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Abstract

One of the holy grails of nanoscience is the realization of electronic devices, only a few atomic
layers thick. Graphene presents a promising candidate for the continued miniaturization demands
of the semiconductor industry for its exceptional optoelectronic properties. However, its lack of
an intrinsic electronic bandgap has limited the use in semiconductor applications, where precise
control over electronic properties is essential. While various strategies, such as heterostructuring
and chemical doping, have been explored to induce a bandgap in graphene, achieving uniformity

and scalability remains a significant challenge.

2D conjugated polymers (2DCPs) are a novel class of materials that offer an alternative ap-
proach through the bottom-up synthesis of ordered 2D networks from single-molecule precursors.
Unlike other approaches to tune the properties of graphene through the introduction of heteroatom
dopants post-synthesis, the precursors can be designed to lead to nanoarchitectures with a priori
defined properties. In particular, the on-surface synthesis of 2DCPs via Ullmann coupling reac-
tions represents a widespread approach, as the presence of a confining surface naturally steers the
dimensionality of the structures, all the while actively participating in the polymerization reaction

through adatom donation, catalytic activity, and templating, among others.

This thesis explores the on-surface synthesis of 2DCPs via Ullmann coupling on coinage
metal substrates and investigates their structure and growth mechanisms using scanning probe
microscopy techniques, including scanning tunneling microscopy (STM) and non-contact atomic
force microscopy (ncAFM). Kinetic Monte Carlo (kMC) simulations and High-resolution imaging
with CO-terminated tips, supported by density functional theoretical (DFT) calculations, provides

mechanistic insights into the polymerization process.

A particular focus is placed on understanding the chemical state of live edges of 2D trioxa
azatriangulene (P>’TANG) polymers synthesized on Au(111). Experimental observations reveal
that only a small number of monomers forming the grain boundary of oligomers have undergone
complete dehalogenation. Possible explanations and mechanistic insights are extracted from this
unexpected finding. Furthermore, a simple kMC model to simulate the synthesis of 2D covalent

nanostructures was developed. By systematically varying the transitional energetic barriers as-
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sociated with diffusion, rotation, and coupling of individual monomers, the model successfully
replicated experimentally observed network structures, and hints at the possibility to qualitatively
assess the magnitude of the transitional energy barriers from STM images. Lastly, the hetero-
polymerization of trioxo-azatriangulene with trioxa-azatriangulene into 2D copolymer structures
is surveyed, and an efficient method for differentiating between the isostructural building blocks

using local density of states (LDOS) mapping presented.
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Résumé

L’un des objectifs majeurs de la nanoscience est la réalisation de dispositifs électroniques ne
mesurant que quelques couches atomiques d’épaisseur. Le grapheéne représente un candidat promet-
teur pour répondre aux exigences de miniaturisation de 1’industrie des semi-conducteurs, grace a
ses propriétés optoélectroniques exceptionnelles. Cependant, I’absence de bande interdite intrin-
seque limite son utilisation dans les applications électroniques, ou un controle précis des pro-
priétés électroniques est essentiel. Bien que diverses stratégies, telles que 1’hétérostructuration et
le dopage chimique, aient été explorées pour induire une bande interdite dans le grapheéne, obtenir

une uniformité et une évolutivité demeure un défi majeur.

Les polymeres conjugués bidimensionnels (2DCPs) constituent une classe de matériaux inno-
vante qui offre une approche alternative grace a la synthese ascendante de réseaux 2D ordonnés a
partir de précurseurs moléculaires uniques. Contrairement aux approches visant a modifier les pro-
priétés du grapheéne par I’introduction de dopants hétéroatomiques apres synthese, les précurseurs
peuvent €tre congus pour conduire a des nano-architectures aux propriétés définies a priori. En
particulier, la synthese de 2DCPs sur surface via les réactions de couplage d’Ullmann représente
une approche largement utilisée, car la surface confinante oriente naturellement la dimensionnalité
des structures tout en participant activement a la réaction de polymérisation par le don d’adatomes,

I’activité catalytique, le role de gabarit, entre autres.

Cette these explore la synthese sur surface de 2DCPs via le couplage d’Ullmann sur des sub-
strats métalliques nobles et étudie leur structure ainsi que leurs mécanismes de croissance a 1’aide
de techniques de microscopie a sonde locale, incluant la microscopie a effet tunnel (STM) et la
microscopie a force atomique en mode non-contact (ncAFM). Des simulations cinétiques Monte
Carlo (kMC) et des images haute résolution obtenues avec des pointes terminées par des molécules
de CO, soutenues par des calculs de théorie de la fonctionnelle de la densité (DFT), fournissent

des informations mécanistiques sur le processus de polymérisation.

Un intérét particulier est porté a 1’état chimique des bords vivants des polymeres trioxa-azatrianguléne
(P>’TANG) synthétisés sur Au(111). Les observations expérimentales révélent qu’un petit nombre

de monomeres formant la limite de grain des oligomeres ont subi une déshalogénation complete.
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Des explications possibles et des informations mécanistiques sont extraites de cette découverte
inattendue. De plus, un modele kMC simple pour simuler la synthése de nanostructures cova-
lentes 2D a été développé. En faisant varier systématiquement les barrieres énergétiques de transi-
tion associées a la diffusion, a la rotation et au couplage des monomeres individuels, le modele a
réussi a reproduire les structures de réseaux observées expérimentalement et suggere la possibilité
d’évaluer qualitativement 1’amplitude des barrieres énergétiques de transition a partir des images
STM. Enfin, I’hétéro-polymérisation du trioxo-azatriangulene avec le trioxa-azatrianguléne dans
des structures copolymeres 2D est étudiée, et une méthode efficace pour différencier les blocs con-

stitutifs isostructuraux en utilisant la cartographie de densité d’états locaux (LDOS) est présentée.
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Chapter 1
Introduction

Prior to the experimental isolation of single layer graphene in 2004 by Novoselov and Geim [1],
the scientific consensus was that strictly two-dimensional (2D) atomic crystals were unstable at
finite temperatures. This belief was largely based on the Mermin-Wagner theorem, which states
that long-range order in low dimensional (d < 2) systems cannot exist at 7 > 0 K due to thermal
fluctuations driving the system towards a state of increased entropy [2, 3]. While the underlying
physical phenomena are very different, the coiling of headphone cables in one’s pocket can be
seen as an everyday classical analogue for the 1D case. However, the isolation of graphene does
not contradict the Mermin-Wagner theorem. In 2007, again by the group of Geim and Novoselov,
freely suspended graphene crystals could be shown to exhibit elastic deformations into the third
dimension on the order of 1 nm [4]. When supported by a substrate, however, interfacial bond-
ing reduces the thermal instability, thus highlighting the need for on-surface polymerization, as

compared to solution-based approaches [5].

