthrylene chains.
During the cyclodehydrogenation reaction, atomic hydrogen is released which
is known to be stable in this atomic form on Au surfaces [184, 185, 140]. At
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the respective temperature of more than 500 K, both Br (diffusion barrier of
Br on Au(111): 90 meV [158]) and H are likely to diffuse easily on the sur-
face or be absorbed in one of the first sub-surface layers [186]. Both species
are therefore available for potential on-surface chemical reactions. Since the
cyclodehydrogenation is thus the bottleneck for desorption of HBr, we can
directly observe that this process is initiated between 550 K and 600 K. We
note, that Br is at least closely related to the cyclodehydrogenation process
and possibly catalyzes this process by lowering the barrier for H dissociation
from the anthrylene units.

At 600 K, the desorption of Br and HBr suddenly ceases and a sharp
increase of the Hy signal is observed. It is most likely that this species is formed
by an associative desorption reaction as well, in line with similar reactions on
other surfaces [185, 187].

H-+H- — Hy T (3.2)

If both reaction channels 3.1 and 3.2 occurred independently, two desorption
peaks would be expected, generally at different desorption temperatures due
to the different desorption barriers for HBr and Hy on Au(111). The sharp
transition between the HBr and H, signals, respectively, on the other hand
suggests that the desorption of the latter species is inhibited at lower temper-
atures. Since eight times more H atoms than Br atoms are released in the
on-surface synthesis reaction of DBBA, we ascribe this inhibition to the pres-
ence of Br which ends abruptly upon consumption of all available Br atoms.
For example, the HBr formation on the surface could be more efficient than
the production of Hy or in the presence of Br, another reaction,

H, + 2Br- — 2HBr 1, (3.3)

could cause the inhibition of Hy desorption, if it is more efficient than the
desorption of Hy itself. In order to discriminate between these two possibilities,
further experiments will be conducted in which we will co-adsorb molecular
hydrogen in the polymer phase. If reaction 3.3 does indeed occur, Br should
be completely removed from the surface and should not occur in a subsequent
TPD experiment. Furthermore, if Br can be removed in this way, conclusions
on a possible catalytic effect on the cyclodehydrogenation process could be
drawn.

Using TPD, we are able to follow the on-surface synthesis reaction as it
happens, in contrast to a posteriori measurements which have been conducted
previously, e.g. with STM. In summary, we find that Br is not present in
the multilayer of DBBA on Au(111) which could be due to a polymerization
reaction in this phase. In the monolayer on the other hand, Br can still be found
after the polymerization reaction and is removed by associative desorption with
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the H released in the cyclodehydrogenation reaction. This desorption process
furthermore competes with the desorption of molecular hydrogen.

3.2.3 Electronic Structure of the Intermediate Polyan-
thrylene: Valence and Conduction Band

(a) (b) r X
44F ' : - - 08
Polyanthrylene — AR-2PPE !
hv=4.82eV %
43 ! —4-0.9
= ! cB LL o
£ _ & P |
] S 4.2 : ! 4410
c 2, 1 m
= 4 46 48 o i :
= Photon energy [eV] L ! g
£ hv=4.82eV| § 4.1 I A
IS g ! =
o 4.69¢eV 5 | 4Bz 2
& 463ev| w 40 ! border |12
o 4 556V :
447eV 3.9 ' 1-13
Polyanthrylene i d
1C-2PPE 4.36eV !
T T T T T T 3.8 = =-1.4
7 8 9 10 11 12 0.4
Erina-Er [€V]

Figure 3.12: (a) 1C-2PPE spectra of the polyanthrylene on Au(111) recorded with varying
photon energy hv. The spectra have been normalized to one of the d-band features (not
visible in the figure). The peak shift of the VB and the CB with hv are shown in the inset. (b)
Dispersion of VB and CB as observed in AR-2PPE and shown as initial and intermediate
state energy, respectively. Around the I'-point, a parabolic fit yields the effective charge
carrier masses. The border of the first Brillouin zone is marked. Both figures are published
in ref. [188].

Having investigated the occupied and unoccupied molecular orbitals of the
monomers in sect. 3.2.1, we will now discuss the electronic structure of the
polyanthrylene chains which are an intermediate reaction product in the ther-
mal on-surface synthesis of the AGNR and are obtained after heating a mul-
tilayer film of DBBA to 470 K for 10 min. The polyanthrylene was charac-
terized using high-resolution electron-energy loss spectroscopy (HREELS) in
our group (conducted by F. Leyssner, S. Stremlau) [189, 190, 191], confirming
the three-dimensional structure found in STM by Cai et al. [77]. The results
presented in this section have been published in J. Chem. Phys. 140, 024701
(2014) [188].

Fig. 3.12a shows a series of 1C-2PPE spectra recorded with different photon
energies. Besides the two prominent peaks associated with the d-bands of Au
(see sect. 3.2.1) we find two peaks induced by the polyanthrylene which we
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assign to the valence band (VB) and the conduction band (CB), respectively,
due to their dispersion which is discussed below. The final state energy shift
of both features is shown in the inset of Fig. 3.12a. The CB peak exhibits
a shift with a slope of 1.0 + 0.2 and is therefore assigned to an unoccupied
state at 4.0740.04 eV above the Fermi level. The VB peak on the other hand
shifts with a slope of 2.6 + 0.4 which allows identification of the corresponding
state as being occupied, with a binding energy of —1.18 £ 0.04 eV relative
to the Fermi level. The fact that the slope is larger than two is due to a
partly resonant excitation via the CB in the spectrum recorded with a photon
energy of 4.82 eV. From the energies of both bands we calculate a band gap
of 5.25 4 0.06 eV. The low energy cutoff of the 2PPE spectra yields a work
function of the polyanthrylene-covered surface of 4.81 4+ 0.01 eV.

The dispersion of the observed electronic states which is a measure for the
degree of charge carrier localization or delocalization, has been investigated
in angle-resolved 2PPE experiments, the results of which are shown in Fig.
3.12b.  Around the I'-point of the one-dimensional Brillouin zone, the CB
disperses in the same fashion as a quasi-free electron, i.e. the band energy
rises parabolically with increasing momentum & which is reflected in a positive
effective mass m*. A fit according to eq. 2.4 yields m* = 1.354+0.07. Similarly,
the VB shows a hole-like dispersion with an effective mass of m* = —1.3740.15.
Note, that both bands have the same absolute value of the effective mass. At
a momentum parallel to the surface which approaches the X-point, i.e. the
border of the first Brillouin zone, the dispersion of both bands deviates from
the parabolic behavior and in the region of the X-point, the bands become flat.
It is noteworthy that the present polyanthrylene polymer exhibits dispersing
bands at all since the single anthrylene units are only connected by a ¢ bond.

In order to be able to put these experimental results into the context of
the entire band structure and in order to understand the very formation of
electronic bands in this system which is not fully aromatic, DFT calculations
of the electronic structure for both finite and infinite polyanthrylene polymers
in vacuum were performed by M. Utecht in the group of Prof. Saalfrank
(Universitéat Potsdam) [192]. These calculation were done using both the PBEO
[193] functional which implements the general gradient approximation (GGA)
and the CAM-B3LYP functional [194] which is particularly suited for long-
chain molecular systems (see ref. [188] for more details) and it was found that
for the polyanthrylene, CAM-B3LYP delivers results which are in much better
agreement with experiments than those obtained using PBEO.

Without the presence of the substrate, i.e. for a free polyanthrylene in
vacuum, the angle between two adjacent anthracene units would be 90°. Due
to the attractive van der Waals interaction between the metal substrate with
its high polarizability and the aromatic system of the anthracene units, this
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Figure 3.13: Calculations on the electronic properties of the polyanthrylene performed in
the group of Prof. Saalfrank (Universitdt Potsdam). (a) Calculated dispersion and density
of states of an infinite polyanthrylene with a dihedral angle of 45° using the CAM-B3LYP

functional. The X-point corresponds to 0.36 AT (b) Calculated band gap and effective
mass of the VB and CB for varying dihedral angles and periodic boundary conditions using
CAM-B3LYP. The experimentally determined values are shown as dashed lines and the
shaded area marks the respective error. Both figures published in ref. [188].

dihedral angle can be expected to be reduced on the Au(111) surface in the
sense that the entire structure is closer to the surface than it would be the
case for the polyanthrylene in its gas phase geometry. Unfortunately, to the
author’s knowledge, a value for this dihedral angle has not been published so
far in the literature. DF'T calculations in this section were therefore performed
for different dihedral angles. Besides affecting the geometry of the adsorbed
polyanthrylene, the metallic surface can also be expected to have an influence
on the electronic structure, e.g. due to substrate polarization, which has been
found to substantially decrease the band gap for the AGNR [163].

Fig. 3.13a shows the calculated band structure of an infinite polyanthrylene
using CAM-B3LYP and, exemplarily, a dihedral angle of 45°. In agreement
with the experiment shown above, a direct band gap of 5.23 eV is found at
the I'-point and the effective mass of the CB is calculated as 1.72, whereas the
VB disperses with an effective mass of —1.23. The sign of the effective masses
are the same as in the above experiments for both the VB and the CB. Other
calculations which have been conducted for finite polyanthrylene oligomers
with two, four and six anthrylene units do not differ qualitatively and even the
size of the band gap remains around 5 eV, independent of oligomer length.

A variation of the dihedral angle in the DFT calculations has a substantial
influence on the electronic structure (see Fig. 3.13b). The band gap increases
linearly with increasing dihedral angle and simultaneously, the absolute value
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of the effective masses of both the VB and the CB rise exponentially. At a
dihedral angle of 45°, the calculated parameters of the band structure fit quite
well to the experimental values. However, one should be careful when compar-
ing the measurements with calculations performed for the free polyanthrylene
in vacuum due to the considerable influence of the substrate on the electronic
structure. Particularly, it is not possible to determine the dihedral angle of
the adsorbed polyanthrylene from these band gap calculations.

In this section we made the noteworthy observation that the polyanthry-
lene, the intermediate of the thermal AGNR synthesis, exhibits dispersing
bands with a direct band gap of 5.25 eV, which is rather large. The observed
effective masses around the I'-point are relatively large which we attribute
to the fact that the electronic system is not fully conjugated over the entire
polymer structure. Instead, the aromatic electronic system of the individual
anthracene units is restricted to these units. It is interesting to note that the
effective mass decreases as the dihedral angle decreases, i.e. when the polyan-
thrylene assumes a more planar configuration and the m-systems of adjacent
anthracene units can be expected to overlap partially, leading to increased
charge carrier mobility along the polymer chain.

3.2.4 Electronic Structure of the AGNR: Band Gap,
IPS and Edge State

Starting from the polyanthrylene discussed in the previous section, the AGNR
can be produced by annealing the sample at 670 K for 10 min. This preparation
procedure is identical to the one described by Cai et al. [77] and it is thus
reasonable to assume that we have obtained the same AGNR structure on
the Au(111) surface. Furthermore, the AGNR phase was characterized using
HREELS in our group (conducted by F. Leyssner, S. Stremlau) [189, 190, 191].
Xe co-adsorption and desorption experiments allow a rough estimate of the
AGNR coverage on the surface which is determined to be around 2/3 of a
monolayer (see appendix A). The results presented in this section have partly
been published in Phys. Rev. B 86, 085444 (2012) [191].

After thermal fabrication of the AGNR we used 1C-2PPE to investigate
the electronic structure. Fig. 3.14a shows a photon energy dependent series.
The work function of the sample was 4.88 eV. Besides the prominent peaks
arising from the d-bands, three additional features can be found in the spectra.
Based on its peak shift with the photon energy (slope 0.9 £ 0.1, see inset of
Fig. 3.14a), the peak labeled CB is assigned to an unoccupied electronic state
with an energy of 1.44 £ 0.06 eV relative to the Fermi level. We identify this
lowest unoccupied electronic state as the conduction band of the AGNR. In
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Figure 3.14: (a) 1C-2PPE spectra of the AGNR/Au(111) for varying photon energies hv.
The spectra have been normalized to one of the d-band features. Besides the Au features,
three peaks are observable. The inset shows the peak shift of the CB with varying hv. (b)
HREELS measurement conducted by F. Leyssner and S. Stremlau in our work group. The
spectrum has been fitted with two Gaussian peak profiles. Ej is the energy of the primary
electrons. Adapted from ref. [191].

more recent experimental studies conducted after those presented here, values
of 1.6 eV (STS) [163, 13] or 1.9 eV (inverse photoemission) [160] have been
found for the position of the CB (see Tab. 3.1).

The peaks labeled TIPS and CB+n can be clearly separated only in the
spectra with the highest photon energies. Nevertheless we can rule out that
these states arise from an occupied electronic state because in this case, the
peak position relative to the Fermi edge should be independent of the photon
energy. Furthermore, we can find both peaks with the same relative intensity
and width in 2C-2PPE spectra and can thus rule them out to be final states
with an energetic position above the vacuum level (see appendix B). Therefore
both peaks can be assigned to unoccupied electronic states lying at 3.92 +
0.06 eV (IPS) and 4.30 & 0.06 eV (CB+n), respectively, relative to the Fermi
level. The energetic difference of the peak labeled IPS to the vacuum level is
960 meV but since 2PPE is an averaging technique and since the local work
function in the vicinity of the AGNR is lower (as will be discussed below),
the binding energy of this state with respect to the local vacuum level has
a smaller value. Furthermore, this peak shows a dispersion with an effective
mass of m* = 1.2 4+ 0.2 as shown in Fig. 3.15c and as we will see below, it
is pinned to the vacuum level. We can thus assign the corresponding state
to the image potential state (IPS) of the AGNR-covered surface. As we have
already discussed in sect. 3.2.1, IPS are quite common in 2PPE spectra of
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adsorbate-covered metal surfaces. Unlike the IPS, the state labeled CB+n
does not show a dispersion and it behaves differently compared to the IPS
upon co-adsorption of Xe. We therefore assign it to a higher lying unoccupied
band of the GNR with a high effective mass.

Complementary to the 2PPE experiments, HREELS experiments with a
primary electron energy of Ey = 15 eV have been performed in our group
(F. Leyssner, S. Stremlau) [189, 190]. The primary electrons can induce elec-
tronic transitions in the sample which can be detected as an energy loss of
the scattered electrons. Fig. 3.14b shows that for the AGNR on Au(111), two
transitions can be observed at 2.60 £ 0.06 eV and 3.07 £ 0.06 eV, respectively.
We can directly read the band gap of the AGNR from the first transition
energy. This value is comparable to those obtained in the above mentioned,
more recent studies, namely 2.3 to 2.8 eV [163, 13, 160]. Based on these tran-
sition energies, we can calculate the energy of the valence band maximum,
which lies at —1.16 £ 0.08 eV and the position of the band below the valence
band (VB—1) which is —1.63 4+ 0.08 eV. The VB maximum determined here
compares to positions determined in other studies, which lie between —0.7 eV
and —1.1 eV which are generally slightly closer to the Fermi level (see Tab.
3.1) [163, 13, 160]. Based on the experimentally determined band gap we can
evaluate the gaps predicted by theory (see Tab. 3.1). The fact that DET
gives a relatively good result can be interpreted as the compensation of an
underestimated band gap and the missing corrections necessary to account for
the presence of the substrate. In contrast, the GW approach does not show
such an underestimation of the gap and by taking the substrate into account
though image-charge corrections, the experimental value can be reproduced
very well.

More information on the observed electronic states (bands) can be obtained
in angle-resolved 1C-2PPE. Fig. 3.15a shows a series of spectra recorded for
the AGNR on the Au(111) surface, where the AGNR are oriented isotropically
(as shown in the inset). As mentioned before, the IPS shows a dispersion
typical for such states with an effective mass of m* = 1.2 4+ 0.2 whereas both
the CB and CB+n are localized or have a high effective mass (see Fig. 3.15b,c).
For the isotropically oriented AGNR on Au(111), one must consider that the
measured momentum parallel to the surface, kj, of a photo-emitted electron

has two components, namely a component along the AGNR axis, k”, and one

perpendicular to it (and parallel to the surface), k:ﬁ The momentum measured
in the experiment is therefore larger than the momentum along the ribbon axis,

k= ki + k> > k. (3.4)

The isotropy therefore leads to a smearing of the dispersion behavior toward
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Figure 3.15: (a) Angle-resolved 1C-2PPE experiment of the AGNR on Au(111). The
spectra have been normalized to one of the d-band peaks. Adapted from ref. [191]. The
inset shows an STM image of the isotropically oriented AGNR, see Fig. 3.6e (adopted
from ref. [77]). (b) Dispersion of the CB on Au(111) (black diamonds) and Au(788) (red
triangles). (c) Dispersion of IPS and CB+n on Au(111), based on the series shown in (a).
A parabolic fit yielding m* is shown. (b) and (c) are adapted from ref. [191]. (d) Angle-
resolved 1C-2PPE measurement of the AGNR on Au(788), measured along the step edges.
The spectra have been normalized to one of the d-band features. The inset shows AGNR
aligned with the Au(788) step edges (adopted from ref. [160]).

higher &k and thus an overestimation of the effective mass, but the measured
energy of the band bottom is correct. See ref. [191] for further details. The
intensity of the CB peak is asymmetric with respect to the sign of the emission
angle, i.e. the peak intensity is higher at negative angles which corresponds to
a situation in which the sample is rotated toward the p-polarized laser beam
and thus the electric field vector component of the laser field in the surface
plane is increased while its component perpendicular to the surface is reduced.
Therefore the transition dipole moment for an electronic transition from the
occupied d-bands into the CB of the AGNR lies parallel to the surface.

The isotropic alignment of the AGNR on the surface has been suspected
frequently as the source of an experimental artifact which dissembles a high
degree of electron localization. It has been shown that the AGNR can be
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produced on a stepped Au(788) surface and that the AGNR are aligned along
the direction of the steps [160]. We therefore repeated the angle-resolved 2PPE
experiment on the Au(788) surface. The TPDs recorded for characterization
show only small quantitative differences from the very peculiar behavior of the
Br, HBr, Hy and anthracene-related traces shown in sect. 3.2.2. Fig. 3.15d
shows a corresponding experiment where a relatively weak signal is observed
from the CB at slightly lower energies. Both the enhanced intensity at negative
polar angles and the missing dispersion behavior (see analysis in Fig. 3.15b)
are consistent with the measurement on the Au(111) surface and we can thus
rule out the isotropic orientation of AGNR on this crystal face to cause a false
dispersion measurement. Instead we find that the CB of the AGNR on both
Au faces is indeed localized.