Shortly after the Nobel Prize winning discovery of graphene, interest in other 2D materials
surged for their massive range of properties ranging from the extremely insulating to the exceed-
ingly conductive, from the stiffest to the softest. Transition metal dichalcogenides (TMDs), hexag-
onal boron nitride (h-BN), as well as 2D polymers, are just some of the members of the ever-
growing family of two-dimensional materials. It follows that 2D heterostructures of two or more
different layers of such materials offer even greater tunability for designing novel devices. The first
designs have started to appear little over a decade ago with very promising characteristics, such as

a graphene-based field effect tunneling transistor [6, 7, 8].

The remarkable electronic properties of graphene are owed to its fully 7-conjugated network,
which gives rise to ballistic (i.e. weakly interacting with lattice) [9] and viscous (strongly electron-
electron correlated) [10] charge transport with measured room-temperature mobilities close to
1 = 250,000 cm?(Vs) ™' [9], two orders of magnitude larger than in intrinsic Si (1 < 1,400
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cm? (Vs)fl). While graphene has been termed a "miracle material” for it’s extraordinary prop-
erties, some issues in it’s incorporation into functional devices persist. The largest obstacle for
graphene is the absence of a bandgap and lack of control over the Fermi level, which makes the
material unusable in most semiconductor applications, where electronic bandgaps and Fermi lev-
els can be fine tuned through e.g. controllable introduction of dopants into the bulk structure,
thereby vastly changing the properties of the product. Interestingly, the first workaround for this
issue was reported in 2002 even before the work of Novoselov and Geim, where it was found that
a h-BN/Ni(111) substrate to a graphene top layer led to a band gap opening of 500 meV [11].
Another approach is chemical substitution doping which is conceptually similar to semiconductor
doping, but uniformly doping large areas has so far proven difficult [12]. 2D 7m-conjugated poly-
mers (2DCP), are atomically thin, organic polymers that could mitigate this issue [13]. This is
because the overall properties are determined by the used monomer and can thus easily be tuned to
fit a wide range of technological applications. There are several synthesis pathways to obtain such
polymers, but by far the most common is Ullmann coupling. This reaction consists of two steps that
make use of the catalytic activity of the underlying transition metal substrate, to (i) dehalogenate

aryl halide precursors, and (ii) subsequently couple the radicals into polymers [14].

Despite significant progress in the synthesis of 2D networks via surface-assisted Ullmann
coupling, they remain a victim of high defect densities, hindering their technological applica-
tion. Particularly the interplay of the fundamental building block with the substrate, and with
other oligomers remains inadequately understood. This research is focused on addressing these
questions, both from an experimental point of view by utilizing Scanning Tunneling Microscopy
(STM), and non-contact Atomic Force Microscopy (ncAFM), as well as from a theoretical perspec-
tive via Density Functional Theory (DFT), and kinetic Monte Carlo (kMC) modeling. Specifically,
it seeks to elucidate how substrate interactions and polymerization dynamics influence defect for-
mation and network order, as well as study the chemical state of live 2D polymer edges. Chapter
2 provides a summary of the current literature on Ullmann coupling, and motivates the research
presented in this work. Chapter 3 focuses on the methodology, and prepares the reader to interpret
the data presented in Chapter 4. In Section 4.1, a kinetic Monte Carlo model to simulate the net-
work quality of 2D polymers on fcc (111) surfaces is discussed in dependence of energy barriers
of kinetic transitions, and related to experimental networks in an effort to extract physical reaction
parameters. In Section 4.2, the edges of 2D polymers are studied via Scanning Tunneling Mi-
croscopy and CO-terminated non-contact Atomic Force Microscopy and compared to theoretical
models based on Density Functional Theory. Section 4.3 briefly addresses an efficient method for
differentiating between isostructural monomeric building blocks in 2D block-copolymers, namely

local density of states (LDOS) mapping.



Chapter 2

Two-Dimensional Conjugated Polymers via
Ullmann Coupling

2.1 Introduction

Two-Dimensional covalent polymers are a novel class of materials with unique structure and prop-
erties, not accessible in solution synthesis. They are typically synthesised using surface-assisted
Ullmann coupling since great control and repeatability over the reaction product can be achieved.
Upon deposition of halogenated precursors onto solid surfaces, typically coinage metals, the halo-
gen substituents are catalytically abstracted from the monomer, generating activated species in the
process. Confined to the surface, the surface-stabilized radicals can diffuse and combine, form-
ing C—C bonds. The architecture (dimensionality, structure and composition) of the synthesised
covalent network can be creatively tuned by the right choice of the halogen substitution pattern
from dimers to linear chains, macrocycles, and two-dimensional networks. The role of the surface
is to act as a reactive workbench and a delicate interplay of kinetics and thermodynamics of the

monomer + substrate system has to be struck for a reduction in topological defect density.

Unfortunately, ultra-high vacuum (UHV) conditions are necessary for the synthesis of almost
all 2DCPs obtained thus far. Additionally, the films suffer from small domain sizes and high defect
densities, as revealed by Scanning Tunneling Microscopy (STM), making them so far unsuitable
for the incorporation into functional devices[15, 16]. In 2020, a breakthrough was achieved in
the collaborative research groups led by Perepichka and Rosei in their synthesis of 7w-conjugated
P2(TANG/TANGO) polymers with domain sizes ~ 100 nm and much reduced defect densities due
to a self-correcting "hot dosing" approach[17]. With this approach, the ordered network reached
a critical size and for the first time allowed the direct observation of a Dirac cone in 2D organic

materials by angle-resolved photoelectron spectroscopy (ARPES)[17].
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In this chapter, current knowledge is summarized and important studies synthesising 2DCPs
via on-surface Ullmann coupling are discussed, highlighting the difficulties for their application in
devices, and potential solutions thereof. Finally, an outlook for the future of this field is provided.
Several excellent reviews have served as inspiration for this chapter and can be consulted by the
interested reader [5, 14, 18, 19, 20, 21, 22, 23].

2.2 Synthesis

2.2.1 General Concepts in On-Surface Polymerization

Before discussing specifics of covalent on-surface polymerization, some general on-surface chem-
istry concepts, such as adsorption, monomer kinetics and thermodynamics need to be resurveyed in
the presence of a confining surface[24]. Most attempts in the creation of two-dimensional polymer
films have been performed under ultra-high vacuum (UHV) conditions due to the inherently low
interactions of the monomer with contaminants and high surface cleanliness, but polymerization
on a liquid-solid interface has also been proposed[13]. In the following, only gas-solid inter-facial

polymerization is discussed.

Adsorption refers to the process by which molecules adhere to a surface. Two adherence cate-
gories are normally distinguished: chemisorption and physisorption. In chemisorption, adsorbates
form chemical bonds with the surface via hybridization of substrate electronic states and molecu-
lar orbitals (i.e. charge transfer). Weaker bonds, involving the polarization of both adsorbate and

surface are present in physisorption, typically via van der Waals (vdW) forces.

Chemisorption is highly directional, meaning that chemisorbates stick to specific sites of the
surface, that are separated by diffusion barriers. Their position and orientation with respect to the
substrate strongly influence the interaction energy. At thermal energies comparable to the diffusion
barriers, chemisorbates can hop between binding sites in the interaction potential, and adjust their

rotation with respect to the substrate in order to minimize the interaction energy[24, 15].

In the simplest case, i.e. for spherically symmetric molecules and defect-free substrates, the
interaction potential is assumed to be isotropic, and diffusion is governed by an Arrhenius diffusion

equation[24]

D(T) = Dyexp (—%) @.1)

where D is known as the diffusion coefficient, a temperature-dependent parameter that quan-

tifies the ease of diffusion of a monomer across the surface. Dy is tied to the inherent mobility if
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there were no diffusion barriers (i.e. 7 — o0), and heavily depends on the nature of the interac-
tion (physisorbtion vs. chemisorption), as well as the geometry and physical size of the molecule.
Egifr 1s the activation energy for diffusion. However, spherically asymmetric molecules, as well as
substrate defects lead to an anisotropy of the interaction potential, i.e. V = f(r,v,0,¢) and Egjf
depends on the molecule’s position, r, diffusion direction ¥, as well as the rotation of the molecule,

(0, ¢), with respect to the substrate.

An important defect-induced anisotropy is an atomic step edge between two terraces (see Fig.
2.1). The electronic structure of steps are significantly different from terraces and can lead to pref-
erential diffusion directions. Typically, step-down diffusion between two terraces is more highly
activated than step-up diffusion, due to an increased diffusion barrier, known as Ehrlich-Schwoebel
barrier[25], Eg. Step edges can thus act as nucleation sites, since (i) the dwell times of molecules
are much longer, (ii) diffusion along a step edges is enhanced, and (iii) monomeric species have a

higher coordination number to catalyticaly active metal species.

Figure 2.1: Step Edges as nucleation sites. (Left) Simplified Molecule-Surface interaction poten-
tial V(x,y) in the proximity of a step edge on a fcc (111) surface. Potential discontinuities are
washed out by electron rearrangement. This leads to an increased diffusion barrier across the step
and is often found to be a preferential nucleation site. (Right) STM Au(111) topograph with par-
tial coverage of 2D trioxa-azatriangulene (discussed in more detail below) oligomers showing the
preferential nucleation of the polymer at the step edges. The visibility of the 22 x /3 herringbone
reconstruction demonstrates the high quality of the substrate and stability of the STM. Imaging
parameters: U = 500 mV, I; = 50 pA.

Physisorption is generally weakly directional with low molecule-surface interaction energies
and can only occur at low temperatures. In fact, inert molecules (like carbon monoxide, CO) or sur-
faces (like hexagonal boron nitride, hBN) exclusively exhibit physisorbtion. The nature of the ad-

sorption process strongly influences the polymerization kinetics, as weakly physisorbed molecules
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typically have lower diffusion barriers, while strongly chemisorbed molecules have higher desorp-

tion temperatures.

Coverage (0) is an important parameter for describing the adsorption of molecules to a surface

and is defined as the fraction of occupied positions, N, to available positions, M

0= T (2.2)

The rate at which molecules are incident on a surface depends on the partial pressure of the

gaseous particles, p, and is described by the Hertz-Knudsen equation

dn p

dt — \2rkgT’

where n refers to the number of molecules. Eq. 2.3 is often supplemented by a dimensionless

(2.3)

prefactor, s (the sticking coefficient), ranging from O (no sticking) to 1 (every collision results in
sticking), to describe the adsorption probability of the molecule to the surface. Among others, it is
dependent on the cleanliness of the surface, the temperature, and the interaction between molecule

and surface.

Upon adsorption, Ullmann coupling reactions take place in the 2D confinement of the substrate
and fundamentally different reaction pathways occur as compared to solution, gas, or bulk environ-
ments. Due to this confinement, the reactants have fewer degrees of freedom which reduces the en-
tropic penalty associated with the coupling reaction and the reaction product is by default restricted
to be planar, which is critical for maintaining conjugation and thus for the electronic properties of
the polymer. This, together with the fact that there are no solubility requirements, forms major
advantages in on-surface polymerization and facilitated the synthesis of polymer structures that
could not be prepared by other means[19]. This bottom-up approach of on-surface polymerization
allows for great control over the formation of the polymer at a molecular level which can lead to

materials with tailor-made properties.