The fact that the CB does not show a dispersion is rather surprising since
electron masses on the order of m* = 0.01 are usually calculated for graphene
nanoribbons [55, 195]. It is conceivable that the charge carrier mobility is
reduced due to the interaction with the substrate or that effective masses
of GNR are generally not as low as expected from theory (the author is not
aware of any other measurement that demonstrates a strong dispersion of GNR

bands).
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Figure 3.16: (a,b) 1C-2PPE spectra recorded continuously during exposure of the sample
to Xe (T = 41 K). The color code indicates signal intensity (blue: low, white: high). (a)
shows the spectral region around the secondary edge while (b) shows the region around
the Fermi edge which contains the IPS and the CB+n peaks. The two plots are based on
the same data. (c-f) Model explaining the changes of the work function and the IPS with
increasing Xe exposure. (c) Before Xe dosage. (d) In the region between 0 and 20 L. (e)
Between 20 and 65 L. (f) For more than 65 L.

Having discussed the dispersion of the three observed unoccupied elec-
tronic states, we now turn to a detailed discussion of the IPS. Generally, IPS
are eigenstates of the stationary Schrodinger equation which describes a two-



3.2. STRAIGHT ARMCHAIR GNR 63

dimensional electron gas in the surface-vacuum potential V'(z) which depends
inversely on the electron—surface distance z (see e.g. ref. [196]).

e? 1
dmeg 4z

V(2) = Evac — (3.5)
It becomes clear from eq. 3.5 that these eigenstates are bound with respect to
the vacuum level Evy,. [197], unlike substrate bands, interface states [198, 199,
200, 166] or molecular orbitals which are bound with respect to the Fermi level.
Adsorption of Xe has been known to alter the work function of metal substrates
[201, 202, 203] and at the same time, the electronic structure can be expected
to be relatively unaffected by the rare gas. We thus exposed the AGNR on
Au(111) to Xe which was let into the UHV chamber by a dosing valve. The
IPS is then expected to shift in energy along with the work function of the
sample. In a control experiment on the clean Au(111) surface (see appendix A)
we noticed a Xe-induced work function decrease of 0.5 eV. The Xe overlayer
thickness was characterized using TPD (mass: 132 amu) both for the clean
surface and the AGNR. A characteristic desorption peak of Xe adsorbed in
the first layer on Au(111) is observed and in the presence of AGNR, a second
peak arises at lower temperatures (indicating lower binding energy of Xe on the
graphene structure) in the regime of the first Xe layer (see appendix A). From
the ratio of these two peaks we can estimate the AGNR coverage of the sample
to be around 2/3 of a monolayer. Since 2PPE is an averaging technique, the
measured work function is an averaged value over the whole surface but the
local work function in the vicinity of the GNR is different than at bare surface
areas without AGNR. The IPS which arises due to the presence of the AGNR
is pinned to the local work function, not the averaged one measured in 2PPE.
Nevertheless, as the vacuum level changes continuously from the value in the
center of the AGNR to the value at the bare surface areas, one can expect an
energetic smearing of the AGNR IPS following the change of the vacuum level
(see Fig. 3.16¢).

Fig. 3.16a,b shows 1C-2PPE experiments of the AGNR on Au(111) ac-
quired continuously during dosage of Xe. The white, dashed line marks the
dose at which one layer of Xe is adsorbed on the surface (on the bare areas
as well as on the GNR), as determined by TPD (see appendix A). Fig 3.16a
shows the work function change while Fig. 3.16b shows the region around the
Fermi edge of the spectrum in which both the IPS and the less intense CB+n
feature can be observed. Fig. 3.16¢ schematically shows the energetic position
of the IPS in the vicinity of the AGNR before Xe adsorption. Three different
phases of Xe adsorption and corresponding change in the electronic structure
can be distinguished: (i) In the first phase, up to an exposure of around 20 L,
the work function decreases by approximately 40 meV and the IPS shifts to
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slightly higher energies. At first sight, this behavior contradicts the expected
pinning of the IPS to the vacuum level. However, as depicted in Fig. 3.16d,
one has to take into account the different local work functions: while the work
function of the clean areas decreases quite strongly (see appendix A), the work
function change at the center of the AGNR must be toward higher values which
results in only a rather small overall change of the measured work function.
While the IPS generally shifts toward higher energies in the process because
it is pinned to the vacuum level in the center of the AGNR, the distortion
at the AGNR edges changes, which reduces the observed energetic shift. (ii)
In the second phase, approximately between 20 and 65 L, the work function
increases again and the IPS; too, shifts to higher energies. In TPD, the des-
orption peak associated with Xe adsorption on the AGNR only develops when
the desorption peak of Xe/Au(111) has already reached most of its saturation
intensity. This shows that the sticking coefficient of Xe on Au(111) is consid-
erably higher than that for Xe adsorption on the AGNR, probably due to the
high polarizability of Au which fosters van der Waals interaction. As a conse-
quence, in this phase of adsorption the clean areas are now almost completely
covered with Xe whereas the coverage of the AGNR still rises. Therefore, the
vacuum level (and the IPS) in the center of the AGNR rises (see Fig. 3.16e).
During this phase, the intensity of the IPS decreases continuously. (iii) After
formation of the first Xe layer, i.e. in the multilayer regime, the work function
continues to rise and so does the IPS, the intensity of which however does not
dominate the 2PPE spectrum anymore. Instead, a features associated with Xe
can be observed which does not shift in energy as the layer thickness increases
(see Fig. 3.16f).

As for the intermediate polyanthrylene (sect. 3.2.3), DFT calculations have
been performed by M. Utecht in the group of Prof. Saalfrank (Universitit
Potsdam) [192] for the AGNR in vacuum using the CAM-B3LYP functional.
Fig. 3.17a shows the calculated density of states for an infinitely long AGNR
(with periodic boundary conditions) as well as for two finite systems, namely
the heptamer and the hexamer. In all three cases, an overestimated band
gap of approximately 4 eV is obtained. The calculations for finite systems
furthermore yield two states which are energetically close to the center of
the band gap, with a small gap between them. This small gap between the
two mid-gap states decreases with increasing AGNR width. The Kohn-Sham
orbitals of these two states are shown in Fig. 3.17b: both states are localized
predominantly at the short ends of the AGNR which has zigzag edge character.
Indeed, the depicted heptamer can be seen as a very short N = 14 zigzag GNR
which would exhibit a spin-polarized edge state localized at the zigzag edge.
Thus, we name the two states unoccupied edge state (UES) and occupied edge
state (OES), respectively. Consequently, these states are not observed for the
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Figure 3.17: (a) Density of states calculations for the infinite AGNR with periodic bound-
ary conditions, the heptamer and the hexamer, performed in the group of Prof. Saalfrank
(Universitat Potsdam) using the CAM-B3LYP functional. (b) Kohn-Sham orbitals of the
OES and UES, from the same calculation as in (a). (a) and (b) published in ref. [191].
(¢) STM image of an AGNR on Au(111) with characteristic finger-like lobes at both zigzag
edges (ends). (d) dI/dV curves recorded at the points indicated in (¢). (c) and (d) adopted
from ref. [13].

infinite AGNR. Another way of describing these localized states is to interpret
them as quasi-zero-dimensional surface states (Tamm states) to the bands of
the quasi-one-dimensional GNR [204].

Initially, when the above experiments and calculations were interpreted,
other experimental investigations of the electronic structure of the AGNR had
not yet been published and based on the localization of the CB peak in angle-
resolved 2PPE measurements we assigned this peak to the UES and OES
which were thought to overlap due to the extended length of the GNR. This
interpretation was supported by the fact that the CB lies very central between
the VB and the IPS, which in turn was interpreted as the conduction band
then [191]. With publication of other experimental studies [163, 13, 160, 152] it
became clear that our interpretation was incorrect and that the localized state
in our measurement was actually the CB whereas the edge state evidently can
not be observed in 2PPE. Investigations of the AGNR with STM and STS on
the other hand found a peculiar finger-like lobe structure at the zigzag edges
of the AGNR [13, 152, 153], as shown in Fig. 3.17c. In the vicinity of this
structure, STS shows an electronic state lying at approximately 30 meV above
the Fermi level (see Fig. 3.17d) which is assigned to an edge state that is most
likely due to an overlap of UES and OES. The fact that both UES and OES
are observed above the Fermi level indicates a p-doping of the AGNR on the
Au(111) surface. The density of states of the UES/OES feature is probably
too small to be observable with our averaging 2PPE method. Furthermore,
it is difficult to resolve a feature with such a low intensity directly above the
Fermi level.
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In summary, complementary surface-sensitive electron spectroscopies were
used to determine the band gap and the position of the VB and CB with re-
spect to the Fermi level, as well as an IPS and a higher lying CB+n. The band
gap of 2.60 eV is comparable to other experiments conducted since and de-
scribed better by GW calculations than DFT calculations which were found in
the literature. The observed CB does not show a dispersion in angle-resolved
experiments (not even on the stepped Au(788) surface) which is quite un-
expected and most likely due to the interaction with the metallic substrate.
We used Xe co-adsorption experiments to observe how the IPS of the AGNR
follows the local work function. Other experiments identify an edge state pre-

dicted by calculations close to the Fermi level, which however is not found in
2PPE.

In comparison to the polyanthrylene (see Fig. 3.18), the band gap of the
AGNR is reduced by about half the value of the polyanthrylene band gap.
This reduction can not simply be explained by the tendency of the polyan-
thrylene’s band gap to decrease with decreasing dihedral angle between neigh-
boring anthracene parts (as shown in Fig. 3.13b). Instead, it is due to the
fundamentally different nature of the electronic system of the AGNR which
has a fully conjugated m-system. Furthermore, no edge (end) states are found
in the polyanthrylene calculations at any dihedral angle which is not surprising
as they, too, are a consequence of the extended aromatic system. In compar-
ison with the polyanthrylene, the center of the band gap is shifted to lower
energies by 1.4 eV, possibly due to increased hybridization of the GNR with
the underlying substrate.
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3.2.5 Photo-Induced Covalent Coupling of the Molecu-
lar Precursors

Bottom-up fabrication in a thermal on-surface synthesis yields atomically pre-
cise GNR with well-defined edges, chiralities and widths on the scale of nanome-
ters, which makes it a powerful alternative to previously employed top-down
fabrication techniques. Nevertheless, this approach suffers from the missing
ability to limit the synthesis to a specific region of the surface, as in lithogra-
phy. In order to combine the advantages of on-surface covalent self-assembly
and the ability to write mesoscopic structures, a light-induced pathway to-
ward molecular self-assembly and cyclodehydrogenation would be desirable.
In this section we will thus investigate the effect of illumination on the ad-
sorbed DBBA precursor molecules on the Au(111) surface.
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Figure 3.19: (a) Photo-induced changes in 1C-2PPE spectra of 1 ML DBBA/Au(111).
The color gradient indicates increasing photon dose from black to magenta. Changes are
observed for the work function, the molecular resonance (Res., see text) and the IPS. The
work function ® is depicted as a function of photon dose in the lower left inset. The
upper right inset shows the cross sections or upper cross section limits for different photon
energies. (b) Annealing of the photo-product. 1C-2PPE spectra are shown (1) for DBBA
before illumination, (2) after illumination with a photon dose of 4.5 x 1023 ¢cm™2, (3) after
subsequent annealing at 470 K and (4) further annealing at 670 K. All spectra were recorded
at a sample temperature of 99 K and offset in this figure for clarity.

For the experiments described here we prepared a DBBA coverage of 1 ML
as described in sect. 3.2.1. There, the DBBA phase has been studied with
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respect to its electronic and geometric structure. We found five molecular or-
bitals (three of them are unoccupied) along with two IPS. In the sub-monolayer
regime, the DBBA monomers assemble in islands which consist of dimer rows
in which the molecules are intertwined.

Upon illumination of this phase, we now find photo-induced changes in
the 1C-2PPE spectra. Fig. 3.19a shows a series of spectra which have been
acquired continuously during illumination with light in the UV regime (hv =
4.58 eV, A = 269 nm). With increasing photon dose, drastic changes can be
observed in the spectra. The work function increases by more than 100 meV,
both IPS lose most of their intensity and a feature arising from a resonant
excitation within the molecule, namely from the HOMO—1 and the HOMO
into the LUMO+2 (labeled “Res.”, see Fig. 3.10) loses intensity and is shifted
to higher energies. These three molecular orbitals, which are separated in
2PPE spectra with lower photon energy, all lose intensity, as shown in appendix
D.

Unlike molecular resonances or IPS, the work function of the sample is a
quantity which is accessible over a wide range of photon energies in photoe-
mission spectra. Therefore, we used it as the benchmark for the progress of
the reaction in order to quantify it. The work function as a function of photon
dose d is depicted exemplarily for one photon energy in the inset of Fig. 3.19a.
The increase of the work function does not follow a simple exponential relation
but can be well described with a bi-exponential fit function,

®(d) = ®(0) + % x [1—e 7 —yem29]. (3.6)
Here, A® is the work function change in saturation of the process, oy 5 are two
cross sections and v describes the ratio of the two components with respect
to their influence on the change of the work function. This function has been
fitted to the data, varying all parameters freely, and the resulting cross sections
are 07 = 6.8+ 0.3 x 10722 cm? and 0y = 3.4 £ 2.4 x 10723 cm?.

We performed similar experiments for different photon energies and in most
cases we observed changes in the spectra consistent with those observed in Fig.
3.19a. The resulting cross section values are shown in a logarithmic plot in
the upper right inset of Fig. 3.19a. For photon energies between 3.8 eV and
4.8 eV both cross section components increase exponentially. The observed
process is relatively ineffective and due to the limited photon dose that can be
applied under the given conditions, only a limited cross section can be observed,
which depends on the photon energy but is usually around 10-2%*! cm?. In
case of two photon energies in the visible regime around hv = 2 eV, no spectral
changes were observed but based on the applied photon dose we can give upper
limits for the cross section. In the range of 3 eV to 4 eV, three illumination
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experiments revealed a photon dose dependence of the work function change
which could be described by a single-exponential function yielding a single
cross section o. Considering that the exponentially decreasing cross sections
01,2 are approaching the detection limit in this region, it is conceivable that
the more inefficient process (described by o3) can not be observed anymore
and that in fact o = 0.

In light of the thermal reaction of DBBA monomers toward the AGNR, we
performed annealing experiments on the photo-product of the light-induced re-
action. Fig. 3.19b shows 2PPE spectra before and after illumination of DBBA
as well as after two subsequent annealing steps. The effect of illumination is
the same as we have observed above and the photo-product is characterized
by two features between 7.5 and 9.0 eV. Upon heating this phase to 470 K
for 10 min, these two features remain unchanged and at the secondary edge, a
sharp and intense peak arises. The unchanged features characteristic for the
photo-product indicate that it is thermally stable up to this temperature. How-
ever, the intense new feature at the secondary edge shows that some change
is in fact induced by annealing, possibly an ordering effect. After a second
annealing step at 670 K (10 min), drastic changes are observed both at the
secondary edge and in the region close to the Fermi level. However, the spec-
trum differs from a comparable spectrum of the AGNR (see Fig. 3.14). Most
importantly, the CB peak can not be observed in this phase. We can thus as-
sume that the photo-product undergoes fundamental changes upon annealing
at 670 K.

As for the DBBA monomers in sect. 3.2.1, the product of the photo-induced
reaction has been studied with STM in order to determine its structure. The
illumination in the STM setup was achieved with a portable ArF excimer laser
(A = 193 nm). The equivalence of the photo-products which are observed
upon illumination with this excimer laser and with the Ti:Sapphire laser setup,
respectively, was verified beforehand as shown in appendix E. The STM and
STS experiments presented here have been conducted together with Bo Chen
in the group of Prof. Franke (Freie Universitat Berlin) [173] in the framework
of a collaboration in which the author of the present thesis has contributed
to the design of the experiment, the performance of the laser illuminations as
well as the discussion and publication of the results [174].

An overview over the adsorbate after illumination with a photon dose of
2.0 x 10?22 cm™2 is given in Fig. 3.20a. As in the case of DBBA, islands can
be observed, which in this case however consist of ordered, lower parts and a
disordered overlayer. Fig. 3.20b shows an image of a larger area without over-
layer where the lower-lying structure can be analyzed. It consists of lamellar
features which are aligned parallel to each other and the angle between these
features and the soliton lines of the herringbone reconstruction is around 85°.
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Figure 3.20: STM experiments on the photo-product of DBBA performed in collaboration
with the group of Prof. Franke (Freie Universitéat Berlin). (a) STM overview image recorded
after illumination of DBBA/Au(111) (Vs = 0.76 V, I; = 18 pA). (b) Ordered (lower)
structure observed after illumination. The arrow indicates tip-induced manipulation (Vg =
1.9V, I, = 19 pA). The inset shows a structure model of a DBBA dimer (before illumination)
and a covalently coupled structure (after illumination). (c¢) Same area as in (b) after tip-
induced manipulation. Scale bar: 3 nm. (d) High-resolution STM image of the photo-
produced structure which was isolated from the island (Vg = 1.0 V, I; = 0.1 nA). (e)
Line profiles of (1) the edge of a DBBA island, (2) an isolated DBBA monomer and (3) the
isolated photo-product. Scale bars: 1 nm.

The lamellar features are aligned in four rows perpendicular to their axes.
Note, that the DBBA dimer rows before illumination are aligned along the
soliton lines (see Fig. 3.9a).

Using lateral tip-induced manipulation, single units which always have the
same shape and apparent height can be removed from the island (see Fig.
3.20b,c). Fig. 3.20d shows a high-resolution STM image of one of the units.
Their intensity distribution is relatively homogeneous, with an elongated inten-
sity maximum along the central axis, and they are not rectangular but rather
one corner seems chipped off (in this case, the lower right one). Comparing
the apparent height with that of DBBA within an (unilluminated) island and
an isolated (unilluminated) DBBA molecule, we find that the photo-produced
structure is considerable more flat than the twisted DBBA molecule. The area
which is occupied by one photo-produced unit in the island amounts to 2.3 nm?,
which is almost identical to the unit cell of the DBBA phase. Since this unit cell
contains two DBBA molecules we conclude that the photo-produced structure
is composed of two DBBA molecules. To summarize the above results, we find
flat, relatively homogeneous, covalently bound (as shown by the manipulation)
DBBA dimer structures which have been produced by the laser.

Concerning the structure of the photo-product, different covalently bound
DBBA dimers are conceivable but as we will see below, the mechanism behind
this coupling reaction is non-thermal. We can thus assume that the bond
formation occurs with a minimum of preceding diffusion. Considering the
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relative orientation of the DBBA monomers before illumination, a threefold
covalent link, probably initiated by dehalogenation, seems likely (see inset of
Fig. 3.20b). The proposed dimer structure can hardly be characterized as a
GNR, due to the different chiralities in the two parts of the structure and due
to the resulting defect in the center. However, we can not definitely rule out
other possible dimer structures. An edge state close to the Fermi level could
not be observed in STS on any of the four edges.