As will be discussed below, there is an approximately linear relationship between the adhesion
energy and the number of bonded monomers implying that, as the oligomer grows in size, it quickly
becomes less mobile and polymerization occurs largely at the network edges with rapidly diffusing
monomers. Nucleation proceeds with the initial formation of an entropically unfavoured nucleus
cluster, but the subsequent addition of monomer species follows with low barriers[19]. Indeed, as
evidenced in a collaborative research effort from the groups of Perepichka, Rosei and Contini,[26] a
nucleation-growth mechanism model agreed well with high temporal resolution data they recorded

during the polymerization process using fast X-ray photoelectron spectroscopy.
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2.2.2 Surface-assisted Ullmann Coupling
Overview

The on-surface synthesis of two-dimensional polymers has been investigated by both, reversible,
and irreversible bond formation between the molecular building blocks[13]. In contrast to ir-
reversible, covalent bond formation, reversible bonds are typically better suited for low defect
densities of the resulting network. However, networks that exhibit reversible bonds do not offer
mechanical and thermal stability as well as high charge mobility, that are needed for the incorpo-
ration into functional devices[13]. On-surface Ullmann coupling is a two-step polycondensation
process in which the advantages between the two synthesis pathways are combined: The initial
dehalogenation and subsequent organometallic (OM) bond formation is reversible, and the final
covalent polymerization between the monomers follows only in a separate step. The activation

energy for the reaction is influenced by both the specific molecule[27] and the surface[28, 29].

The classical Ullmann reaction was first discovered in 1901 by Fritz Ullmann to produce
biphenyls from aryl halides in solution, under the addition of copper powder that drives the re-
action under the influence of heat[30] with Cul as a reaction product. The Ullmann reaction is
thus not a catalyzed reaction in a strict sense, although it is often designated as one. On surfaces,
the Ullmann reaction has been studied since 1992 by Xi and Bent,[31, 32] and has developed into
the most common synthesis pathway for the formation of two-dimensional polymers on metallic
surfaces[5]. Scheme 2.1 shows the initial, transition and final states (denoted as IS, TS, and FS,
respectively) for halogenated trioxa-aza-triangulene monomers: The precursors are deposited on a
surface, in most cases a coinage metal (Cu, Ag or Au). With an external stimulus (usually heat, but
alternative pathways using an STM tip [33] or photon irradiation [34, 35, 36] have been explored
as well), the halogens are catalytically abstracted and the dangling bonds subsequently stabilized,
forming surface-stabilized radicals. A surface-stabilized radical is a molecule, whose unpaired
electron level has been filled via the free electron gas of the metal surface,[15] hence the bonding

character changes from physi- to chemisorbtion.

The C—C coupling between two activated monomers then follows either in a single step, or
in two steps, with metastable organometallic (OM) intermediates as a sub-step, with C—C cou-
pling following a second anneal process[14]. The emergence of OM intermediate states strongly
depends on the surface and a good example of this can be found in Dong et al.[37], who deposited
1,3,5—tris(4—bromophenyl)benzene at room temperature on four surfaces (the commonly used
Cu, Ag and Au (111) facets, as well as on Ag(111) with low external Pt adatom coverage), in-
duced the coupling reaction via annealing and subsequently recorded STM topographs (see Fig.
2.2). With STM, the bond length between individual monomers can be accurately measured and

compared to density functional theory (DFT) predictions to differentiate between C—M—C (TS)
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Scheme 2.1: Reaction scheme for surface-assisted Ullmann coupling of Trioxa azatriangulene
precursors. Halogens X = I, Br, Cl and metals M.

or C—C (FS) bonds. Surprisingly, OM bond formation could not be observed on Au(111), which
they attributed to either a short lifetime of the OM state or the C—Au—C bond being unstable.

Kinetic Models and Topological Defect Formation

Despite the dynamic (reversible) Ullmann coupling reaction, topological defects are still a com-
mon occurrence in the polymer. Topological defects refer to irregularities or discontinuities to the
ordered network. Three-fold symmetric precursors ideally lead to a hexagonal network with hexag-

onal pores, but tetragonal, pentagonal, heptagonal, and octogonal pores are often observed[38, 14].

A kinetic model can help elucidate the mechanism behind the formation of 2DCPs. In an
aforementioned study, Di Giovannantonio et al.[26] have proposed a nucleation-growth kinetic
model and compared their prediction to experimental data that they have collected using fast X-ray

photoelectron spectroscopy to precisely follow the relative fractions of IS, TS, and FS.

Role of the Halogens

Upon dissociation from the molecular precursors, the halogens adhere to the surface up to charac-
teristic M—X desorption temperatures, which can lead to steric hindrance for the growing film. The
M—X desorption temperature is typically much higher than the dehalogenation temperature [39]
with equivalent energies on the order of the cohesive energies of the metals (=3 eV on Au(111) for
both iodine and bromine). At elevated temperatures, one might therefore expect the co-desorption
of the (in the FS) physisorbed nanostructures with the halogens. However, as calculated in [40],
this does not happen since the binding energy of physisorbed molecules is additive. For example,

on Au(111), each carbon atom contributes 70 — 140 meV to the overall binding energy, and hence,
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Figure 2.2: Reaction pathway on different coinage metal surfaces. Top: Reaction Scheme of
1,3,5—tris(4—bromophenyl)benzene from IS to FS over intermediate TS with DFT-optimized dis-
tances. Middle: STM topographs upon room temperature deposition (top row) and thermal anneal-
ing (middle row). Fraction of converted species, R, at different temperatures as calculated from
bond length analysis (Yellow: IS, Green: TS, Red: FS). Bottom: Conversion ratios and schematic
energy diagrams of the reaction pathway. Adapted from Dong et al.[37], Proceedings of the In-
ternational Workshop On-Surface Synthesis, Springer Nature, Springer Verlag, 2016. Reproduced
with permission from SNCSC.

structures with just a few tens of carbon atoms stay adhered to the surface [39, 40] even at halo-
gen desorption temperatures. This fact has been used to synthesize the most popular 2D organic,
graphene, via Ullmann coupling from hexabromobenzene monomers on Cu(111) by keeping the
surface at ~ 570 ° C during dosing and polymer growth[41]. At this temperature, the bromine
adsorbates readily desorb from the surface, facilitating the growth of low defect density graphene.

While this is a useful “trick”, this approach does not necessarily work for every monomer species,
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since many 2DCPs decompose at lower temperatures. A problem is that the relationship between
defect density and halogen adsorbates is not very well understood and has not been studied in
depth so far. In STM images of 2DCPs post-polymerization, the adsorbates are typically found to

organize themselves into the pores of the network in energetically favourable configurations[42].

The Role of the Surface

The surface plays a multitude of roles in the facilitation of covalent polymers via Ullmann coupling,
as it crucially influences the kinetics and thermodynamics of the proceeding reaction, and thereby
the structure, dimensionality and composition of the polymer. An in-depth discussion can be found

in an excellent review written by Grill and Hecht[19].