Since the photo-produced structure is flat and covalently bound, it is very
likely that it is dehalogenated and therefore does not possess the ability to form
directionally coupled polymers at temperatures around 200 °C. Furthermore,
we can assume that a cyclodehydrogenation has taken place in the photo-
induced reaction. It is therefore clear that an AGNR can not be produced
even at temperatures of around 400 °C.

Having characterized the photo-produced structure to a certain extent, let
us now discuss the possible mechanisms behind the light-induced coupling re-
action. Except for hv = 2.3 eV, both cross sections o1 and o5 rise exponentially
with increasing photon energy (see inset in Fig. 3.19a).

The exponential cross section increase extends over a photon energy range
of at least 1 eV. Such a broad excitation spectrum without sharp resonances
is characteristic for a substrate-mediated process [205, 206]. Photo-induced
excitation mechanisms at substrate—adsorbate interfaces are discussed in detail
in sect. 4.1.3. We can rule out that the reaction is induced thermally by
local heating caused by the laser because in this case a linear increase of the
cross section with the deposited energy would be expected. Generally, the
absorption of a photon in a metallic substrate creates hot electrons above the
Fermi level and, simultaneously, hot holes in the occupied electronic bands. A
reaction in the adsorbate can then be induced by charge transfer, i.e. electron
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transfer into an unoccupied molecular orbital or hole transfer into an occupied
molecular orbital of the adsorbate. Among other effects, this can lead to
bond dissociation when an electron populates an antibonding orbital or a hole
populates a bonding orbital of the molecule.

Charge transfer of hot carriers into an electronic adsorbate state can only
occur when the photon energy exceeds the absolute value of the binding energy
of an electronic state with respect to the Fermi level. In the present system,
the exponential increase of the cross sections is observed for photon energies
beyond 3.08 eV. Based on the energetic positions of the observed molecular
orbitals it is therefore reasonable to assume a hot electron transfer into the
LUMO+2 orbital of DBBA (which lies at 3.12 eV above the Fermi level) to
initiate the covalent coupling reaction, as depicted in Fig. 3.21. In this case, an
increase of the excitation photon energy leads to a non-linearly increased phase
space for photon absorption processes in which hot electrons are generated at
energies exceeding that of the respective orbital. The resulting increase of
hot electron concentration with increasing photon energy is reflected in the
exponential behavior of the cross sections.

For gas-phase halo-hydrocarbons such as chlorobenzene, dissociative elec-
tron attachment (DEA) of low-energy electrons has been known to lead to a
dehalogenation reaction [207]. This process occurs via DEA to the LUMO
delocalized over the aromatic system (which has an antibonding 7* character)
followed by coupling to a repulsive ¢* state which leads to cleavage of the
C-X bond (X: halogen). On a Cu(111) surface, a dehalogenation reaction of
iodobenzene has been induced by electron attachment using an STM [208]. In
case of DBBA on Au(111), an anionic resonance by hot electron transfer to the
LUMO (binding energy 1.93 eV) could in principle be achieved at lower excita-
tion energies as well. However, the vibrational redistribution of the excitation
energy within the molecule requires a sufficiently long lifetime of the anionic
resonance. When the molecule is adsorbed on a metal, a fast de-excitation
of the resonance is to be expected which might explain why the light-induced
reaction can not be observed at lower photon energies.

Instead we propose that the LUMO+2 has an antibonding ¢* character
with respect to the C—Br bond and that electron attachment to this orbital
directly leads to a cleavage of this bond. The two different cross sections that
are observed in the experiment might be due to a competing but probably less
effective C—H bond dissociation which occurs analogously to the C—Br bond
cleavage. Similarly, charge transfer to the polyanthrylene polymer in an STM
junction has been shown to induce a dehydrogenation reaction [162]. Alter-
natively, the different cross sections might reflect two excitation mechanisms
which both lead to a dehalogenation. Based on our experiments we can not
discriminate these two possibilities.
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The photo-coupling reaction can furthermore be observed at a photon en-
ergy of 2.3 eV (see inset in Fig. 3.19a). This energy corresponds exactly to
the energetic difference between the surface state (SS) and the LUMO. While
the SS is quenched considerably due to the presence of the adsorbate, some
residual SS intensity may be sufficient for a direct excitation into the LUMO,
creating an anionic resonance which can be expected to have antibonding 7*
character (as discussed above). C-Br bond dissociation requires coupling of
this resonance to the o*-type LUMO+2. In contrast to hot electron transfer
into the LUMO, a resonant excitation may yield a more efficient population
of this unoccupied molecular orbital and consequently a detectable cross sec-
tion. This could even compensate for de-excitation of the anionic resonance
by charge transfer back into the substrate.

In this section we used light to couple two DBBA molecules on the Au(111)
surface, which then form a flat, covalently bound structure. This reaction is
induced by light only rather than by thermal activation. A substrate-mediated
excitation mechanism is found to initiate the reaction, in which electrons are
transferred into unoccupied molecular orbitals of DBBA, creating anionic res-
onances.



Figure 3.22: Thermal on-surface
synthesis of pristine and N-doped
CGNR starting from precursor
molecules 1 (pristine), 2 (+N) or
3 (+2N) which were synthesized
in the group of Prof. Hecht
(Humboldt-Universitdt zu Berlin).
The synthesis of a doubly doped
CGNR is shown exemplarily. An-
nealing at 250°C yields twisted
polyphenylene polymers (4). The
final reaction product 5 is obtained
after annealing at 440°C. Published
in ref. [209].
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3.3 Effect of Nitrogen-Doping on the Electronic
Structure of Chevron-Shaped GNR

Besides the AGNR with its straight armchair edges studied in sect. 3.2, a sec-
ond, chevron-shaped GNR (CGNR) has been investigated which is fabricated
in a similar, thermally induced on-surface synthesis reaction as the AGNR, as
described in sect. 3.1.2. In the following section we will first determine the
band gap of this CGNR and explore the effect of nitrogen doping on the band
gap alignment with respect to the Fermi level (sect. 3.3.1). In the subsequent
section 3.3.2, the properties of the image potential state of this CGNR and the
doped derivatives will be discussed.

3.3.1 n-Doping via Nitrogen-Substituted Precursor Mole-
cules: Down-Shift of the Band Structure

In order to tailor the electronic structure of GNR with regard to applications,
means to control the alignment of the electronic structure with respect to that
of the surrounding materials are desirable. To that end, graphene and top-
down fabricated GNR have been doped, e.g. with N atoms, which leads to
an n-doping effect [64, 65, 67, 68]. Besides other shortcomings of top-down
fabrication, the site of a dopant atom within the graphene lattice can not
be controlled with a sufficient degree of precision although the doping site
significantly influences the band gap [64, 66]. On the other hand we will see
that fabrication of GNR from covalent self-assembly on surfaces not only offers
the opportunity to create atomically precise structures, but also to precisely
control the dopant site and concentration by substitution of the molecular
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precursors.

Fig. 3.22 shows the precursor 6,11-dibromo-1,2,3,4-tetraphenyl-triphenylene
(1) as well as derivatives with one (2) and two (3) nitrogen atoms. The dopant
atoms are assumed not to disturb the thermal process which yields a doped
polyphenylene (4) at 250 °C and ultimately, after annealing at 440 °C, a doped
CGNR with N atoms in pyridine-like positions (5). The N dopants are incor-
porated into the lattice being sp? hybridized which allows an electron to be
transferred to the delocalized aromatic m-system of the GNR. This n-doping re-
sults in a down-shift of the GNR bands with respect to the electronic structure
of materials with which the CGNR shares an interface.

The molecular precursors 1 — 3 were synthesized by M. Gille et al. in the
group of Prof. Hecht (Humboldt-Universitit zu Berlin) [210]. Characterization
of the adsorbed precursors, the polyanthrylene and the final CGNR as well
as measurements of electronic transitions in the CGNR was performed using
HREELS in our group (conducted by S. Stremlau) [190]. The results presented
in this section were published in Angew. Chem. Int. Ed. 52, 4422 (2013) [209].

Thermal evaporation of a sufficient amount of precursor monomers onto the
Au(111) surface results in a multilayer coverage (see Tab. 2.1 for the respec-
tive evaporation temperatures). The GNR was then produced in two annealing
steps at the above stated temperatures for 10 min each. TPD was used to follow
the on-surface reaction via the desorption behavior of the molecular backbone
as well as Br and HBr in analogy to the AGNR (see appendix F). Charac-
terization of the different species of the reaction with vibrational HREELS
confirms the reaction pathway shown in Fig. 3.22 and thereby confirms that
the dopant atoms do not interfere with the thermal synthesis. Furthermore,
Xe co-adsorption experiments yield a rough estimate of the coverage, namely
2/3 ML, which is the same as for the AGNR [209].

Electronic HREEL spectra after the thermal on-surface reaction of the three
precursor monomers are shown in Fig. 3.23a. A single electronic transition is
observed for all systems which we ascribe to a transition from the valence band
(VB) to the conduction band (CB) of the respective CGNR. The energy of this
transition peak corresponds directly to the band gap, namely 2.80£0.03 ¢V in
case of the pristine and the singly doped CGNR. The band gap of the doubly
doped CGNR amounts to 2.71 +0.01 eV and is thus 3% lower. Note, that the
size of the band gap is not significantly altered by doping of the precursors.
Both DFT calculations and a “tight binding +U” (TBU) approach give a
band gap of 1.5 eV for the free-standing CGNR [165]. Considering the value
of 2.80 eV for the pristine CGNR in light of the fact that interaction of the
AGNR with the substrate leads to a reduction of the band gap due to electronic
screening effects [163], shows that this calculation for the free-standing CGNR
underestimates the band gap significantly.
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Figure 3.23: (a) Electronic (@) gyptosetoeto.,
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work group for the CGNR and N VB-CB transition

the two doped counterparts. In
all spectra, a VB-CB transition
was observed and fitted with a
Gaussian peak. The primary
electron energy was Ey = 15.5 eV
and the spectra were normalized
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While HREELS allows direct measurement of the band gap, it does not give
information about the absolute energetic positions of the bands with respect
to the Fermi level. Since this alignment is of particular interest in the context
of doping, we employ ultraviolet photoelectron spectroscopy (UPS) using the
quadrupled fundamental beam of our Ti:Sapphire laser setup which provides
laser pulses with a photon energy of 6.2 eV (see sect. 2.2). Photoemission
spectra are shown for the pristine and the two doped CGNR in Fig. 3.23b.
The most prominent feature in all three spectra is the surface state (SS) of
Au(111) which is not completely quenched due to the CGNR coverage of less
than one monolayer. Its intensity increases as the dopant concentration in the
CGNR is increased. Considering that the thermal on-surface synthesis reaction
was performed in an identical manner for all three systems, the increasing
intensity of the surface state points toward a decreasing coverage, possibly
due to repulsive interaction of the electronegative N atoms, making precursor
desorption more likely and covalent coupling less likely during annealing of
the sample. At lower energy (higher binding energy), a second peak can be
observed for all three systems which shifts to lower energies with increasing
dopant concentration. The energetic shift demonstrates that this peak is due
to the adsorbed CGNR and does not arise from the substrate. We assign the
corresponding electronic state to the valence band (VB) of the CGNR, which
has a binding energy of —0.87 £ 0.03 eV for the pristine CGNR. The binding
energy decreases by around 0.1 eV per N atom and amounts to —1.0140.03 eV
for the singly doped CGNR and —1.10£0.05 eV for the doubly doped ribbon.

The results presented here demonstrate that a controlled, linear down-shift
of the band structure of a bottom-up fabricated GNR can be achieved by pre-
cise doping of the precursor monomers. At the same time, the size of the band



3.3. CHEVRON-SHAPED GNR 77

CGNR +N +2N
3 -
2 CB 193 1.80 1.61
S 3 Y
© 1+ * © - . .
" o o ~ Figure 3.24: Overview of the band
L N
o 0 gap for the pristine and the two doped
44 VB et A CGNR. Values marked with a (*) were ob-
—0.87 -1.01 ~-1.10 tained from HREELS measurements by S.
=27 —> Stremlau. Published in ref. [209].

gap remains unaffected, as expected for a pyridine-like N substitution (see Fig.
3.24). This result points toward the possibility of an independent manipula-
tion of band gap size on the one hand and alignment of the electronic structure
with the environment on the other hand. The band gap of around 2.8 eV is
slightly higher than in case of the AGNR (2.6 eV) which is surprising because
the CGNR has armchair-type segments with a width of N = 9. However,
the inverse relation between the band gap and the ribbon width can not be
expected to be applicable for quantitative comparison of chevron-shaped and
straight GNR. The absolute energetic position of the VB with respect to the
Fermi level for the pristine CGNR agrees with UPS data from ref. [160].

3.3.2 Image-Potential State of CGNR: Dispersion and
Dynamics

In the previous section we used UPS to investigate the occupied electronic
states while the conduction band energies of the three different CGNR could
be inferred from HREELS measurements of the band gap. A systematic study
of the unoccupied electronic states with 2PPE will be given in this section.
Here, we will only discuss the undoped CGNR because the results for the
two doped CGNR systems are very similar. The respective data are shown
in appendix G. For the following experiments, CGNR were prepared on the
Au(111) surface as described in the previous section 3.3.1.

Fig. 3.25a shows a series of 1C-2PPE spectra recorded with different photon
energies. The work function amounts to 4.66 0.02 eV. At final state energies
up to 7 eV, one can observe the typical d-band features of Au(111). In the
energetic region between 7.5 eV and 9.5 eV, two features can be observed
for hv > 4.33 eV whereas there is only one peak for lower photon energies
which in addition is partially cut off by the Fermi edge. We can immediately
conclude that these two features do not arise from occupied electronic states
because otherwise their energetic position relative to the Fermi edge should be
independent of the photon energy. The shift of these two peak with increasing
photon energy does not behave as expected, i.e. shift with a constant, integer
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Figure 3.25: (a) 1C-2PPE spectra of the undoped CGNR on Au(111) for varying photon
energies hv. The spectra have been normalized to one of the d-band features. (b) Shift of
the IPS and CB+n peak positions with Ar. The blue dashed lines represent the calculated
final state energy for an integer slope which is based on the UPS values for the two occupied
states (slope: 2) and the four data points with highest hr for the two unoccupied states
(slope: 1).

slope (see Fig. 3.25b). Instead, there are different photon energy ranges in
which the features exhibit a different peak shift. Since the energetic positions
of these two features are not independent of the photon energy, we can rule out
that they arise from final states above the vacuum level. We can thus identify
the two electronic states corresponding to these peaks as being unoccupied.
The state represented by the peak labeled IPS is located at 3.75 4+ 0.07 eV
with respect to the Fermi level whereas CB+n has a binding energy of 4.19 &
0.08 eV (for these values, only the four spectra with highest hr were taken into
account). The peak labeled IPS has a binding energy of 910 meV with respect
to the vacuum level. However, due to the coverage of 2/3 ML the measured,
average work function of the sample can be expected to be higher than the
local work function (see sect. 3.2.4).

From the UPS experiment in sect. 3.3.1 we know that the energetic position
of the valence band is —0.87 eV and we have observed that the surface state is
not quenched. We can calculate the final state energies at which peaks would
be expected to arise due to these two occupied states as well as due to the
two unoccupied states found above (blue lines in Fig. 3.25b). The actual data
points of both observed peaks deviate from the expected behavior (toward the
surface state). Furthermore, the intensity of the peak labeled IPS is enhanced
when the corresponding state is pumped from one of the occupied states. We
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attribute the peculiar behavior of the two peaks associated with unoccupied
states to resonances with the occupied states. Besides an increase in peak
intensity, this also causes an apparent shift of the observed peaks since the
resonant intensity enhancement generally does not occur in the center of the
peak.
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Figure 3.26: (a) Angle-resolved 1C-2PPE experiments for the CGNR. The spectra were
normalized to one of the d-band features. (b) Shifting binding energy of the two unoccupied
electronic states in the experiment shown in (a). A parabolic fit to the IPS binding energies
yields the effective mass of m* = 0.63 & 0.04 whereas the CB+n is localized.

In order to gain more insight into the nature of the two unoccupied states
found in 2PPE, we performed angle-resolved 2PPE, the results of which are
shown in Fig. 3.26. The IPS disperses around the I'-point and its binding
energy can be fitted well with an effective mass of m* = 0.63 £ 0.04. In
contrast, the higher-lying electronic state is localized.

Based on its energetic position and dispersion we assign the IPS peak to
the image potential state of the CGNR on Au(111). The state at higher energy
can be attributed to a higher lying band, CB+n, which was also observed for
the AGNR and there, too, does not exhibit a significant dispersion.

The ultrafast dynamics of the unoccupied electronic states was furthermore
investigated with time-resolved 2PPE (TR-2PPE). Fig. 3.27 shows a two-color
TR-2PPE experiment performed on the CGNR which employs a UV and a
visible pulse as pump and probe, respectively (for positive delay values). The
photon energy has been chosen such that both the IPS and the CB+n can
be observed. Note, that the final state energy of the two peaks is lower than
in the spectra shown in Fig. 3.25a because in this 2C-2PPE experiment, the
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states are probed with a different photon energy, namely hry = 2.22 eV. Due
to their energetic position close to the vacuum level, both unoccupied states
are probed with the visible pulse rather than the UV pulse.

The cross-correlation of the two laser pulses has been measured at the Fermi
edge (around a final state energy of 6.7 eV), which provides the origin of the
delay axis as well as the temporal pulse width of the laser pulses, namely
62 fs (FWHM of a single pulse). Together with this measurement of the
pulse duration, the cross-correlation traces of the two unoccupied states are
shown in Fig. 3.27. The traces for both states have the same shape as the
cross-correlation of the laser pulses and no asymmetry is observed. We can
thus concluded that neither state possesses a lifetimes which can be resolved
with the present temporal resolution. The short lifetime indicates effective
de-excitation channels both for the IPS as well as for the CB+n which might
be due to decay within the CGNR or charge-transfer into the substrate.

In summary, 2PPE has been investigated to study the properties of the
IPS which is delocalized and possesses a short lifetime. Furthermore we find a
weak signal of an energetically higher-lying band with a localized character. As
already mentioned above, we have conducted analogous 2PPE measurements
for the (singly and doubly) doped CGNR. The results are very similar (see Fig.
3.28) and the reader is referred to appendix G for a detailed discussion. The
main difference lies in changes of the binding energy of the IPS, which follows
the behavior of the work function rather than the doping-induced down-shift
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of the CGNR band structure. This behavior is in full agreement with the
behavior expected for an IPS and furthermore in full analogy to the AGNR
discussed in sect. 3.2.4. Compared to the IPS of the AGNR, the effective mass
in the IPS of the CGNR is reduced by approximately half.

3.4 Summary: GNR

In the present chapter we have first reviewed the electronic structure of GNR
as well as the previous work concerning their fabrication through thermally
induced covalent self-assembly of molecular precursors on the Au(111) surface.
We then discussed the results obtained in this thesis work in the context of
measurements and calculations by different collaborators and other groups.
A straight AGNR with armchair-shaped edges was investigated as well as a
chevron-shaped CGNR and two N-doped derivatives.

We investigated the thermal synthesis reaction toward the AGNR by an-
alyzing the different intermediate phases and additionally studied a photo-
induced reaction of the molecular precursors. In the initial monomer phase
DBBA molecules are adsorbed in islands comprised of dimer rows which indi-
cates molecule-molecule interaction. Furthermore, upon adsorption of DBBA
on the Au(111) surface at room temperature, the molecule is not immediately
dehalogenated. This activation of the precursors must therefore occur during
the first annealing step which yields the polyanthrylene. Using 2PPE and ST,
a total of five molecular orbitals of DBBA are observed which appear to be
involved in the photo-induced reaction of the adsorbed monomers.

Using TPD, the thermal on-surface synthesis reaction could be followed
“live” by analyzing the desorption behavior of the anthracene backbone as
well as other fragments. The multilayer structure does not contain Br which
is somewhat puzzling and may be due to polymerization in the higher layers.
In the first layer, atomic Br is present even after the polymerization step and
desorbs only associatively with H which is released in the cyclodehydrogenation
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reaction.

Experiments on the intermediate polyanthrylene reveal the presence of dis-
persing bands and a rather large band gap of 5.25 eV. DFT calculations show
that the charge carrier mobility is mainly due to the overlap of the m-systems
of neighboring anthracene units which is fostered by the flattened structure of
the adsorbed polyanthrylene. Complementary 2PPE and HREELS measure-
ments demonstrate that the band gap in the fully conjugated AGNR is only
half as large as in the polymer and amounts to 2.60 eV, in good agreement
with other calculations and recent experiments. Surprisingly, the conduction
band of the AGNR has a very high effective mass and does not show a measur-
able dispersion either on the Au(111) or on the stepped Au(788) surface where
the AGNR are aligned parallel to each other. We furthermore investigated
the IPS of the AGNR which is energetically pinned to the local work function
during co-adsorption of Xe. Due to their low density of states, we can not use
our averaging photoemission technique to investigate the edge states which are
localized at the zigzag edges (ends) or the AGNR.

[Nlumination experiments demonstrate a light-induced covalent coupling
of the DBBA monomers on the Au(111) surface which is initiated by ionic
resonances of the adsorbate molecule. This non-thermal process is interesting
as it opens a perspective toward photo-induced assembly of GNR on surfaces,
combining the structural advantages of atomically precise bottom-up synthesis
with the controllability of top-down processes.

In addition to the AGNR, we investigated the influence of pyridine-like
N-doping in CGNR which leads to a gradual down-shift of the band structure
with respect to the Fermi level, while the size of the band gap and the on-
surface synthesis itself remain unaffected by the precursor doping. Therefore,
an independent tailoring of the band gap and its alignment with the electronic
structure of other materials (e.g. in a nanotechnological device) seems possible.
Furthermore, using 2PPE, we characterized the IPS of the CGNR which does
not shift along with the band structure but remains pinned to the local vacuum
level.



Chapter 4

Photoisomerization and
Thermally Induced Reaction of

an Azobenzene Derivative on
Bi(111)

The following, second part of this thesis discusses reactions of di-meta-cyano-
azobenzene (DMC) adsorbed directly on the semi-metallic Bi(111) surface as
well as in higher layers of thin adsorbate films on the same substrate. First, we
will review the isomerization mechanism of the isolated azobenzene molecule
and reactions of DMC as well as the different photo-induced electronic ex-
citation mechanisms at adsorbate-covered surfaces. We will then turn to the
results of the present work, namely photo-induced isomerization reactions of an
azobenzene derivative in the different coverage regimes and thermally induced
processes performed by the resulting cis isomers.

4.1 Background: Reactions of Azobenzene and
Excitation Mechanisms at Surfaces

The preceding, first part of this thesis has been concerned with graphene-
derived structures as an approach to address the nanotechnological challenges
of our day. A different strategy, which will be followed in this second part, is
the development of molecular or supramolecular units with specific functions.
One class of these units are molecular switches which have different molecular
states and can be converted from one state to another by different forms of
external manipulation, the most prominent stimulus being light. The different
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properties of these molecular states determine the function of the molecular
unit [79, 23, 24, 25]. A large variety of different molecular switches exists
[80, 82, 89, 87] which constitutes an equally diverse spectrum of interest and
proposed applications, ranging from fundamental research to nanotechnologi-
cal devices [104, 96, 98, 29, 31, 14, 101].

One major challenge is the transfer of molecular switches into the condensed
phase, e.g. on a surface or at an interface, which is a necessary prerequisite for
most applications. Different forms of molecule—substrate interaction, such as
steric effects and efficient de-excitation due to electronic coupling, frequently
lead to quenching of the molecular functionality. On the other hand, the
substrate may also offer new excitation channels which are not available for
the isolated molecule. Investigation of the substrate-adsorbate interplay is
therefore crucial for the understanding of functional molecules on surfaces.

4.1.1 Isomerization Reactions of Azobenzene in Solu-
tion

Among the photochromic molecular switches, the function of which is initiated
by light, azobenzene arguably is the most prominent representative due to its
relatively simple structure (see Fig. 4.1a) [211, 80, 212, 81, 213]. The ther-
modynamically stable form of azobenzene is the trans isomer (or E isomer)
in which both phenyl rings are bound to an sp?-hybridized diazo group with
a stiff double bond. Two characteristic angles are typically used to describe
the conformation of azobenzene, which are closely related to two different iso-
merization pathways: the inversion angle # and the rotation angle ¢. The
trans isomer is planar and has a vanishing dipole moment due to its inver-
sion symmetry. The other, meta-stable conformation of azobenzene is the cis
isomer which is three-dimensional and possesses a dipole moment of around
3 D [214] due to the electronegative N atoms. On the potential energy surface
(PES) of the electronic ground state Sy, the cis isomer is separated from the
trans isomer by an activation barrier of 0.91 to 1.22 eV (in cis—trans direction)
[215, 216, 217] and the energetic difference between both isomers amounts to
0.58 eV [218].

While the activation barrier between the cis and the trans isomer can
be transcended thermally and unidirectionally, photo-induced isomerization
pathways allow bidirectional switching (see Fig. 4.1b). Absorption of UV
light around 300 nm by the trans isomer leads to an excitation into the S,
state (m — 7* transition). The system then relaxes along the PES of this
state following the rotation pathway until it reaches a conical intersection and
transitions to the S; state. There, it relaxes further, via the trans geometry and
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Figure 4.1: (a) Structure of trans (E) and cis (Z) azobenzene and interconversion channels
in solution. © is the angle associated with inversion, whereas ¢ describes the rotation
pathway. (black: C, blue: N, white: H atoms) (b) Photoisomerization mechanisms for the
trans—cis (blue) and cis—trans (orange) reactions along the PES of the ground state Sp and
the first two excited singlet states S 2 in the free molecule and thermally induced cis—trans
reaction (red). Adapted from ref. [81]. (c¢) Schematic depiction of an isomerization along the
PES of an anionic resonance upon electron attachment. (d-f) Contour plots of the calculated
PES for the first two singlet states of the neutral molecule (d,e) and the ground state of
the anionic azobenzene molecule (f). Arrows schematically indicate trans—cis isomerization
pathways. Adapted from ref. [109].

the minimum of S; which lies above the barrier of the ground state. The system
de-excites into the ground state and, with considerable probability, follows the
inversion pathway toward the cis isomer. The photo-induced back-reaction is
initiated by the absorption of a photon in the visible spectrum around 435 nm
which excites the molecule into the S; state (n — 7* transition), followed by
relaxation along the inversion pathway back toward the trans isomer [80, 81].
Both isomerization directions can however be initiated by transitions to either
S1 or Sg. Therefore, absorption of both visible and UV light leads to the
establishment of a photostationary state (PSS) consisting of trans and cis
isomers in a specific ratio [219, 220].

While the above discussed molecular states were all neutral excited states
induced by intramolecular absorption of a photon, another form of molecular
excitation is the attachment of electrons (holes), leading to anionic (cationic)
resonances of the molecule. Fig. 4.1c shows how the PES of an ionic resonance
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can lead to trans—cis isomerization if it has a minimum close to the cis geom-
etry and an activation barrier which can be overcome at a given temperature.
Fig. 4.1d-f shows PES of the electronic ground state and the S; state of the
neutral molecule as well as the PES of the anionic ground state calculated for
di-meta-cyano-azobenzene using DFT and time-dependent DFT (TD-DFT)
[109]. While according to these calculations, the activation barrier for trans—
cis isomerization in the neutral ground state is 1.72 eV, the barrier is reduced
to 0.54 eV in the anionic state. This barrier reduction can be attributed to
a weakening of the double bond of the diazo group due to occupation of an
antibonding 7* orbital in the anionic case. Nevertheless, even in the anionic
state, the trans isomer is the stable form and therefore trans—cis isomerization
along the PES of the anionic state can not be achieved. When the molecule is
adsorbed on a surface however, it is conceivable (i) that the activation barrier
may be lowered due to additional filling of the antibonding 7* orbitals and (ii)
that the cis form may be stabilized due to the formation of a partially cova-
lent bond between the lone pair orbitals of the diazo group and the substrate
atoms. Both effects have been observed for DMC adsorbed on Cu(100) (see
sect. 4.1.2) [221].

4.1.2 Interaction of Adsorbed DMC with Different Sub-
strates
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Figure 4.2: (a) Structure of DMC for the two isomers (trans and cis) and their two
respective rotamers (syn and anti), along with interconversion pathways. For simplicity, the
structures are drawn in plane although the cis isomer is not planar. (b) STM image of anti-
trans-DMC on Au(111). Arrows indicate depressions in the tunneling current associated
with the cyano groups. (c) STM image of the same molecule as in (b) after applying a
voltage pulse of Vg = 1.8 V, resulting in syn-trans-DMC. (c) and (d) adopted from ref. [111].
(d) STM image of two anti-trans-DMC molecules adsorbed on Cu(100) (Vg = —0.72 V,
I; = 0.54 nA). (e) STM image of the same two molecules after positioning the tip over the
left molecule with a bias of Vg = —2 V which leads to trans—cis isomerization. (d) and (e)
adopted from ref. [221].
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In order to foster the isomerization efficiency of azobenzene derivatives,
especially on surfaces, a modification of the PES in the ground state and the
excited molecular states is desirable, i.e. a reduction of the barriers. In the
ground state, a reduced barrier between the trans and cis isomers leads to an
increased efficiency of the thermal reaction, which however is unidirectional
toward the stable form. The relative stability of the conformational forms of
an adsorbed photoswitch may be inverted with respect to the free molecule
[221, 92]. On the other hand, a reduced barrier between the two isomers in
an excited molecular state (neutral or ionic) may increase the efficiency of the
photoisomerization toward the meta-stable isomer.

The activation barriers of an azobenzene molecule can be influenced mainly
in two ways: by substitution of the phenyl rings with various side groups or
by adsorption on a substrate. DFT calculations predict that substitution of
azobenzene with two cyano groups in the meta positions (DMC, see Fig. 4.2a)
lowers the barrier in the ground state and additionally results in a relatively
low barrier in the anionic state [109]. This lowering of the barriers is due to the
electronegative character of the cyano groups which withdraw electron density
from the central diazo bridge—more precisely, from the bonding 7 orbitals of
the double bond.

Besides reduced barriers in the ground state and the anionic state, DMC
furthermore has a relatively high dipole moment of 7.0 D which is also at-
tributed to the electronegative cyano groups [109]. This increased dipole mo-
ment makes DMC suited for photoisomerization experiments using a photoe-
mission setup because a change in the surface dipole moment results in a
change of the (easily measurable) work function.

DMC has previously been studied on two different metal surfaces by means
of STM. Using the STM tip, reactions of adsorbed DMC can be induced in
both cases which grant an insight into the substrate—adsorbate interaction for
these systems.

On the Au(111) surface, DMC adsorbs in the trans form and the bond
to this noble metal can be expected to be governed by physisorption. In a
topographic STM image, the molecule shows two elliptical protrusions accom-
panied by subtle depressions associated with the cyano groups from which the
rotational form (syn vs. anti) can be determined (see Fig. 4.2b) [111]. Upon
application of a voltage pulse in the STM junction, the appearance of the
molecule changes: the relative orientation of the two characteristic depressions
changes which is ascribed to the rotation of a single phenyl ring by 180°, i.e.
an anti—syn rotation of trans-DMC, as shown in Fig. 4.2c. The reaction is
initiated by electron attachment to the LUMO of DMC, thus creating an an-
ionic resonance of the molecule, in connection with the electric field of the STM
junction. Isomerization reactions of azobenzenes adsorbed on metallic surfaces
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have frequently been induced with STM [93, 95, 94, 112, 221]. However, in the
present case of DMC on Au(111), such a reaction can not be observed. In the
presence of Co adatoms on the Au(111) surface, DMC forms metal-organic
networks in which the electronegative cyano groups are bound to the adatoms
[222].

When adsorbed on a different, namely the more reactive Cu(100) surface,
DMC initially adsorbs in its trans isomer, too (see Fig. 4.2d) [221]. The ge-
ometry of the trans isomer on this surface is slightly bent due to the partially
covalent character of the adsorbate—substrate bond at the diazo bridge. Partic-
ularly, the lone pair orbitals of the diazo bridge hybridize with the electronic
states of the substrate. By applying voltage pulses in the STM junction, a
trans—cis isomerization of the adsorbed DMC molecules can be induced which
leads to a molecular configuration in which the cyano groups are oriented to-
ward the vacuum [221]. A stability inversion is observed, i.e. the cis isomer is
the stable conformation at the Cu(100) surface, which is due to the formation
of a relatively strong covalent bond between the lone pair electrons of the diazo
bridge and the substrate atoms. Because of this high degree of stability, the
isomerization toward this form is unidirectional.

The two above case studies of DMC on Au(111) and Cu(100) demonstrate
the crucial influence of the substrate on the adsorption and the isomeriza-
tion behavior of adsorbed molecular switches. While the partially covalent
character of the DMC-Cu bond is somewhat beneficial for the isomerization
ability, as it weakens the double bond at the diazo group, it also eliminates
the pathways leading back to the trans configuration. On the other hand, the
attractive van der Waals interaction of the phenyl rings with the highly polar-
izable Au(111) substrate is disadvantageous with regard to isomerization, too.
Due to the sensitivity of the molecular functionality to the interaction with
the underlying substrate, a careful balance between van der Waals and cova-
lent character has to be achieved in order to facilitate efficient bi-directional
switching.

In the present thesis we investigate DMC adsorbed on the semi-metallic
Bi(111) surface which should lead to a reduced van der Waals interaction with
the molecule (compared to the Au(111) surface) due to the low density of states
around the Fermi level. However, Bi is not as inert as Au and the DMC-Bi
bond may thus have a partially covalent character which could weaken the
double bond of the diazo bridge. Bi has shown to be a suitable substrate for
photo-induced bidirectional isomerization of spiropyran [118]. Previously, we
have investigated the unoccupied electronic structure of the Bi(111) surface in
detail using 2PPE [223, 224] and the work presented in this thesis shows that
the alignment of the molecular orbitals of DMC with the band structure of Bi
fosters the photoisomerization.
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Figure 4.3: Different  photo-
vac induced excitation mechanisms at
an adsorbate—substrate interface.

Electron—hole pairs can be created
by absorption of light in the sub-
strate (1) or the adsorbate (4).

Charge transfer processes (2,3)
can transfer an excitation between
the substrate and the adsorbate.
Additionally, direct excitations from
the substrate into the adsorbate

»

Substrate Adsorbate ~ orbital are possible (5,6).
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4.1.3 Photo-Excitation Mechanisms at Adsorbate-Covered
Surfaces

Generally, a (photo-)isomerization process of a molecular switch into the meta-
stable state requires an excited molecular state which can be achieved by (i)
an intramolecular electronic excitation in which an electron is promoted to
an unoccupied molecular orbital or (ii) by creation of an anionic or cationic
resonance, where a charge transfer between the molecule and its environment
(e.g. the substrate) excites the adsorbate.

Different excitation mechanisms are depicted schematically in Fig. 4.3.
As mentioned above, the simplest molecular excitation is the intramolecular
absorption of a photon and hence electronic transition from an occupied to
an unoccupied molecular orbital, e.g. from the HOMO to the LUMO (4)
[225, 226, 227]|. Although this initial process occurs within the molecule, the
substrate has an influence on the subsequent evolution of the electronic and
nuclear systems of the adsorbate molecule: for example, the HOMO-LUMO
gap can be affected by the substrate (as compared to the free molecule), charge
transfer of the excited electron or hole can lead to an ionic resonance or the
potential energy surface of the molecular states may be altered due to the
presence of the substrate (e.g. the surface can pose a steric barrier). This
excitation pathway can only be initiated by absorption of a photon with a
specific photon energy, hv = Erumo — Faomo- Besides in isolated molecules,
intramolecular excitations often occur in the multilayer regime [228, 113, 122].

The substrate can also take a more central role in the photoexcitation pro-
cess, namely by acting as a chromophore. Due to the higher phase space for
electronic excitation and the ability to absorb photons in several atomic layers,
the substrate usually has a higher photoabsorption cross section than an adsor-
bate (1). The excited charge carriers (electrons and holes) decay back toward
the Fermi level via carrier—carrier scattering processes leading to a hot electron
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(hot hole) distribution [229, 230, 231]. These hot carriers can be transferred
into the respective molecular orbitals of an adsorbate: electron attachment to
unoccupied molecular orbitals creates an anionic resonance (negative ion reso-
nance, 2) [232, 233, 234, 140] whereas hole attachment to occupied molecular
orbitals creates a cationic resonance (positive ion resonance), 3) [235, 139].
Such charge transfer processes have been known to initiate chemical reactions
in adsorbates due to the different PES of the respective resonance compared
to the neutral molecule. Other effects of the substrate may influence the ad-
sorbate reaction as well, such as steric effects or de-excitation of the ionic
resonance by fast back-transfer of the charge carriers. In contrast to the dis-
crete energy levels of an adsorbate, the bands of a substrate have a continuous
energy distribution, allowing for excitation over a wide range of photon ener-
gies [205, 206].