The choice of the substrate chiefly determines adsorption energies and catalytic activity, which
influence activation and diffusion of the molecular building blocks[19, 39]. If monomer + sub-
strate adsorption energies are too low, the monomers might desorb at temperatures lower than the
dehalogenation temperature. On the other hand, diffusion barriers could be too high if adsorp-
tion is too strong leading to many nucleation sites and small domains. An good example of the
interplay between adsorption and efficient diffusion can be found in Marco Bieri et al. [15]. In
their study, hexaiodo-substituted cyclohexa-m-phenylene (CHP) macrocycles were deposited on
the three most commonly used surfaces for covalent self-assembly, Cu(111), Ag(111) and Au
(111), and subsequently polymerized into polyphenylene networks. The polymer networks were
then analysed using STM and compared with generic Monte Carlo simulations to uncover the re-
lation between diffusion and coupling affinity to network quality. The resulting structures on the
three substrates ranged from branched morphologies on Cu to extended, regular 2D networks on
Ag (see Fig. 2.3). This result was attributed to a low diffusion barrier of the CHP surface-stabilized
radicals (or low coupling affinity) on Ag, whereas the opposite is the case on Cu with Au serving

as an intermediate between the two.

Depending on the crystal structure and surface orientation, any surface exhibits a certain atomic
corrugation which influences molecular diffusion and orientation and thereby the polymerization
reaction pathway[22, 19]. This templating feature of the surface has repeatedly been used to intro-
duce a further variable to control the reaction pathway and the architecture of the reaction product.
For ordered 2D networks, low index coinage metal surfaces are typically studied as substrates, as
they are inherently catalytically active and enable efficient diffusion. Densely-packed (111) sur-
face facets, in particular, are relatively isotropic thus offering weak templating which can reduce
epitaxial strain and defect density. Stepped surfaces (like (110) or (100)), are implemented, to
favour molecular diffusion along low-corrugation directions, like missing atomic rows, to achieve

a preorganization of the monomers into polymerized chains or macrocycles, with a second activa-
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Figure 2.3: Overview and High-resolution STM images of polyphenylene networks on Cu, Au,
and Ag (111) (a)-f)) and Monte Carlo simulations of molecular network growth (g)-i)) with cou-
pling probabilities, P = 1,0.1, and 0.01, respectively. Below each simulation, the coordination
number distribution for the molecules in the cluster are given. The qualitative agreement between
the experimental and simulated networks is interpreted in light of classical diffusion-limited ag-
gregation theory as differing energetic barriers for diffusion, and coupling (see text). Adapted with
permission from Bieri et al.[15]. Copyright 2010 American Chemical Society.

tion step to covalently link individual structures into an ordered network. This kind of hierarchical
growth can also be achieved by functionalizing the monomer units with two different halogen

species that can be sequentially cleaved off through thermal activation[43, 44].

Possible Architectures

In 2007, Grill et al. [45] nicely demonstrated that the dimensionality of the reaction product could
be controlled using tetraporphyrin precurors with varying degree of bromine substitutes. Indeed,
the choice of the molecular building block, as well as halogen substituent positions determines the
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architecture and can be freely tuned from dimers (0d), chains (1d) to networks (2d) (see Fig. 2.4).

Polymerization

Figure 2.4: Porphyrin precursors with one (a), two (b), or four (¢) bromine substituents. Depending
on the number on position of the halogen substituents on the molecular building blocks zero-, one-
or two-dimensional nanostructures can be polymerized. The geometries are validated using STM
(middle panels). Adapted from Grill et al.[45] Nature Nanotechnology, 2, Springer Nature, 2007.
Reproduced with permission from SNCSC.

Furthermore, the symmetry of the halogen substitution pattern on the precursor molecules de-
termines the topology of the network [14] as can schematically be seen in Fig. 2.5. While the
conjugated backbone structure is not unique to 2DCPs, but can also be found in 1D chains, the
regular arrangement of monomers in two dimensions leads to the emergence of unique, and, per-
haps surprising electronic states and band structure that distinguishes them from conjugated 1D
polymers and permits a much broader range of potential technological applications[46]. The re-
lationship between topology and bond nature to electronic structure has been discussed in several
theoretical works[46, 47]. As an example, it was demonstrated by Thomas et al.[47], that hexag-
onally symmetric sheets of extended 2DCPs can lead to energetic flat bands and Dirac cones in
k-space. Since the mass, and thereby the mobility of charge carriers in materials is fundamen-
tally connected to curvature of the potential energy with respect to the crystal momentum, ordered
Kagomé 2DCPs exhibit both massless charge transport and very large effective masses which are

useful to study highly correlated systems.

2.2.3 Insulating Substrates

This section will focus on recent attempts to electronically decouple 2DCPs that have been synthe-
sised via Ullmann coupling from the underlying substrate. However, it should be mentioned that
other on-surface reactions for the synthesis of 2DCPs on insulating substrates directly are actively

explored. The interested reader is referred to recent reviews. [18, 14, 19, 20, 21]

12



%
N

x*x
|
. X

ol N
SN TN

Y S S
SN NN

Figure 2.5: The positioning of halogen substituents (X = I, Br, or Cl) within the chosen molecular
building block determines the topology of the resulting covalent network. Reprinted from [14].
Used with permission of Royal Society of Chemistry, from Surface-assisted Ullmann coupling, M.
Lackinger, 53, 56 (2017); permission conveyed through Copyright Clearance Center, Inc.

As shown thus far, metal surfaces exhibit several advantages for on-surface synthesis. The
metallic free electron gas readily anchors the precursor molecules to the surface via London dis-
persion forces, thereby providing an ideal catalytic environment to initiate the reaction without
monomer desorption. However, future technological applications demand 2DCPs to be either
transferred to or directly synthesised on insulating substrates (bulk insulators, or thin film insulat-
ing layers). Most importantly, this is because there is a need to electronically decouple the polymer
from the metallic substrate - Electron energy levels of the thin film can shift significantly due to
screening, making investigations of the inherent properties of the polymer hard to discern from the
properties of the metallic substrate. As an example, for conductivity measurements, as routinely
performed for conventional semiconductor materials, the metal support offers low-resistance con-

duction pathways dominating measured currents.