Besides hot carrier transfer, ionic molecular resonances can be created by
direct excitations from occupied substrate bands into unoccupied molecular
orbitals (6) or from occupied molecular orbitals into unoccupied substrate
bands (5). The difference to hot carrier transfer is a direct photo-induced
transition due to a finite spatial overlap of the adsorbate orbital’s wavefunction
and the Bloch waves of the substrate bands. Compared to hot carrier transfer,
direct excitations involving adsorbate molecular orbitals thus have a reduced
phase space for electronic excitation [236].
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4.2 Results: Reactions of DMC in the First
Monolayer and in the Multilayer Regime

In this section we will discuss the results obtained from photoemission and
illumination experiments conducted on di-meta-cyano-azobenzene (DMC) ad-
sorbed in different coverage regimes on the Bi(111) surface. First, a substrate-
mediated photoisomerization reaction in the first adsorbate layer will be dis-
cussed in sect. 4.2.1. The subsequent section comprises experiments in the
multilayer regime where we observe two photoisomerization processes and fi-
nally, in sect. 4.2.3, thermally induced reactions of the photo-fabricated cis
isomers will be presented. DMC was synthesized by B. Priewisch in the group
of Prof. Riick-Braun (Technische Universitat Berlin) [237].

4.2.1 Photoisomerization of DMC in the First Mono-
layer

This section describes the trans—cis photoisomerization reaction of DMC ad-
sorbed in the first monolayer on Bi(111). The results presented here have been
published in J. Phys. Chem. C' 117, 27031 (2013) [172].

Thin films of DMC on the Bi(111) surface were prepared by evaporation
of DMC from an effusion cell held at 107 °C onto a Bi(111) surface which
was cooled to 120 K. These films were characterized by TPD of a prominent
molecular fragment with a mass of 102 amu, namely a cyano-substituted phenyl
ring (C¢H4CN™), as shown in Fig. 4.4. The coverage of the DMC film was
varied by changing the evaporation time and it is proportional to the integral of
the TPD. A total of three desorption peaks can be observed, one of which (az3)

91
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exhibits a zero-order peak form and does not saturate with increasing initial
DMC coverage, which are both typical attributes of a multilayer desorption
peak. The other two peaks (a; and «as) saturate as the initial DMC coverage
is increased. We assign both peaks to desorption from the first monolayer
and interpret as as a compressed phase which is common for azobenzenes
adsorbed on metals [116, 175, 106]. Upon heating the sample to temperatures
above 335 K, DMC is completely desorbed, as evident from posterior 2PPE,
HREELS or Auger electron spectroscopy (AES) measurements.

An alternative explanation for a second, saturating desorption peak would
be the formation of a bilayer. However, this can be ruled out based on the
behavior of the IPS with increasing DMC coverage: as we will see below, the
IPS of the bare Bi(111) surface decreases in intensity and simultaneously, a
new IPS associated with the DMC-covered surface arises at a lower energy.
The IPS of the bare surface is quenched completely when a coverage of 1 ML
is reached (i.e. if defining a monolayer as comprised of both a; and ay) and
thus, ap arises due to DMC desorption from the first monolayer.

An absolute quantification of the coverage can be obtained from the TPD
curves by integration and normalization to the area of a TPD which is defined
as 1.0 ML. However, due to the limited number of available curves, the TPD
defined as 1.0 ML has a coverage which is lower because one chooses the TPD
with the highest integral in which the multilayer feature a3 is not observed.
Due to this systematic error in the coverage gauging, the stated coverages
generally deviate toward higher values. We have taken this effect into account
by stating coverages only to a precision of 0.1 ML.

For the illumination experiments in this section, we prepared a coverage of
1.0 ML by adsorption of a multilayer film and subsequent annealing at 300 K
for 1 min in order to thermally desorb the higher lying layers. A temperature
of 240 K was thereafter maintained for 30 min to allow for ordering processes
to occur.

Before investigating the photo-induced reactions, we use UPS and 2PPE
to characterize the electronic structure of the system which will prove to be
highly relevant for the understanding of the photoisomerization mechanism.
Fig. 4.5a shows UPS spectra recorded with the quadrupled fundamental of
the Ti:Sapphire laser system for the bare Bi(111) surface and various cover-
ages of DMC. In the absence of an adsorbate, three peaks, Bi"~% are observed
which arise from electronic bands and surface states or resonances of the sub-
strate, respectively, and have been studied previously by the author of the
present thesis [223]. The spectrum can be reproduced by three Gaussian fit
functions on a linear background which is cut off by a Fermi function. With
increasing DMC coverage, a new peak rises in intensity. Consequently, the
spectra recorded on the DMC-covered surfaces have been fitted with an ad-



4.2. RESULTS: REACTIONS OF DMC 93

(a)||||||||||||||||||||||||||(b)||||||||||||||||||||||
1.0 g a DMC/Bi(111) — UPS DMC/Bi(111) — 2C-2PPE IPS
L FE’ ! hv=6eV, T=110K hv,=1.95eV, hv,=3.90eV (Bi)
i ~ i — BIi(111) — BI(111)
*E;L; -0.5 3 : — 03ML — o02ML IPS
\+HOMO (x5) o i 0.5 ML —— 0.5ML (DMC)
L Q 0.7 ML 0.6 ML ;
) = X — 1.6ML 0.8 ML :
N .—.‘ -0.0E I — 1.9ML — 1.0ML !
1 —_— —
> |05 15 25 - oM — lawr unoccupied | o
'3 | Coverage [ML] X —_— 7ML p-bands ! o
k3] ! = ! )
< ‘B 1 2
= : o | § ! 3
k) ! =z, | E : g
2 | > | W i a
1 P ! o
g N %2 | & | £
g L g8 ' g
- - 2 2
AN £
I I
! I
! 1
LNy
HOMO: !
1
B BI® BiO
— T T T T T L A e B B B EEEE BLER e
-2.0 -1.5 -1.0 -0.5 0.0 4.0 4.5 5.0 5.5 6.0
E'EF [GV] EFir\aI-EF [eV]

Figure 4.5: (a) UPS spectra recorded for increasing coverages of DMC on Bi(111). Besides
three features originating from the substrate (Bi(1_3)), the HOMO of adsorbed DMC is
found. The red curves represent fits to the spectra as described in the text. The inset
shows the intensity of the fit components with increasing coverage. (b) 2C-2PPE spectra
for various coverages of DMC on Bi(111). The features associated with the unoccupied
substrate p-bands (grey) and the LUMO of DMC (bold red curve) were fitted as described
in the text. The individual fit components are shown exemplarily for the spectrum recorded
at a coverage of 0.8 ML. (a) and (b) published in ref. [172].

ditional Gaussian peak while keeping the position and width of the other fit
components (originating from the substrate) fixed. Although the intensity of
the fit components was kept free, the relative intensity of all three substrate
peaks changes in the same manner (see inset in Fig. 4.5a). We assign the
new peak to the HOMO of DMC. Its binding energy is determined from the
fits as —0.98 +0.05 eV with respect to the Fermi level and angle-resolved UPS
measurements demonstrate that it is localized, i.e. it doesn’t show a dispersion.

In analogy to these UPS results, 2C-2PPE spectra have been recorded
for various DMC coverages in order to investigate the unoccupied electronic
states of the system, as shown in Fig. 4.5b. The work function decreases
with increasing DMC coverage, from 4.23 4+ 0.03 eV for the clean substrate
to 4.05 £ 0.02 eV at a coverage of 1.0 ML. The spectrum of the bare Bi(111)
surface contains an intense feature at a final state energy of 5.54 4+ 0.04 eV
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which can be assigned to the n = 1 IPS based on previous experiments by our
group and Muntwiler et al., respectively [238, 223]. From the present spectra
we find a binding energy of 3.59 & 0.05 eV with respect to the Fermi level.

The peak intensity decreases upon adsorption of DMC and at the same
time, a new peak gains intensity at 5.35 + 0.04 eV. The energetic different
between these two peaks corresponds to the work function difference between
the clean surface and a DMC-covered one with a coverage of 1.0 ML. Further-
more, the corresponding electronic state can be identified as unoccupied based
on the peak shift with varying photon energy. The peak exhibits a dispersion
with an effective mass of m* = 1.3 £ 0.3 in angle-resolved 2PPE experiments
(at a coverage of 1.0 ML). This unoccupied electronic state is consequently
identified as the IPS of the adsorbate-covered surface and its binding energy
amounts to 3.40 + 0.05 eV.

In the spectrum which was recorded at a coverage of 1.0 ML, the IPS of the
bare surface shows a residual intensity even though it should be completely
quenched. This is a consequence of the systematic error that is made in the
coverage gauging as described above. Since the energetic position of the two
IPS features is independent of the coverage and one IPS rises in intensity while
the other loses intensity we can conclude that DMC grows in islands on the
Bi(111) surface. Otherwise, a continuous energetic shift of a single IPS peak
would be expected due to the pinning of the IPS to the (continuously shifting)
average vacuum level of the entire sample rather than the local vacuum level
within the island (see discussion of the IPS of AGNR in sect. 3.2.4).

At lower final state energies between 4.5 eV and 5.2 eV, the spectrum of
the bare surface contains a broad feature which can be fitted with three Gaus-
sian fit functions on a linear background and arises due to unoccupied p-bands
[223]. Note, that the intensity distribution of the spectral feature reflects the
density of states of the respective bands. In analogy to UPS, the 2PPE spectra
show a new feature at a final state energy of 4.67+0.03 eV upon adsorption of
DMC (this features is also observed in 1C-2PPE;, see appendix H). The respec-
tive spectra have consequently been fitted with four Gaussian peak profiles.
However, the free parameters were limited by keeping the energetic position
and width of the substrate features fixed as well as their relative intensity. The
individual fit components for all fitted spectra can be found in appendix [. The
electronic state associated with the DMC-induced peak can be identified as un-
occupied due to its photon-energy dependent energetic shift. Furthermore, it
does not show a dispersion in angle-resolved 2PPE measurements or a signifi-
cant lifetime in time-resolved 2PPE experiments. Due to these properties we
assign this state to the LUMO of DMC, the binding energy of which amounts
to 0.77 & 0.05 eV.

When the DMC-covered surface is exposed to UV photons such as those
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Figure 4.6: Continuous photo-induced changes in 1C-2PPE spectra of a DMC-covered
surface. The three graphs show different energy regions of the same data set. The spectra
have been normalized to the intensity at a final state energy around 5 eV. Orange arrows
indicate the spectral changes with increasing photon dose. The averaged photon fluence in
this experiment was f = 5.9 x 10%° cm™2s~! and the stated sample temperature of 110 K
was maintained during the entire illumination experiment. (a) Changes to the secondary
edge as well as a broad feature arising from the LUMO and the unoccupied p-bands. (b)
Complete spectra. The energy regions shown in (a) and (c¢) are highlighted. (c) Changes
near the Fermi edge and most notably, the IPS. (a) and (c) published in ref. [172].

used in 1C-2PPE, continuous changes can be observed in the spectra as shown
exemplarily in Fig. 4.6a-c for a photon energy of 3.90 eV. Note, that the
photon doses necessary to acquire a single spectrum are negligible compared
to those necessary to induce spectral changes'. The work function increases
gradually by 250 meV (see Fig. 4.6a), which is a relatively large value com-
pared to the work function increase of 50 meV during photoisomerization of
tetra-tert-butyl-azobenzene (TBA) on the Au(111) surface [116]. If we assume
that the spectral changes observed for DMC/Bi(111) are due to a photoiso-
merization as well (as we will see later on), an increase of the work function is
consistent with the electronegative cyano groups pointing toward the vacuum.
The relatively large work function increase might be attributed to the higher
dipole moment of DMC, compared to TBA [109], or a different isomer ratio in
the photostationary state (PSS), or both.

At final state energies between 4.9 eV and 6.7 eV, no significant changes are
observed in the spectra (see Fig. 4.6b). The broad feature observed between
4.4 €V and 4.8 eV arises both due to the LUMO of DMC and unoccupied
p-bands of the substrate but in these 1C-2PPE experiments the components
can not be resolved as well as in 2C-2PPE. Therefore we can not conclude to
the behavior of the LUMO during the photo-induced process. The IPS of the

'For example, in order to record one spectrum of the series shown in Fig. 4.6a-c, the
sample was exposed to a photon dose of 2.0 + 0.5 x 10?' cm ™2 whereas the accumulated
photon dose in the entire experiment was 1.7 £ 0.2 x 10%* cm~2.
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DMC-covered surface, located at a final state energy of 7.3 eV (see Fig. 4.6¢),
loses intensity with increasing photon dose and the spectral weight in this
region is shifted to higher energies. However, due to the noise level we can not
distinguish between a continuous shifting of the IPS energy on the one hand or
a decrease of the IPS peak accompanied by a simultaneous increase of a new
IPS feature associated with the photo-product on the other hand. The former
would be expected in case of a photo-induced process which is independent of
the molecular environment. While intensity variations of spectral features can
only be observed for those photon energies at which the respective features
occur in the spectra, the work function is an easily accessible quantity in every
photoemission spectrum. Consequently, we use the work function change as
a measure for the photo-induced changes of the adsorbate in the quantitative
analysis presented below.

Before quantifying the photo-induced process, we should however first dis-
cuss its nature. A number of light-induced processes are conceivable for molec-
ular adsorbates on metal surface. With regard to previous studies of DMC on
Au(111), a phenyl ring rotation [111] could be one of them but is inconsistent
with the observed changes in the spectra, most notably the increased work
function. Another possible process could be laser-induced desorption. How-
ever, the spectra do not evolve toward those recorded on the clean surface.
Upon irradiation with UV light, dissociation processes could lead to a frag-
mentation of the molecule. In order to rule out such a beam damage effect, we
conducted an experiment in which a substantial portion of the sample surface
was illuminated using a KrF excimer laser? with a spot diameter of 5.8 mm,

2)\ = 248 nm, hv = 5.0 €V, repetition rate 57 Hz, pulse energy 1.7 4+ 0.4 mJ cm 2.
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in contrast to experiments with the Ti:Sapphire laser setup where the spot
diameter is usually on the order of 50 to 100 pm. The system was brought
into saturation, as evident from the work function which was monitored during
illumination (see inset of Fig. 4.7). A subsequently recorded TPD at the mass
of the CgH4CN™ ion (102 amu) shows no significant changes in either shape
or area of the desorption peaks which demonstrates that the photo-product
can not be comprised of molecular fragments smaller than a cyano-substituted
phenyl ring and that the binding energy is unaffected by the process, which
would not be expected in case of dissociation. We therefore conclude that the
most likely origin for the changes observed in the spectra is a photo-induced
trans—cis isomerization of DMC on the Bi(111) surface®.

Based on this conclusion and the interconversion channels of azobenzene
in solution, a photo-induced cis—trans reaction on the surface is conceivable
which would be initiated by light in the visible spectrum. Indeed we illumi-
nated samples, which had previously been brought into saturation with UV
light, with visible light between 1.9 eV and 2.5 eV but from our data we can
not conclude to a cis—trans isomerization. This might be explained by a sta-
bilization of the cis isomer on the Bi(111) surface, efficient quenching of the
respective excited molecular state (S; in solution).

A quantitative analysis of the photoisomerization process can be performed
in order to gain an insight into the mechanism that drives this reaction. As
already mentioned, the work function ® is the suitable measure for this task
and we henceforth assume the change of ® to be proportional to the number of
molecules in the cis state. Fig. 4.8a shows the evolution of the work function
in an illumination experiment with hrv = 3.90 eV as a function of the photon
dose to which the sample has been exposed. The behavior can be described
very well with a mono-exponential fit function

d(d) = ¢(0) + AP exp (—od), (4.1)

where A® is the asymptotic work function change and o is the effective
cross section which in this particular experiment amounts to o = 2.1 £ 0.2 x
10~2* cm?. This value is relatively low compared to the effective cross section
of the photoisomerization of TBA/Au(111), which is on the order of 1072? cm?
[139] or 10723 ecm? [240] for photon energies below 4.5 €V. In another study, an
effective cross section of 6 x 1072° ¢cm? is found for the photoisomerization of
a different azobenzene derivative on the Cu(111) surface [117]. In comparison,
the present isomerization reaction is a rather inefficient one.

3DMC is adsorbed in the first monolayer of the Bi(111) surface in its trans configuration,
as determined using HREELS in our group (conducted by S. Stremlau) [190] and near-edge
x-ray absorption fine structure (NEXAFS) measurements [239)].



98 CHAPTER 4. REACTIONS OF AN AZOBENZENE ON BI(111)

(a) 1 1 1 1 (b) P I U T T N T T T N S N S B MR
| L —22_: , & transitions in :_
4.30 10 E 5 solution ) E
< ~ ] % nm* o Q F
3 4.25 - E I / [
2 s 0°3i3 1 o 3
£ 42 § 149 P 3
S 4.20 -R 1 ; : C
.5 3 10%4 & % : O% E
£ 415 -2 I 0 :
= 5 - : : cross C
107 ; sections | |
4.10 H hv=3.90eV o E : E
0=(2.1£0.2)x10% cm? 3 Upper F
4.05 e - 10%_¢ limits |

I I I I I.I I LI B I LI B I LI B I LI B I LI

0.0 0.5 1.0 1.5x10% 2 3 4 5 6
Photon dose [cm?] Photon energy [eV]

Figure 4.8: (a) Work function change as a function of photon dose during the illumination
experiment shown in Fig. 4.6. The data are well described by a mono-exponential function
which yields an effective cross section ¢ = 2.1 £ 0.2 x 10724 eV. (b) Dependence of the
effective cross section ¢ on the photon energy. The black dashed line is to guide the eye.
In the visible spectrum (hv < 3 eV) no spectral changes can be observed after illumination
but upper limits to o are given as grey bars. The HOMO-LUMO gap as determined from
UPS and 2PPE is shown as well as the energies of the nm* and 7™ transitions of DMC in
solution [237]. (a) and (b) published in ref. [172].

We have performed illumination experiments like the one presented for
hv = 3.90 eV above for various other photon energies in the visible and in
the UV spectrum (see Fig. 4.8b). For photon energies in the visible spectrum
(i.e. hv < 3 eV), no changes can be observed in the spectra. Therefore,
upper limits for the effective cross section are stated in this energetic region.
In the photon energy regime above 3 eV, we always observe similar spectral
changes, particularly a mono-exponential increase of the work function with
increasing photon dose. A more than exponential increase of o with the photon
energy can be observed but we do not find particularly increased effective
cross sections at the photon energies corresponding to the HOMO-LUMO
gap as determined from UPS and 2PPE experiments shown above or at the
photon energies corresponding to the n7* and w7* absorption bands of DMC
in solution, excitation of which leads to an isomerization reaction in the free
molecule [237].

The exponential increase of the effective cross section with the photon
energy contradicts a process induced thermally by the deposited energy of
the laser beam because this would be reflected in a linear dependence of the
effective cross section on the photon energy. On the other hand, since no in-
tramolecular, resonant transitions can be observed, we conclude that the exci-
tation mechanism which initiates photoisomerization in solution, is quenched
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at the surface, possibly due to fast de-excitation of the S;, states into the
substrate or an altered PES of these states due to the adsorbate—substrate
interaction. Instead, the broad range of photon energies which lead to the
photoisomerization of the adsorbed DMC molecules is indicative of a substrate-
mediated process. See sect. 4.1.3 for a discussion of various photoexcitation
processes of adsorbate—substrate complexes.

For example, in case of sufficient wave function overlap, a direct electronic
transition between the occupied p-bands of Bi and the LUMO of DMC could
be induced [236]. However, as can be seen from Fig. 4.9, the limited band
width of the substrate bands would only allow for such a transition up to a
photon energy of 3.8 eV. Analogously, excitations from the HOMO of DMC to
the unoccupied p-bands would energetically only be possible up to a photon
energy of 4.4 eV. Since we observe (relatively efficient) photoisomerization
well beyond these photon energies, we propose a different substrate-mediated
excitation mechanism which is depicted in Fig. 4.9. Absorption of a photon
in the substrate leads to an electronic excitation from the occupied to the
unoccupied p-bands. The electrons thermalize within the unoccupied p-bands
via electron—electron scattering and can subsequently tunnel into the LUMO
of DMC, creating an anionic resonance. As discussed in sects. 4.1.1 and
4.1.2, a relatively low activation barrier as well as a stability inversion due to
hybridization of the lone pair orbitals at the diazo bridge with the substrate is
conceivable in the anionic state of DMC. Consequently, the anionic resonance
initiates nuclear motion toward the cis conformation.

The energetic alignment of a molecular orbital with the substrate bands
has an important influence on photoisomerization reactions which are initiated
by the formation of an ionic resonance [115]: if the energetic overlap of the
molecular orbital and the bands is too low, charge transfer is inefficient. On
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the other hand, the excited charge carriers accumulate at the edges of the
substrate bands after thermalization (e.g. hot electrons accumulate at the
low-energy edge of the unoccupied p-bands). If the molecular orbital lies well
within the energetic range of the bands, the carrier concentration at the energy
of the molecular orbital is too low. Considering the energetic alignment of the
frontier orbitals with the respective substrate bands in case of DMC/Bi(111),
we conclude that the creation of an anionic resonance is more likely than the
formation of a cationic resonance because the HOMO lies well within the range
of the occupied p-bands.

The mechanism leading to photoisomerization of DMC on Bi(111) is in
analogy to that of TBA/Au(111), where a cationic resonance created by hole
tunneling into the HOMO of TBA initiates the isomerization process [139, 241].

In summary, we have used complementary surface-sensitive spectroscopies
to determine the energetic position of the frontier orbitals with respect to
the electronic structure of the underlying Bi(111) substrate. Upon illumina-
tion with UV light, the adsorbate molecule performs an isomerization reaction
toward the cis isomer which is initiated by absorption of a photon in the sub-
strate and subsequent electron tunneling into the LUMO of DMC, leading
to an anionic resonance and, ultimately, isomerization. It is noteworthy that
the photoisomerization ability of DMC is restored rather than preserved at
the surface: while the intramolecular isomerization channel is quenched at the
surface, the interplay of substrate and adsorbate allow for a new excitation
mechanism.

4.2.2 Photoisomerization of DMC in the Multilayer Re-
gime

Having observed a substrate-mediated photoisomerization reaction in the first
layer of DMC-covered Bi(111), we now turn to DMC films in the multilayer
regime. These films have been characterized using TPD and Auger electron
spectroscopy (AES). The latter was conducted in a different setup with similar
facilities for sample preparation and temperature control as in the setup used
for 2PPE experiments.

As discussed already in sect. 4.2.1, TPD curves of DMC desorbing from
the Bi(111) surface exhibit three desorption peaks which can be attributed to
the desorption from the first adsorbate layer (a; and az) and the multilayer
(ag). Fig. 4.10a shows TPD curves for a variety of prepared DMC films,
including those which have been used for the measurements in this section
(shown in red). For these preparations, coverages between 3.9 ML and 6.3 ML
were obtained with an average of 4.7 ML (inset of Fig. 4.10a).
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Figure 4.10: (a) TPD curves for different initial DMC coverages on Bi(111) with desorption
peaks arising from the first layer (o;,2) and the multilayer («3). TPD curves shown in red
represent preparations which have been used for the measurements in sect. 4.2.2. The TPD
shown in blue corresponds to the desorption of 1.0 ML. The inset shows the coverage values
for the preparations used for the experiments in this section determined by integration of
the red TPD curves. The average coverage was 4.7 ML. A linear background has been
subtracted from all TPD. (b) AE spectra recorded for increasing DMC coverages on Bi(111)
with an excitation energy of Foy.. = 4.2 keV. The spectra were normalized as described in
the text. (c) Peak intensity from the data shown in (b) as a function of DMC coverage for
Bi (peak at 110 eV), C (283 ¢V) and N (399 eV). An exponential fit yielding the attenuation
length of the Bi peak is shown as a red, solid line.

in [eV] Bi Bi Bi Bi C N O
experiment 110 137 264 283 283 399 —
literature [242] 101 129 249 268 272 381 510

Table 4.1: AES peak positions for Bi, C, N and O found in our experiments in comparison
to literature values.
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Generally, adsorbate films can grow in three different modes, named Volmer-
Weber (islands), Stransky-Krastanov (wetting layer and islands on top) and
Frank-van der Merwe (layer-by-layer). Following the intensities of substrate
and adsorbate peaks, respectively, with an element-specific method (e.g. AES)
allows to distinguish between Volmer-Weber or Stransky-Krastanov growth on
the one hand and Frank-van der Merwe growth on the other hand. Only in the
latter case does the intensity of substrate-related peaks vanish completely. In
the other growth modes, the surface areas with no or only one adsorbate layer
lead to a finite signal intensity of the substrate peaks even at high coverages
[243].

In order to characterize the adsorbate films, we recorded an AE spectrum
of a freshly prepared Bi(111) surface, then prepared a DMC layer by thermal
evaporation and recorded another AE spectrum. After this procedure, a TPD
was performed in order to determine the coverage. The intensity of the most
prominent Bi peak in the spectra recorded before evaporation was used to
normalize the spectra recorded after evaporation with respect to each other.
The spectra recorded after evaporation are shown in Fig. 4.10b together with
a spectrum of the bare surface which exhibits four features at 110 eV, 137 eV,
264 eV and 283 eV which can all be assigned to Bi (see Tab. 4.1). A constant
energy offset of around 10 eV in the measured peak energies is most likely due
to the insufficiently calibrated cylindrical mirror analyzer (Omicron CMA150).

Upon adsorption of DMC, the Bi peaks lose intensity with increasing cover-
age while two new peaks appear at 283 eV and 399 eV which can be assigned to
C and N, respectively. The respective peak intensities are shown in Fig. 4.10c
together with an exponential fit of the Bi peak intensity which yields an atten-
uation length of 2.3 £ 0.4 ML. The intensity ratio of the adsorbate-induced C
and N peaks is independent of the coverage and amounts to N : C = 0.26+0.03.
Considering the corresponding ratio calculated from the molecular structure
of DMC (4 : 14 = 0.29) we may conclude that the adsorbate is chemically
clean. The fact that the Bi peak is quenched completely at DMC coverages
exceeding 10 ML demonstrates a Frank-van der Merwe mode of growth.

Both 2PPE (hv < ®) and UPS (hv > @) spectra of multilayer DMC on
Bi(111) do not show any features. However, similarly to the first monolayer we
can use the work function as a measure for the light-induced changes, which
are observed in this coverage regime as well. Fig. 4.11a shows an illumination
experiment in which photoemission spectra were recorded in between phases of
illumination with the same laser beam®. An increase of the work function by
around 500 meV is observed, at much lower photon dose than that required to

4During illumination, the beam intensity was increased such that spectroscopy is no
longer feasible due to space charge effects.
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Figure 4.11: (a) Photoemission spectra of multilayer DMC on Bi(111) recorded during
illumination of the sample with the same laser beam. The secondary edge shifts to higher
energies with rising photon dose. (b) Work function change as a function of photon dose for
the experiment shown in (a). The photon fluence was 3.2 0.6 x 10'% cm™2s~!. The data
have been fitted with a bi-exponential function yielding two effective cross sections o1 2 (see
text).

bring the molecules in the first layer into saturation. Fig. 4.11b shows that the
work function change in this experiment does not follow a simple exponential
behavior but can only be described with a bi-exponential function, as the one
in eq. 3.6, which indicates two different photo-induced processes. The two
effective cross sections obtained from the fit, o = 4.0 £ 0.4 x 1072! cm? and
0y = 3.4 4 0.3 x 10723 cm?, are a measure for the efficiency of the reactions,
similarly to the effective cross section of the photoisomerization in the first
layer.

The occurrence of two different processes with different efficiencies is also
reflected in the changing shape of the secondary edge. At low photon doses,
a broadening of the secondary edge can be observed simultaneously to its
shift toward higher energies. When the work function reaches values of around
4.2 eV, the secondary edge becomes narrower again but subsequently broadens
again. The reason for this behavior lies in the inhomogeneity of the laser spot
which is less intense in the periphery than in its center [244]. Consequently,
a light-induced process occurs faster in the center. Once the reaction in the
corresponding sample areas, which have been exposed to a higher photon dose,
reaches saturation, the molecules in the periphery of the laser spot can “catch
up” which leads to the intermediate narrowing of the secondary edge. The
same phenomenon then occurs again for the less efficient reaction with the
lower effective cross section.

[llumination experiments similar to the one described above have been con-
ducted for various photon energies in the visible and UV spectral region. In
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most cases a work function increase could be observed in the UPS or 2PPE
spectra. However, illumination did not affect the sample at photon energies be-
low 2 eV, for which we can only give upper cross section limits. The work func-
tion increase at higher photon energies could be fitted with a bi-exponential
function, as described above, except for four photon energies in the visible
spectrum, where the work function behaves according to a mono-exponential
function, resulting in a single effective cross section o.

The photon energy dependence of the different effective cross sections is
shown in Fig. 4.12. Both oy and o0y increase in the same, exponential man-
ner with rising photon energy, similar to the behavior in the first monolayer.
This is an indication that the processes in the multilayer are mediated by the
substrate, too, and that thermally induced reactions (heating of the sample
by the deposited laser power) can be ruled out. Furthermore, intramolecular
excitations appear to be quenched even in the multilayer, as evident from the
absence of a resonant enhancement of the effective cross section near the nz*
and 77" transitions of the free molecule, respectively.

o7 is around two orders of magnitude larger than o, over the entire spectral
range for which both reactions are observed. The less efficient process has an
effective cross section which is comparable to that of the photoisomerization
in the first monolayer. Due to the limited photon dose which can be applied
under the given experimental conditions, we are limited to the detection of
effective cross sections below approximately 1072* cm? (this value varies for
different photon energies). The work function change at lower photon energies
can be described by a mono-exponential function because in these cases, the
inefficient photo-induced process probably falls below the detection limit.
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To summarize the above findings, two processes occur in the multilayer
which are mediated by the substrate, not thermally induced, and have an
exponential dependence of the respective effective cross section over a wide
range of photon energies, similar to the photoisomerization in the first mono-
layer. The cross section of the less efficient process is even on the same order
of magnitude as the corresponding quantity which describes isomerization in
the first layer. Due to these similarities as well as the results of the ther-
mally induced reactions of the photo-product (see sec. 4.2.3) we assign the
processes in the multilayer to trans—cis photoisomerization reactions. Indeed,
light-induced changes of molecular conformation is not uncommon in the mul-
tilayer regime of adsorbed photoswitches due to the high degree of decoupling
from the substrate [113, 121, 122, 123].

DMC molecules occur in three inequivalent locations within the multilayer
film, namely at the substrate—adsorbate interface, in the bulk multilayer and
at the adsorbate—vacuum interface. It is conceivable that the effective pho-
toisomerization cross section differs for molecules situated in these different
locations and it is thus very likely that the two photoisomerization processes
observed here are due to the different molecular environment. While steric
effects should of course strongly influence the conformational changes in the
buried layers, one should keep in mind that photo-induced trans—cis isomer-
ization can even be observed in bulk azobenzene [125].

The different molecular environments have several effects on the efficiency
of the substrate-mediated photoisomerization reaction. On the one hand, the
tunneling probability for charge transfer into the adsorbate decreases expo-
nentially with increasing molecule—substrate distance, thereby reducing the
effective cross section. On the other hand, molecules in the topmost layer, at
the vacuum interface, should experience less steric hindrance, which increases
the effective cross section. Due to these two competing effects, one can not
say whether photoisomerization is more or less efficient in a given molecular
environment and therefore we can not assign the two different effective cross
sections to a specific location within the multilayer film.

In this section we have investigated multilayer DMC films on Bi(111).
We found that the films grow in a Frank-van der Merwe mode and that the
molecules undergo photo-induced trans—cis reactions with an effective cross
section that depends on the molecular environment, i.e. the location of the
molecule within the film. Surprisingly, both processes are mediated by the
substrate similar to the photoisomerization in the first monolayer.
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Figure 4.13: (a) Photoemission spectra of 1.0 ML DMC on Bi(111) directly after prepa-
ration (black), after illumination (blue) and after subsequent annealing to the temperatures
given in the figure (red, 5 min). The experimental procedure is shown schematically in the
inset. The spectra were normalized to a region around 4.7 eV and all spectra were measured
at 70 K. (b) Arrhenius plot for the data shown in (a). A quantity representative of the
thermally induced changes is plotted over the inverse annealing temperature. A linear fit
yields the activation barrier, Fa, of the observed process. (c¢) Work function change as a
function of heating time at 160 K. A fit according to eq. 4.2 yields the rate constant at this
temperature.

4.2.3 Thermally Induced Reactions of Adsorbed DMC

In this section we will discuss the effect of annealing on the cis isomers which
are obtained after the photoisomerization reactions of the first monolayer and
the multilayer, respectively. We will mainly discuss the thermally induced
process found in the first monolayer and then briefly compare the result with
a very similar experiment conducted for multilayer DMC. Generally, annealing
the adsorbate after photoisomerization leads to a decrease of the work function.

For the following experiments, a monolayer of DMC was prepared and the
sample was annealed at 240 K for 30 min which allows to unambiguously assign
any thermally induced changes after illumination to the cis isomers. We define
the situation after this initial annealing, in which all DMC molecules have trans
configuration, as state A. Before the procedure described in the following,
which was conducted for every annealing temperature, we always recorded a
UPS spectrum of the respective, new spot in state A first (black spectra in Fig.
4.13a). In order to quantitatively investigate the effect of annealing on the cis
isomers according to Arrhenius, we have to bring the adsorbate into a well-
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defined state with a certain concentration of cis isomers for every annealing
step. Due to the low effective cross section of the photoisomerization reaction,
bringing the system into saturation is not practically feasible for the following
experiment. Instead, we have prepared a well-defined state (henceforth referred
to as state B) by exposing the sample to a photon dose of 1 x 10 ¢cm~2 at
a photon energy of 4.88 eV, using the same laser beam as for recording the
UPS spectra, and subsequently verifying that state B was actually reached
by recording a photoemission spectrum (blue spectra). Then, the sample was
annealed at a specific temperature between 100 K and 280 K for 5 min and a
third spectrum was recorded in this annealed state C (red spectra).

After the annealing step, the work function is reduced, compared to state
B. In the following, we will assume a linear relation between the work function
change relative to state A and the concentration of cis isomers ([cis]) on the
surface, [cis] o< Dc(T) — P5. In a first-order reaction cis — trans, the time-
dependent concentration of cis isomers is

[cis] = [cis|o exp(—kt). (4.2)

The rate constant is temperature-dependent, as described by the following
Arrhenius expression:

kgT

Here, ky is the pre-exponential factor (or attempt frequency) and E, denotes
the activation energy. By inserting eq. 4.3 into eq. 4.2, the following expression
is obtained which describes the temperature dependence of ®¢(T).

k(T) = ko exp (— Ea ) (4.3)

In[ln (P — Pp) — In (Pc(T) — Py)] = —lf—l; + const. (4.4)
B
Fig. 4.13b displays the work function measured after annealing, ®(7), in
the form of eq. 4.4 as a function of the inverse temperature. From a linear
fit we thus obtain the activation energy Ex = 35 + 7 meV. Note, that the
work function obtained after annealing at 280 K is higher than the one after
annealing at 260 K which is due to partial desorption (see Fig. 4.4).

Another interesting observation in Fig. 4.13a is that the work function of
the all-trans sample (state A) is never fully restored. This is also the case for
longer annealing times. This observation indicates that the thermally induced
process investigated here is not due to a thermal cis—trans isomerization in
the molecular ground state as it occurs in the free molecule.

Using a modified experimental procedure, we can furthermore determine
the attempt frequency ky. To that end, state B was prepared as described
above and the work function was measured. Then, the sample was annealed
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at 160 K for a certain heating time and subsequently the work function was
measured (at 115 K). Further cycles of annealing and measuring eventually
yield the cis concentration (in the form of the work function change) as a
function of time. This relation is described in eq. 4.2 and indeed, the data
follow a first order behavior, as seen in Fig. 4.13c. From an exponential fit, the
rate constant at 160 K is obtained as k(160 K) = 0.008 & 0.002 s~. Using eq.
4.3 and the above measured activation energy, we obtain an attempt frequency
of ko = 0.10 & 0.06 s~ 1.
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Figure 4.14: (a) Photoemission spectra of multilayer DMC on Bi(111) directly after prepa-
ration (black), after illumination (blue) and after subsequent annealing to the temperatures
given in the figure (red, 5 min). The experimental procedure is shown schematically in the
inset. The spectra were normalized to a region around 4.7 eV and all spectra were measured
at 72 K. (b) Arrhenius plot for the data shown in (a). A quantity representative of the
thermally induced changes is plotted over the inverse annealing temperature. A linear fit
yields the activation barrier, Fx, of the observed process. (¢) Work function change as a
function of heating time at 160 K. A fit according to eq. 4.2 yields the rate constant at this
temperature.