For graphene, numerous transfer protocols have been developed, such as template-stripping,
where a polymethyl methacrylate (PMMA), or other adhesive layer is spin-coated and the underly-
ing metal substrate chemically removed, viscoelastic stamping[48] or contact printing[14]. These
intriguing approaches have been investigated for 2DCPs by some groups[49, 50], however, they
have not been too successful either because of the presence of contaminants associated with spin-
coating, or because the adhesion forces of the polymer to the metal are so strong that stamping is
only possible from one metal substrate to another. An open question in all transfer protocols of

these materials is about their scalability to compete with industrial standards.

A more direct approach to electronically decouple a molecular monolayer from the metallic
substrate has been investigated by Lackinger’s group[51] who polymerized 1,3-bis(p-bromophenyl)-
5-(p-iodophenyl)benzene on Au(111), and subsequently dosed the hot polymer/metal with iodine

to achieve chemisorbed iodine monolayers. The electronic decoupling could be shown in STM
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images, where decoupled polymeric structures showed up with altered contrast as compared to
parts of the film that were still attached to the underlying metal as a consequence of the decreased
screening of the wave functions of the valence electrons of the polymer (see Fig. 2.6). This decou-
pling step could potentially also be implemented not only with iodine, but, depending on the metal,
also with oxygen[52] or chlorine vapor to form closed, intercalated monolayers. This approach to
effectively decrease adhesion between polymer and metal substrate, could potentially be combined

with the transfer approaches discussed above.

@
vapor ..

Figure 2.6: Electronic decoupling approach via deliberate iodination. (a) Schematic showing the
grown molecular structure before and after iodination. The pore size of the 2DCP succesfully
facilitates intercalation of iodine vapor, forming closed monolayers between. (b) STM image
showcasing decoupled polyphenylene network. The broadened edges correlate with molecular
orbitals of free-standing polymer. The dashed ellipse indicates a region of the polymer that is still
attached to the metal. Reprinted from Rastgoo-Lahrood, et al. (2016)[14, 51] Angew. Ch. Int. Ed.,
55(27), 7650 =7654 with permission from Wiley-VCH Verlag.

A recent highlight to facilitate Ullmann-type coupling on an insulating substrate directly has
been presented by Kittelmann et al.[53], who cleverly designed halogenated benzoic acid monomers,
such that the interaction of their carboxylate side groups and a bulk insulator (104)-calcite (CaCO5)
is increased significantly to avoid desorption at the heat-induced debromination and coupling step.
With this approach, they managed to synthesize 1D conjugated chains without the need for a metal
catalyst. However, the synthesis of 2D networks might not be feasible with a similar approach,
since ordered 2D networks have a much higher entropic penalty than 1D chains, and, as discussed
above, the presence of metal catalysts serves the additional purpose of organising the stabilized

radicals into reversible coordination-networks that can self-heal structural defects.

This approach does however raise questions about the possibility of co-depositing metal adatoms
with similarly functionalized monomer species on bulk insulators. So far, the role of adatoms has

mainly been investigated on other metal substrates by evaporating a more reactive metal species
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prior to the deposition of the precursor materials[37, 54]. In those studies it was found that dehalo-
genation of the precursors occurs at reduced temperatures, as compared to without the presence of
external adatoms. Zhao et al.[55] have investigated the possibility of sequentially depositing first
the monomeric species 1,3,5—tris—(4—bromophenyl)benzene (TBB) on a single layer of hBN and
in a second step Cu and Pd adatoms. In both cases, they found that dehalogenation occurs at
much reduced temperatures as compared to the no-catalyst case with different reaction pathways,
however, the synthesized oligomers do not, so far, reach critical size and defect density.

2.3 Applications

The lower-dimensional parents to 2DCPs, one-dimensional 7-conjugated polymers (1DCPs), have
attracted great interest as semiconductor materials in (opto)electronic devices such as organic solar
cells, organic field-effect transistors and organic photodetectors. While ballistic charge transport
effectively occurs along the polymer backbone, interchain charge transfer represents a slower,
inefficient process,[56] that ultimately limits their application and motivated the expansion of con-

jugated polymers into the second dimension[13].

Graphene-like 2DCPs have the potential to keep up the organic electronics momentum from
1DCPs and break the electronics=silicon association. Silicon transistors have continuously shrunk
in size enabling an exponential growth of the number of transistors that can be packed in a given
area (Moore’s law). However, this miniaturization has hard physical limits[5] in both fabrica-
tion (Abbe diffraction limit for photolithography, Amdahl limit for parallel processing, etc.) and
application (gate oxide thickness, current leakage, etc.). While many 2D materials-based transis-
tor structures have been shown to exhibit some superior properties over silicon-based ones, their
newness does not necessarily reflect an actual superiority over them and their disruptive potential
should be critically examined[57].

Thin-film transistors (TFTs), the primary component in backplane circuitry for flat displays, are
perhaps the most promising market niche for 2DCPs and other graphene-like 2D materials. This is
because TFTs have generally low performance and size demands, but their fabrication with a—Si
could be cheaper[57, 58]. Due to their covalent bonding nature, 2DCPs possess additionally high

thermal and mechanical stability which makes them suitable candidates for flexible electronics[59].

A, so far, largely untapped potential for 2DCPs represents 2D lateral heterostructures. These
block-copolymers consist of adjacent domains of chemically distinct 2D materials, seamlessly
joined within the same plane. Due to their similar lattice constants, isostructural precursors are
ideal candidates for this application. Such heterostructures exhibit intriguing properties, such as

charge separation at the donor-acceptor interfaces, tunable bandgaps, and localized plasmonic res-
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onances. These features make them attractive for applications in photovoltaics, optoelectronics,
and catalysis. Moreover, the ability to pattern heterostructures using advanced lithographic or tip-

based techniques opens avenues for integrating 2DCPs into more complex device architectures.