For comparison, the same experiment was conducted for a multilayer of
DMC (4.6 ML, see Fig. 4.14). Unlike in other multilayer experiments we
annealed the multilayer film at 240 K for 30 min before illumination, as for
the monolayer. The state B, into which the multilayer phase was brought by
illumination with a photon dose of 2.6 x 10%! cm~2 was such that the efficient
photoisomerization reaction characterized by o has saturated to a large extent
but the much less efficient reaction described by o9 has had little effect on the
sample. The work function decreases upon annealing, too, and the resulting
parameters of the thermal reaction in the multilayer are very similar to the
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first layer, namely )y, = 3944 meV and k, = 0.3740.16 s~! (calculated from
the rate constant at 160 K, /(160 K) = 0.022 £ 0.007 s™'). The values for the
activation energy are identical in the two coverage regimes and the attempt
frequencies are on the same order of magnitude.

Due to the aforementioned agreement between the results for the two cov-
erage regimes, we may conclude that both thermally induced reactions are in
fact the same. Furthermore, in the first monolayer we know that the ther-
mal process occurs only for the cis isomers (because of the initial annealing
at 240 K for 30 min). In the multilayer on the other hand, the thermal re-
action can be attributed mainly to the photo-product of the efficient reaction
described by o7 which has been assigned to a photoisomerization as well. This
assignment is now supported due to the fact that the photo-product of this
reaction undergoes the same thermally induced reaction as the cis isomers in
the first monolayer.

Concerning the nature of the observed thermal process, we have already
noted that a cis—trans reaction along the PES of the molecular ground state
which is observed in the free molecule, is not consistent with the observa-
tion that the work function of the all-trans sample can not be observed after
annealing of the cis isomers. Furthermore, the observed activation energy
of Ex = 35+ 7 meV is very low compared to the activation barrier for the
trans—cis isomerization of TBA (i) on the Au(111) surface, which amounts
to 240 + 30 meV, or (ii) in solution where it has a value of 1.01 £ 0.03 eV
[245]. DFT calculations predict the activation barrier for free DMC (TBA) to
be 1.03 eV (1.39 eV) [109]. The activation barrier for the thermally induced
ring-opening reaction of a spiropyran adsorbed on the Au(111) surface has
been measured as 840 + 50 meV [92]. Isomerization of an imine derivative
on Au(111) exhibits an activation barrier of 0.6 & 0.1 eV [246]. We may thus
conclude that the thermally induced process observed in different coverage
regimes of DMC on Bi(111) is not due to an isomerization reaction.

As shown in Fig. 4.2a, DMC occurs in two different rotamers, syn and
anti. Interconversion between these two forms requires only a rotation around
a o bond which can be assumed to have a much lower activation barrier than
an isomerization during which the double bond of the diazo bridge has to be
broken. When DMC is adsorbed in the flat trans geometry, the surface poses
an additional steric barrier for the phenyl ring rotation around the o-bond.
However, in the cis isomer, at least one of the phenyl rings can be expected
to be tilted out of the surface plane and therefore, the steric hindrance due
to the substrate should be lower for this isomer. Calculations for a phenyl
ring rotation around a o-bond for a comparable molecule predict an activation
barrier of 37 meV for the isolated molecule [247]. This value is identical to the
activation barrier observed in our experiments. Nevertheless, it is important
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to note that the calculations have been performed for a free molecule.

In the trans—cis photoisomerization, the work function increases which is
consistent with the cyano groups pointing toward the vacuum side in the cis
conformation. The work function shift toward lower values (rather than higher
ones) in the annealing experiments on the other hand is consistent with a
rotation of a phenyl ring in which one electronegative cyano group changes its
orientation toward the surface, thus a syn—anti reaction.

The attempt frequency observed both in the multilayer and the monolayer
regime is very low. For comparison, the corresponding value for the thermally
induced cis—trans isomerization of TBA/Au(111) is 105%! s71 [245]. For TBA
in solution, this value even amounts to 1.6 x 10'° s=1. If we consider the above
proposed phenyl ring rotation in the cis form of DMC, the potential energy
surface along the rotational coordinate around the o-bond can be expected to
be rather flat. In such a shallow potential minimum, the vibrational frequency
would be relatively low which might explain the small attempt frequency ob-
served in experiment. For comparison, the attempt frequency for a phenyl ring
rotation of a comparable molecule on a surface is 10° s~!. However, in this
case, the phenyl ring is adsorbed in a rather flat geometry and thus the steric
hindrance due to the underlying substrate can be expected to be higher than
for cis-DMC, resulting in a higher vibrational frequency.

In conclusion, a thermally induced reaction of the cis isomers of DMC is
observed both in the monolayer and the multilayer regime. The activation
energy is relatively low, as is the attempt frequency. Since we can rule out a
thermally induced cis—trans reaction to be the underlying process, we propose
a phenyl ring rotation which is consistent with the kinetic parameters that we
obtain in experiment.

4.3 Summary: DMC

In this chapter we have discussed the results of photoemission and 2PPE exper-
iments on DMC adsorbed on Bi(111) which reveal photoisomerization reactions
in the first and higher lying layers as well as a thermally induced reaction of
the cis isomer.

Using both UPS and 2PPE, we were able to observe the frontier orbitals
of DMC on the Bi(111) surface as well as an IPS. With increasing photon
dose, the spectra change due to trans—cis isomerization which changes the
surface dipole moment and thus the work function. By quantifying this process
for various excitation photon energies, we conclude to a substrate-mediated
excitation pathway in which a transient anionic resonance of DMC is created
which lowers the barrier for the isomerization and possibly stabilizes the cis
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isomer. We do not observe a back-reaction toward the trans form induced with
either light or thermal activation.

Using AES we determined that DMC grows in a Frank-van der Merwe
(layer-by-layer) mode. The multilayer therefore has three inequivalent molec-
ular environments: the substrate—adsorbate interface, the bulk multilayer and
the adsorbate—vacuum interface. Illumination of a DMC multilayer leads to
changes of the work function which are governed by two different photoiso-
merization reactions with different effective cross sections, most likely due to
different molecular environments. As in the first monolayer, the photon energy
dependence of the effective cross sections reveals a substrate-mediated process
while the intramolecular excitation pathway is quenched.

In both coverage regimes, thermal activation of the photo-produced cis-
isomers leads to a work function change which was used to quantify the reac-
tions according to Arrhenius. Since the kinetic parameters in the first mono-
layer and the multilayer are very similar, we conclude that the same reaction
occurs in both regimes. A thermally induced trans—cis reaction is highly un-
likely and instead we propose a rotation of cyano-substituted phenyl rings
around the o-bond to the diazo group to be the underlying process.



112 CHAPTER 4. REACTIONS OF AN AZOBENZENE ON BI(111)



Chapter 5

Conclusion

As outlined in the introduction, generally two different approaches to the
present day challenges of nanotechnology have been followed in this thesis:
(i) on the one hand, we have investigated graphene nanostructures, the inter-
esting properties of which are governed by the unique properties of a delocal-
ized two-dimensional electronic system of massless charge carriers. (ii) On the
other hand, the second, conceptually different strategy for the development
of nanoscale devices is the use of functional single molecules, i.e. molecular
switches.

In the first part of this thesis, we followed the graphene nanostructure
approach by investigating the electronic properties and the synthesis of two
different graphene nanoribbons (GNR), a straight armchair GNR (AGNR) and
a chevron-shaped GNR (CGNR) which were fabricated in a thermally induced
bottom-up on-surface synthesis reaction.

One goal of this thesis was to investigate the thermally-induced reaction by
following different reaction products in temperature-programmed desorption
and particularly to shed light on the reaction pathway of Br after dehalogena-
tion. Studying the thermal synthesis of the AGNR on the Au(111) surface
we found that the Br substituents are bound to the surface until they are
associatively desorbed in the form of HBr during the cyclodehydrogenation
reaction, the final reaction step of the on-surface synthesis, which provides
the necessary H. Furthermore, we can not exclude that the adsorbed atomic
Br participates in the cyclodehydrogenation reaction, e.g. by catalyzing C-H
dissociation. Surprisingly, Br is not present in the higher layers of adsorbed
precursor molecule films which raises the question how the corresponding mul-
tilayers are structured. Altogether, the low interest that the pathway of the
Br substituents after dehalogenation have received previously, may not have
been adequate.

We used 2PPE to study the electronic structure of the various reaction

113



114 CHAPTER 5. CONCLUSION

intermediates (the adsorbed molecular precursors, the polyanthrylene and the
AGNR) and we were particularly interested in the band gap of the systems.
A comparative analysis of the electronic structure of the intermediate polyan-
thrylene, which occurs in the thermal on-surface synthesis, and the eventually
formed AGNR reveals insight into the respective electronic systems. The elec-
tronic coupling between the 7 systems of neighboring anthracene units in the
polyanthrylene leads to the formation of a one-dimensional band structure,
particularly in the distorted geometry of the adsorbed form. However, the
band gap of the AGNR is by a factor of two smaller (2.60 eV) than that of the
intermediate polyanthrylene which we attribute to the fundamentally different
nature of the electronic system of the fully conjugated graphene nanostructure.
Additionally, it leads to the formation of edge states at the zigzag-shaped ends
of the AGNR.

Photo-induced assembly of GNR from molecular precursors would offer
exciting opportunities for the fabrication of GNR devices because it would
combine the atomic precision of bottom-up on-surface synthesis with the abil-
ity to control the nanostructures on a mesoscopic scale, as in lithography. One
objective of this work was to induce such a photo-induced synthesis reaction
of the adsorbed monomers. By illuminating the precursors with UV light, we
indeed observe dehalogenation and covalent coupling due to a non-thermal pro-
cess which is initiated by electronic excitation in the substrate bands followed
by charge transfer into unoccupied electronic states of the adsorbate.

Besides parameters such as the width and the chirality of GNR, which
influence the electronic structure of GNR, doping with N atoms is another
approach to tailor their properties. Using electron spectroscopies, we wanted
to investigate the effect of precursor N substitution on the size of the band
gap as well as its alignment with the electronic structure of the environment,
i.e. the underlying substrate. We found that substitution of the precursor
molecules allows doping of CGNR with well-defined dopant sites and concen-
trations which does not affect the thermal on-surface synthesis and leads to
n-doping of the electronic system without affecting the size of the band gap.

The second part of this work was motivated by the second major develop-
ment strategy toward nanotechnological systems. Specifically, we have studied
the interaction of a photochromic molecular switch, di-meta-cyano-azobenzene,
with a semi-metallic Bi(111) surface and particularly the switching capability
of this system. We chose both the azobenzene derivative as well as the sub-
strate due to their properties which were supposed to foster the photoisomer-
ization ability. In order to investigate whether this goal was achieved, we used
different photoemission techniques to follow the light-induced changes of DMC
both in the first and in the higher lying layers.

Unlike several other systems of molecular switches which are directly ad-
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sorbed on a metallic substrate, the molecules in the present system are able
to perform photoisomerization reactions both in direct contact with the sur-
face and in the multilayer regime. However, the mechanism governing these
conformational changes is fundamentally different compared to the intramolec-
ular excitation pathway of the isolated molecule. In the adsorbed state, this
intramolecular pathway is quenched, but the substrate acts as a chromophore
instead. Absorption of light in the Bi p-bands creates hot electrons, some of
which tunnel into the LUMO of the adsorbate molecule. Relaxation along
the potential energy surface of this anionic resonance subsequently leads to a
trans—cis isomerization. The activation barrier for this isomerization in the
anionic state is reduced due to substitution with electronegative cyano groups
of the azobenzene and possibly hybridization with the substrate bands.

The energetic overlap between the molecular orbitals and the substrate
bands, which we have investigated with spectroscopic methods, is crucial for
the substrate-mediated process. When this electronic substrate—adsorbate in-
teraction is taken into account, the need for electronic decoupling of the pho-
tochromic center of the molecule from the underlying substrate becomes ob-
solete.

Since the isomerization reaction of azobenzene in solution is reversible with
light and thermal activation, we investigated this capability also for the ad-
sorbed DMC on Bi(111). Unlike in other systems, the cis isomers can not be
converted back to the trans form. However, thermally activated processes are
observed for the cis isomers both in the first monolayer and higher lying layers.
The reaction is the same in both coverage regimes and can not be attributed
to a cis—trans isomerization. Instead we propose the rotation of a phenyl ring
in the three-dimensional cis form.

Overall, the broad range of reactions that we observe for large organic
molecules adsorbed on surfaces in this thesis demonstrates that the surface
has the potential to not only provide the bedrock for chemical reactions and
molecular function but that the electronic structure of the substrate can play a
central role in surface photochemistry of large molecular building blocks with
exciting possibilities for the assembly of functional nanostructures.

The results of this work provide grounds for further interesting studies
on nanoscale materials. For example, the perspective of photo-induced on-
surface synthesis of GNR is very tempting. Instead of the dimerization which
was achieved here, fabrication of extended GNR structures with light could
be investigated on different metal and semiconductor surfaces, possibly with
different halogen substituents. Concerning the photoisomerization ability of
adsorbed molecular switches, the crucial balance of covalent and van der Waals
interaction between the molecule and the underlying substrate, which we tried
to meet with the semi-metal bismuth in this work, could possibly be achieved
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with a graphene substrate as well. Experiments with switching molecules
adsorbed particularly on surface-fabricated GNR could enable bi-directional
isomerization due to the band gap which can be expected not to lead to efficient
de-excitation of excited molecular states on the potential energy surface of
which the conformation changes occur in the free molecule.



Appendix A

AGNR: Xe Adsorbed on Clean
and AGNR-Covered Au(111)

In order to roughly estimate the coverage of AGNR on the Au(111) surface
after the thermal fabrication of the AGNR, we co-adsorbed Xe from a dosing
valve while the sample was positioned in front of the TOF spectrometer. The
respective dosing experiment is shown in Fig. 3.16a,b. After exposure of
the sample to 116 L, a TPD was recorded which shows two broad desorption
peaks between 67 K and 90 K (see Fig. A.1). The high-temperature peak aa,
is also observed when Xe is desorbed from the bare Au(111) surface, unlike
the low-temperature peak aagnr, Which only occurs in the presence of the
AGNR. Interestingly, aa, saturates before aygnr, indicating a lower sticking
coefficient of Xe on the graphene structure which is probably due to the lower
polarizability. At even lower temperatures, two peaks can be observed which
are associated with desorption from the multilayer, both on the AGNR-covered
areas and the initially clean surface areas. From the integrated TPD, the ratio
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of Xe adsorbed on AGNR/Au(111) to the overall Xe coverage in the first layer
can be determined as 363f20 = 64%. However, due to different packing densities
and a relatively strong, non-linear background, the resulting AGNR coverage

is only an estimate.

80
Xe/Au(111)
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g
e
S 40
(0]
2 <— 2C-2PPE
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EFmaI-EF [eV]

Figure A.2: Continuous 2C-2PPE experiment (without background subtraction) during
Xe adsorption. The false color plot indicated 2PPE intensity (blue: low, white: high).

As a control experiment for the Xe co-adsorption experiments presented
in sect. 3.2.4, we performed the same measurement without adsorbed GNR.
Fig. A.2 shows a false color plot depicting continuously acquired 2C-2PPE
spectra while dosing Xe via the background pressure. Note, that the 1C-2PPE
background of the UV beam (hry) was not subtracted from the signal and
consequently, the spectra show features of the 2C-2PPE signal and the 1C-
2PPE signal, as indicated. With increasing Xe exposure, the work function
® decreases continuously until it saturates after an exposure of around 60 L
at a value which is 0.5 eV lower. In the initial spectrum, the surface state of
Au(111) is a prominent feature which is quickly quenched. At the same time,
a new and intense peak associated with the Xe overlayer arises both in the 1C-
and 2C-2PPE spectrum.



Appendix B

AGNR: Comparison of 2C- and
1C-2PPE Spectra

In the 1C-2PPE spectra shown in sect. 3.2.4, the IPS and the CB+n were
assigned to unoccupied electronic states based on the fact that their relative
energetic position to the Fermi edge is not independent of the photon en-
ergy. This observation would however also be consistent with one or both of
the peaks arising from an electronic final state which is energetically located
above the vacuum level. Fig. B.1 shows a series of 1C-2PPE spectra similar
to those shown in Fig. 3.14a. The IPS and the CB+n can be observed at
final state energies between 8.0 eV and 9.5 eV. In addition to these spectra,
2C-2PPE spectra recorded in the same series are overlaid (red lines). These
2C-2PPE spectra have been energetically offset by hry; which results in an
overlap of peaks arising from occupied states (as well as the Fermi edge) and
unoccupied states which are pumped with the UV pulse (hry). In contrast,
states populated with the other laser pulse in 2C-2PPE (hvy) or final states
would not overlap. As we can see, the peaks associated with the IPS and the
CB+n overlap with their counterparts in the 1C-2PPE spectra. Since both
could already be ruled out to be occupied electronic states, they must hence be
unoccupied but not final states. The third feature observable in the 2C-2PPE
spectra is due to the conduction band (CB), which is populated with hv; and
probed with hrsy here.

119



120 APPENDIX B. COMPARISON OF 2C-/1C-2PPE

Figure B.1: Comparison of 1C-
2PPE (using hv; only) and 2C-2PPE
spectra of AGNR on the Au(111) sur-
face recorded for various photon en-
ergies. The 1C spectra were normal-
ized to one of the d-band features,
the 2C spectra were normalized to
the region with slightly lower energy
than the CB. The 2C-2PPE spectra
were offset toward higher values on
the energy scale by an energy corre-
sponding to hvy.

2PPE Intensity (norm.)

VY Y Yy
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Appendix C

AGNR: Dynamics of
Unoccupied States Measured
with Time-Resolved 2PPE
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Figure C.1: (a) Time-resolved 2PPE experiment of the AGNR on Au(111). Both beams
were p-polarized. The color code represents the 2PPE intensity (blue: low, white: high).
Arrows indicate toward which delay values an asymmetry would be expected. The bottom
graph shows cross-correlation traces for the three observed states. The values given in the
legend are the relative peak shift. (b) Same experiment as in (a) but here the visible beam
is s-polarized.
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We used time-resolved 2PPE (TR-2PPE) to investigate the ultrafast dy-
namics of the three unoccupied states of the AGNR on Au(111) which are
found in 2PPE. Fig. C.1a shows a TR-2PPE experiment conducted with both
beams in p-polarized configuration. The peaks corresponding to the IPS and
the CB+n are probed with visible light (hvy) at positive delays in this 2C-
2PPE experiment. The CB is probed with UV light (hry). As evident from
the three cross-correlation traces, none of the states exhibits a lifetime which
can be resolved in this experiment. However, the maxima of all three cross-
correlation traces show a shift toward higher delays, as indicated in the figure.
The fact that the CB peak has a positive peak shift value is not realistic. The
reason for this unrealistic behavior is that there is no energetic region where
only occupied states contribute to the signal and where a pure cross-correlation
of the two laser pulses could be measured. Therefore, the shifts of the peak
maxima can only be interpreted relative to each other. The temporal pulse
width (full width at half maximum, FWHM) was 78 fs in this experiment.