2.4 Conclusion

In conclusion, this chapter elaborates on the synthesis, characterization and applications of two-
dimensional conjugated polymers (2DCPs) synthesized via on-surface Ullmann coupling. The
synthesis is primarily conducted on coinage metallic substrates under ultra-high vacuum (UHV)
conditions and leverages it’s ideal catalytic environment for the formation of engineered 2D net-
works with specific topological and electronic properties. Some of the issues of 2DCPs that needs

to be resolved before they can be incorporated into functional devices are[5]

* Deeper Insight into Ullmann Reaction: While surface-assisted Ullmann coupling is a
widespread technique for realizing 2DCPs, there are still many open questions about the

reaction pathway, in particular about the reaction parameters.

* Substrate Independence: The development of new transfer protocols of the polymer from

"growth" to "host" substrate, i.e. from metal surfaces to insulators, or the direct growth of
2DCPs on bulk insulators.

* Network Quality: The reduction in topological defects that form during growth, as well as

an increase in their domain sizes.
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Chapter 3
Theory and Experimental Methods

To study nanostructures on a substrate, high-resolution surface-sensitive techniques are required.
In this chapter, the main experimental methods of this thesis, scanning tunneling microscopy
(STM) and non-contact atomic force microscopy (ncAFM), are introduced, along with auxiliary
surface analysis techniques, such as low energy electron diffraction (LEED) and Auger electron

spectroscopy (AES).

All these techniques are integrated into a custom UHV system consisting of two connected
chambers: a preparation chamber and the Infinity SPM chamber. The preparation chamber houses
the LEED and AES setup, along with surface cleaning and polymer growth equipment. An ad-
ditional load lock connected to the preparation chamber allows for efficient sample transfer from
outside the system. The Infinity SPM chamber can operate across a wide temperature range (10 K
to 420 K) with a pulse tube cooler, ensuring vibration-free, stable STM and ncAFM measurements.
Each chamber maintains UHV conditions through the use of an ion getter pump. A turbo pump,
connected to the preparation chamber via a large gate valve, is used when the chamber pressure
exceeds 1 x 1077 mbar, such as during sputter cleaning of samples (see section 3.4). The base
pressures in the Infinity SPM and preparation chambers are 1 x 10~!! mbar and 1 x 10~!° mbar,

respectively. Unless specified otherwise, SPM data is taken at 10 K.

3.1 Scanning Tunneling Microscopy (STM)

The scanning tunneling microscope (STM), invented in 1981 by Gerd Binnig and Heinrich Rohrer
(IBM laboratories), revolutionized surface science by enabling electronic structure imaging on the
atomic scale, and atomic manipulation on conductive surfaces. A truly groundbreaking discovery,
for which Binnig and Rohrer would later share the 1986 Nobel Prize in Physics with Ernst Ruska

(Technical University of Berlin), who was recognized for his pioneering work on the electron
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Figure 3.1: UHV system utilized in this thesis. The ScientaOmicron Infinity SPM chamber, and
preparation chamber are marked in green, and yellow, respectively.

microscope. Since its inception, the STM has matured into an essential tool in nanotechnology

and materials science.

3.1.1 Basic Principle

STM operates on the principle of quantum tunneling, where a sharp metallic tip is brought within
a few angstroms of a conductive surface, allowing electrons to tunnel between the tip and the
sample when a bias voltage is applied. The resulting current is highly sensitive to the tip-sample
separation, d, which enables the STM to visualize the local electronic density of states (DOS) on

the atomic scale:

I = cUe 2V2me®/hd (3.1)

where c is a constant, U is the applied bias, ® the work function difference, d the tip-sample
distance, m, the electron mass, and 7 the reduced Planck constant. A set of piezoelectric transduc-

ers (xy) raster-scan the tip over the sample in one of two principal imaging modes:

1. Constant Current Mode: An electronic feedback loop ensures a constant tunneling current

by engaging the z-piezo to move the tip closer to/away from the surface.

2. Constant Height Mode: The tip-sample distance is kept constant and variations in tunneling

current are recorded.
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Constant Current Mode, which is the most commonly used mode, is employed in this work.
The resulting map of the z-piezo extension over the scanned area is often described as the sample’s
topography. Although this map can effectively represent surface corrugations, it is important to
note that the tunneling current measured by STM does not solely depend on atomic corrugations,
but also on the local density of electronic states (LDOS). To gain deeper insight into the electronic
properties of surfaces, scanning tunneling spectroscopy (STS) can be employed. In STS, the tip
is positioned above a point of interest, while the tip-sample bias is swept and modulated with a
small AC component. A lock-in amplifier singles out the modulated signal in the tunneling current
for each applied bias, i.e., the local differential conductance (d/dV) as a function of bias, which
allows one to infer features related to the band structure (see Fig. 3.2). STS may be used to measure
molecular energy states or semiconductor band gaps. Performing STS on each point of a grid over

a region of interest allows the localization of specific features in the differential conductance.

In studies of 2DCPs, STM is primarily implemented to assess the quality of the network
in-situ, i.e. immediately upon polymerization. STM topographs can provide information about
surface coverage (0), uniformity, and network quality, such as the density of topological de-
fects. Bond lengths between monomer units can provide information about the nature of the
linkage, i.e. whether it’s carbon-carbon coupled (R—C—C—R) or organometallically coordinated
(R—C—M—-C—R), where M represents a metal (Cu, Ag, Au) atom (see also Fig. 2.2). Carbon-
carbon bonds are shorter and more rigid and lead to a thermally, and chemically more stable
polymer with delocalized m-electrons, whereas an organometallic linkage leads to a more flexi-

ble structure with different electronic properties depending on the coordinating material [60].

To electronically decouple single molecules from the conductive substrate, Repp et al.[62] have
grown epitaxial mono- to bilayer islands of NaCl on a Cu(111) surface and subsequently dosed
the surface with pentacene molecules. After, the STM tip was placed above a single pentacene
molecule and dI/dV spectra were recorded. The spectra showed peaks in the conductance at
well-defined voltages, which correspond to the energy levels of the unperturbed molecule (see Fig.
3.2 b)), indicating that it was well electronically decoupled from the metal surface by the thin
dielectric. For STM studies, the intermediate insulating sheet must be thin enough to achieve a

tunneling current between tip and sample.