Fig. C.1b shows the same experiment as discussed above, but the visible
laser beam was s-polarized, which changes the intensities of the peaks according
to the orientation of the respective transition dipole moments. Both the IPS
and CB+n peak lose intensity which indicates that the respective transition
dipole moments are oriented perpendicular to the surface plane. In contrast,
the transition dipole moment associated with the CB seems to be oriented in
the surface plane.



Appendix D

DBBA: 2PPE Intensity Change
of Individual Molecular Orbitals
During Photo-Coupling

In sect. 3.2.5 we have discussed the effect of illumination on the features ob-
served in the 2PPE spectra of DBBA/Au(111). The 1C-2PPE spectrum shown
there was recorded using a relatively high photon energy and allows simultane-
ous analysis of both IPS and a resonance feature in which the peaks associated
with the three observed molecular orbitals are all comprised. However, due to
the overlap of the three molecular features, their individual behavior during
the photo-coupling reaction can not be studied at this photon energy.

Fig. D.1 shows another illumination experiment of 1 ML DBBA /Au(111),
recorded with a lower photon energy of 4.01 eV. At this energy, the HOMO—1,
the HOMO and the LUMO+2 can all be observed separately in the spectrum
before illumination. At the Fermi edge, the onset of the n = 1 IPS can
be observed as well. In the spectrum after illumination, none of the three
molecular features is present anymore which points toward a drastic change of
the electronic system during the photo-induced dimerization.
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Figure D.1: Effect of the photocoupling re-
action on the observed molecular orbitals.
1C-2PPE spectra before and after illumina-
tion of 1 ML DBBA/Au(111) with a pho-
ton energy of 4.01 eV and a photon dose of
6.4 x 10?3 cm 2.
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Appendix E

DBBA: Equivalence of
Illumination with ArF Excimer
Laser and Ti:Sapphire Laser
System
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Figure E.1: a) Illumination experiment on 1 ML DBBA/Au(111) in the 2PPE setup. 1C-
2PPE spectra were recorded before and after the illumination experiment with a photon
energy of 4.55 eV. Between these two measurements, the sample was illuminated with the
ArF excimer laser (hvy,, = 6.42 eV) while simultaneously 1C-2PPE spectra with a differ-
ent photon energy, namely 3.07 eV, were recorded. Res.: resonance feature consisting of
HOMO-1, HOMO and LUMO+2. (b) Work function shift in the experiment shown in (a)
as a function of the maximum photon dose yielding minimum cross sections o; and os.

In sect. 3.2.5 we discussed a photo-induced covalent dimerization of DBBA
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on the Au(111) surface. This reaction was studied in two different setups with
two different methods, namely 2PPE and STM. The illumination experiments
in the 2PPE setup were performed using the Ti:Sapphire laser system (which
is also used for the spectroscopy itself, see sect. 2.2) as the light source. Since
the STM setup was located in a different room (and for other reasons), we used
a different light source for illumination experiments, namely an ArF excimer
laser with a wavelength of 193 nm (hvy,, = 6.42 V).

In order to verify that illumination with the excimer laser induces the
same kind of photo-reaction as the beams of the Ti:Sapphire laser setup, we
performed a test experiment in the 2PPE setup, the results of which are shown
in Fig. E.la. First, we recorded a 1C-2PPE spectrum with a photon energy
of 4.55 eV which shows the resonant excitation feature comprised of three
molecular orbitals and an IPS, as expected (compare to Fig. 3.8). We then
illuminated the sample with the excimer laser and monitored the changes of the
work function during this illumination. For technical reasons, this could not be
done using the beam with a photon energy of 4.55 eV but rather with another
beam of the Ti:Sapphire laser setup with a photon energy of 3.07 eV. Fig. E.1b
shows the work function as a function of the photon dose of the excimer laser.
We observed that the work function increases in a bi-exponential fashion, as
represented by two minimum cross sections o1 = 1.38 £ 0.39 x 1072 cm? and
oy = 2.25 4+ 1.31 x 10722 cm?. These values are lower limits to the respective
cross sections since the excimer laser spot is much larger (diameter: 0.9 mm)
than the laser spot used for 2PPE. Therefore, in order to determine the photon
dose, we cannot use a value for the power of the excimer laser beam which was
averaged over the entire spot. Since, for technical reasons, we cannot determine
the exact position of the probing laser spot (hr = 3.07 eV) within the laser
spot of the excimer laser, we used the peak power at the center of the excimer
laser spot in order to estimate an upper limit for the photon dose. After
illumination with the excimer laser, we again recorded a 1C-2PPE spectrum
with the same laser beam as used before the illumination, with a photon energy
of 4.55 eV. This posterior spectrum corresponds exactly to the spectra which
are obtained after illumination with a laser beam of the Ti:Sapphire laser
system, which proves the equivalence of illumination with the excimer laser.



Appendix F

CGNR: Multi-Mass TPD
During the Thermal Synthesis
of Doped and Pristine CGNR

In order to follow the on-surface reaction toward the undoped and doped
CGNR, respectively, HREELS has been employed in our group (S. Stremlau)
[209]. Since the photoemission setup is not equipped with a HREELS spec-
trometer, we used TPD to characterize the adsorbate and the CGNR formation
in this setup. This has already been done in case of the AGNR where the dif-
ferent phases of the reaction can be identified by desorption of the molecular
backbone as well as other fragments (see sect. 3.2.2).

For the CGNR system, the TPD curves for various masses exhibit a similar
behavior, as can be seen in Fig. F.1. The TPD for the undoped CGNR (Fig.
F.1a) shows a zero-order peak associated with desorption from the multilayer
at around 400 K. The fragment masses 91 amu and 158 amu are representative
of the molecular backbone. Note, that the fragment at 158 amu can not be
associated with Bry since no desorption peak is present in the curve recorded
at 160 amu which corresponds to Br® Br. At around 600 K, the traces of Br
(79 amu and 81 amu) and HBr (80 amu and 82 amu) all show a desorption
feature which is identical for the two respective traces associated with the two
different Br isotopes. Note, that the sharp peak in the 79 amu signal at around
400 K is not due to desorption of Br but rather due to the doubly ionized
158 amu fragment of the molecular backbone. In contrast to the AGNR, only
one zero-order desorption peak is observed, possibly indicating that the second
layer is decoupled from the substrate more strongly than the second layer of
DBBA molecules. Similarly to the AGNR, no Br is observed in the multilayer
(as demonstrated by the 81 amu trace). The desorption peaks associated with
Br and HBr at around 600 K indicate associative desorption of HBr during the
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Figure F.1: TPD curves for the
(a) undoped as well as (b) singly
and (c) doubly doped CGNR on
Au(111). The fragment masses
(in amu) are given next to the re-
spective curves, along with their
assignment. Masses 91 and 158
are characteristic of the molec-
ular backbone. A linear back-
ground has been subtracted from
the TPD curves and in (b) and
(c), the signal at 79 amu was in
overrange at around 400 K.

APPENDIX F. MULTI-MASS TPD OF CGNR
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cyclodehydrogenation reaction, in analogy to the AGNR synthesis (see sect.
3.2.2).

The TPD of the doped CGNR (Fig. F.1b,c) show a very similar desorp-
tion behavior for both the molecular backbone and the Br and HBr species.
However, the TPD of the doped CGNR show a very intense desorption feature
at 79 amu which may be due to intact precursor molecules in the multilayer,
which is surprising because they were not found for the AGNR and the pris-
tine CGNR. Additionally, a second Br desorption feature can be observed at
around 450 K which may be due to desorption of (intact) precursor molecules
from the second layer in analogy to the AGNR. The doubly doped CGNR fur-
thermore shows a desorption peak in the HBr trace which is neither coincident
with the multilayer desorption nor with the second, less intense desorption fea-
ture of the Br trace and might be due to associative desorption of HBr in the
multilayer. Note, that despite these unresolved questions concerning the des-
orption curves of the doped species, the TPDs shown in Fig. F.1 demonstrate
successful fabrication of the respective CGNR for which associative desorption
of HBr is characteristic.
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Appendix G

CGNR: IPS of Singly and
Doubly Doped CGNR
Investigated with 2PPE

In sect. 3.3.2 we used 2PPE to study the IPS of the pristine CGNR. We found
a binding energy of 910 meV with respect to the vacuum level, a dispersion
with an effective mass of 0.63 £ 0.04 and a very short lifetime which can
not be resolved in our time-resolved 2PPE experiments (TR-2PPE). We have
conducted the same 2PPE experiments for the doped CGNR (both with one
and two N atoms per precursor), too, and the results are presented here.

In Fig. G.la, we show a photon energy dependent series of 1C-2PPE
spectra for the singly doped CGNR. Similarly to the spectra recorded for
the pristine CGNR (see Fig. 3.25) we observe two features near the Fermi
edge, one being more intense than the other. We have fitted the spectra with
a fit function composed of two Gaussian peak profiles on a linear background
which was cut off by a Fermi function. The peak energies shift with the photon
energy but the respective slopes are not integer. The behavior of the peaks with
increasing photon energy is in complete analogy to that of the pristine CGNR
and we therefore assign the intense feature to the IPS lying at 3.68 £ 0.05 eV
with respect to the Fermi level and the less intense feature to an unoccupied,
high-lying band, CB+n, at 4.04 £ 0.09 eV. The work function amounts to
4.57 £ 0.04 eV. In angle-resolved 2PPE measurements, we find a dispersion
of the IPS which can be described by a free-electron like behavior with an
effective mass of 0.7 &= 0.1 as shown in Fig. G.1b.

A series of 1C-2PPE spectra recorded for the doubly doped CGNR is shown
in Fig. G.lc. Again, we fitted the spectra (in the same way as described above)
and two peaks are observed which behave similarly to their counterparts in the
pristine and singly doped CGNR. The IPS lies at 3.68 £ 0.05 eV whereas the
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higher-lying band is found at 3.96 + 0.17 eV. The work function amounts to
4.55 £ 0.02 eV and the IPS disperses parallel to the surface with an effective
mass of 0.8 +0.1.

The ultrafast dynamics of the unoccupied electronic states of both the
singly and the doubly doped CGNR were studied with TR-2PPE, as shown in
Fig. G.2a,b. At the respective photon energies, at which the measurements
were conducted, the intensity of the peak associated with the CB+4n peak is
too low to be detectable. In both CGNR systems we observe an asymmetry of
the cross-correlation traces for the IPS and additionally asymmetric intensity
distributions near the Fermi edges which points toward unoccupied electronic
states probed with the visible pulses. Since the peaks of these states near the
Fermi level are partially cut off, we can not determine their energies exactly.
However, From the positions relative to the lower lying n = 1 IPS and the
similar lifetimes, it is reasonable to assume that these higher-lying states orig-
inate from the IPS with higher quantum number n = 2. The cross-correlation
traces of the two IPS yield very similar lifetimes for the two IPS of one system,
respectively. For the singly doped CGNR, they amount to 32 fs (n = 1) and
36 fs (n = 2), respectively, whereas they are an order of magnitude lower in
the doubly doped CGNR, namely 5 fs (n = 1) and 4 fs (n = 2). These values
have been determined from fitting a convolution of two pulse shapes and an
exponentially decaying population. Since the pulse widths (FWHM of a single
pulse) are 71 fs and 61 fs for the two measurements, respectively, the temporal
resolution in the regime below these values is limited and the above stated
lifetimes have to be considered with care.
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Figure G.1: (a) 1C-2PPE spectra of the singly doped CGNR recorded at various photon
energies together with fits (see text). The spectra were normalized to one of the d-band
features. (b) Dispersion of the IPS of the singly doped CGNR shown on a binding energy
scale with respect to the Fermi level. A parabolic fit yields an effective mass of m* = 0.7+0.1.
(¢) Photon-energy dependent 1C-2PPE spectra of the doubly doped CGNR. The spectra
were normalized to one of the d-band features. (d) Shift of the binding energy (with respect
to the Fermi level) of the IPS for the doubly doped CGNR. A parabolic fit yields an effective
mass of m* =0.8£0.1.
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Figure G.2: (a) TR-2PPE experiment of the singly doped CGNR. The false color plot
shows the 2PPE intensity (blue: low, white: high) as a function of the time delay and the
binding energy of an unoccupied state probed with the visible beam (hvy) relative to the
Fermi level. Arrows indicate at which orientation of the pump-probe delay an asymmetry
is observed. The bottom graph shows the cross-correlation curves of the two unoccupied
states which were normalized to their maxima. (b) TR-2PPE experiment of the doubly
doped CGNR, analogous to (a).
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DMC: LUMO Observed in
1C-2PPE

(a) | 1 | 1 | 1 | 1 | 1 (b)4 8 _I L | L | L I_
DMC/Bi(111) — 1C-2PPE 4.7 - 1.5_!\3:;3!0/&(111) -
hv=3.96eV, T=110K < _
E 4.6 T=113K L
ui 4.5 Lovo
«— Bifeatures IPS IPS (Bi) uJ§ 4.4 Stlf)peo'
(DMC) 43 14104 |
= 42—
2 3.6 3.8 4.0 4.2
g Photon energy [eV]
w
2| (©) 1.24——————
N

- [eV]

>
T
=

%%

LUMO

1

1 1.4ML
T T T . T T T T T
-0.2 -0.1 0.071 0.1 0.2
ErarEr [6V] k, [A

y
y

SN
(6)]
(o)
~
®

Figure H.1: (a) 1C-2PPE spectra recorded for varying coverages of DMC on the Bi(111)
surface. Dashed lines indicate substrate-induced features while the solid lines mark the
adsorbate-induced peaks, most notably the LUMO which becomes more pronounced with
increasing coverage. (b) Energetic peak shift of the peak associated with the LUMO as a
function of photon energy and a linear fit yielding the slope. (c) Dispersion of the LUMO
feature measured at a coverage of 1.2 ML and a photon energy of 4.00 eV (red). For
comparison, the dispersion of a feature associated with the unoccupied p-bands is shown in
grey (data of Bi band published in ref. [223]). All graphs adapted from ref. [172].
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In sect. 4.2.1, the frontier orbitals of DMC are investigated with UPS
and 2C-2PPE. The feature associated with the LUMO is relatively weak in
the spectra shown there. Here we present additional 1C-2PPE spectra for
different DMC coverages which, too, contain a peak arising from the LUMO
of DMC (see Fig. H.la). In the spectrum of the bare Bi(111) surface, five
substrate-related peaks can be observed which are discussed in detail in ref.
[223]. One of them, the intense peak at 7.6 ¢V is due to the IPS of the
bare surface. Upon adsorption of DMC, the intensity of these peaks is reduced
continuously. Two new peak arise with increasing DMC coverage, one of which
is assigned to the IPS of the adsorbate-covered surface at a final state energy of
around 7.4 eV. The other DMC-induced peak is broader and has a final state
energy of 4.72 eV. The energetic shift of this peak with varying photon energy
is shown in Fig. H.1b but the slope of the peak shift is 1.4 + 0.4 which hardly
allows for an unambiguous assignment to an occupied or unoccupied electronic
state. However, assuming the peak to correspond to an unoccupied state, the
binding energy would amount to 0.76 eV with respect to the Fermi level, in
perfect agreement with the value found for the binding energy of the LUMO
in 2C-2PPE. We therefore assign this peak to the LUMO as well. Fig. H.lc
shows the results of an angle-resolved experiment which demonstrates that the
LUMO does not exhibit a dispersion parallel to the surface, as expected. In
particular, this behavior is in contrast to the peak arising from the Bi p-bands
which lies in the same energetic region, but which does show a dispersion [223].



Appendix 1

DMUC: Fit of the 2C-2PPE
Spectra Yielding the LUMO

The 2C-2PPE spectra recorded of DMC on Bi(111) contain a relatively weak
signal from the LUMO of DMC which in addition partially overlaps with the
unoccupied p-band features of the substrate (see Fig. 4.5b). In order to
determine the binding energy of the LUMO, we fitted the spectra for all DMC
coverages, as shown in Fig. [.1. The spectra of the bare surface can well be
described by three Gaussian fit functions (modeling the density of states of the
bands) on a linear background. For the spectra recorded from the adsorbate-
covered surface, one additional Gaussian peak profile in the fit was necessary
to account for the LUMO. In these fits, the energetic position and width of
the Bi features were fixed and their intensity was kept free. In contrast, the
energy, width and intensity of the peak associated with the DMC LUMO were
all left variable.

Fig. 1.2 shows the coverage-dependent behavior of the individual fit com-
ponents. The energetic position of the LUMO is very stable at a final state
energy of (averaged) 4.67 + 0.03 eV, corresponding to a binding energy of
0.77 £ 0.05 eV with resepect to the Fermi level, and the peak width of the
LUMO feature is around 0.2 eV (see Fig. [.2a). With increasing DMC cover-
age, the intensities of the Bi fit components decrease while the intensity of the
LUMO feature first rises and then decreases again (see Fig. 1.2b). As evident
from Fig. [.2c, the relative intensities of the peaks originating from the Bi
substrate change in the same manner which demonstrates that an additional
peak contributes to the spectra in this energy region.
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Figure I.1: Fits to the 2C-2PPE spectra of DMC/Bi(111) shown in Fig. 4.5b for different
coverages. (a) Fit of the spectrum recorded from the bare Bi(111) surface composed of three
Gaussian peak profiles representing the unoccupied p-bands on a linear background. (b-h)
For the spectra corresponding to the DMC-covered surface, an additional peak was included
for the LUMO. In all spectra, the photon energies were hvy = 1.95 eV and hvs = 3.90 eV,

respectively. Published in ref. [172].
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Figure 1.2: (a) Coverage-dependence of the energetic position and the peak width of the
LUMO feature, as obtained from the fits to the 2C-2PPE spectra. (b) Fitted peak intensity
of the three Bi features and the LUMO for varying coverages of DMC. (c¢) Relative intensity
change of the three Bi features with increasing DMC coverage. Published in ref. [172].
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