3.1.2 Tip Preparation and Calibration

All presented SPM measurements were performed with commercial tungsten tips, either mounted
on tuning fork force sensors (for simultaneous STM/ncAFM measurements; See section 3.2.2),
or in rigid tip carriers (for STM measurements). Out of all pure metals, tungsten has the highest

tensile strength, which makes it exceedingly stable, even at very high temperatures. Furthermore,
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Figure 3.2: SPM studies of a single pentacene molecule on a NaCl/Cu(111) island. (a) Schematic
representation of an atomically sharp Au tip before and after termination with a single CO
molecule, with NaCl support (green) on a metal substrate (gold). (b) dI/dV spectroscopy of a
single pentacene molecule showing well-defined peaks in the conductance corresponding to the
HOMO and LUMO levels of the molecule. (c) Ball-and-stick model of free-floating pentacene
(above) and A f-map recorded with a CO-terminated ncAFM tip (below). (a) Reprinted from Mohn
[61] with permission from the author. (b) Reprinted from Repp et al., Phys. Rev. Lett., 94, 026803
(2005), with permission. Copyright 2005 by the American Physical Society [62]. (c) Reprinted
from Gross et al. (2009) [63]. Reprinted with permission from AAAS.

it can be etched into very sharp geometries using NaOH or KOH solution—an essential feature for

achieving high spatial resolution in SPM scans.

Figure 3.3: Sensors used in this work. (a) shows the tungsten tip mounted on a quartz tuning fork
for simultaneous STM/ncAFM measurements. (b) shows a tip inside an STM tip carrier for STM
measurements. (c) shows an optical microscope image of the tip. The tip apex radius is ~ 10 nm.

The main drawback of these tips is their rapid oxidation when exposed to the atmosphere.
Therefore, in-situ treatment is required to break the oxide layer and optimize the tip for atomic
resolution imaging. This can be done by bringing the tip close to a clean metal surface with a high
bias voltage (1 — 10 V) and a low tunneling current (10 — 50 pA). A series of short voltage pulses
(4 — 10 V) lasting 50 ms, controlled tip diving (1 — 20 nm), or a combination of both methods can
break the oxide layer and shape the tip into a high aspect ratio, ensuring only a small cluster of

atoms contributes to the signal and enhancing spatial resolution. Due to the close contact of the tip
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with the sample, it is likely for the tip apex to change, which can have adverse effects on the spatial
resolution, in which case the tip has to be reconditioned. A common undesirable tip termination
is a double, or multi-tip, in which case several locations, spatially apart, contribute substantially
to the overall tunneling current. This introduces scan artefacts, like ghosting or lopsidedness of
features. Tip conditioning is performed until (a) small tip pokes of < 1 nm into the surface result
in a small and round protrusion of it, (b) Friedel oscillations of the free electron gas on metallic
surfaces can be observed on defects and step edges, and (c) the tip is stable, i.e. experiences no
change in it’s imaging quality, under the application of a series of small bias pulses (3 —4 V). Since
the tunneling current has an exponential distance dependence with fast decay, these conditions can
generally be reached as long as there is only a single protruding atom on the tip. In ncAFM, the
force gradient is detected, which generally has a much slower exponential decay by comparison,
meaning that the cluster of atoms that interacts with the surface is typically larger than in STM.
As a consequence, a tip that has been conditioned to result in desirable STM data quality, does
not necessitate desirable ncAFM data quality. A proxy for the volume of the atomic cluster that
contributes to the signal in ncAFM measurements, i.e. a proxy for the aspect ratio of the tip, are
the df(z) spectroscopy minima values over well-known sites on the surface. If the aspect ratio is
high, the curves will have a comparatively low frequency shift minimum, while the opposite is the

case if the aspect ratio is low, i.e. when the tip is blunt.

On the other hand, STS measurements require a tip with a relatively feature free DOS over the

desired region in energy space to discern sample features from those of the tip.
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Figure 3.4: STM Tip Conditioning. (a) shows an ideal tip poke on a Cu(111) surface. (b) shows
a Au(111) surface after a tip poke with a multi tip. (c) Flattened STM image showing Friedel
oscillations on a Cu(111) surface of a step edge and various point defects. Imaging parameters:
(@) U = —-500mV, I, =50 pA. (b) U =500 mV, I, = 100 pA. (c) U = 100 mV, I; = 250 pA.
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3.2 Non-Contact Atomic Force Microscopy (ncAFM)

While it’s less commonly found in studies of 2DCPs, non-contact atomic force microscopy (ncAFM)
has several advantages over it’s cousin and historical predecessor STM, and will become increas-
ingly valuable in future studies. The main advantage of ncAFM over STM is that it is not limited
to conductive samples, while retaining, if not exceeding, the high resolution imaging capability of
STM. Indeed, as will be described below, ncAFM has routinely been used to atomically resolve
the fine structure of single molecules, as well as extended nanostructures. In addition, ncAFM is
sensitive to the total DOS, while STM is primarily mapping the charge density at the Fermi level,
making it in principle a superior imaging tool, although it requires more sophisticated control

electronics.

3.2.1 Basic Principle

In ncAFM, an atomically sharp, oscillating tip is brought into close proximity with the sample
surface. Depending on the interaction forces between the oscillating tip and sample, the resonance
frequency shifts to smaller (attractive regime) or larger (repulsive regime) values, depending on the
interaction of the tip with the sample. A general formula for the frequency shift acquired during

the oscillation of the cantilever has been derived by Giessibl [64],

Af 1
Jfres wak

u
V1—u?

where k is the spring constant of the cantilever, F is the interaction force between the tip and

1
/1F(Z+a(1—|—u)) du, (3.2)

sample, fres the resonance frequency of the unperturbed cantilever, Af is the frequency shift from
resonance, a the amplitude of oscillation, and z the distance of closest approach between tip and
sample [65].

Similarly to STM, the tip can then be scanned across a surface, with a feedback loop control-
ling the piezo extension of the tip to ensure a constant frequency shift, Af. This mode is known
as constant-A f imaging, or constant frequency shift mode. The oscillation amplitude is kept con-
stant by an amplitude feedback loop (AFL), while a phase-locked loop (PLL) tracks the frequency
shift as the tip interacts with the sample and ensures that the sensor is excited at resonance. A
more detailed explanation of the role of these feedback mechanisms can be found in the works
of Cowie [66] and Voigtldnder [67], who provide comprehensive analyses of ncAFM systems and

their controllers.

Similarly to STM, the tip can also be scanned across the surface in constant height mode,

where the the z-feedback loop is disabled. Despite the inherent risk of tip crashes, constant height
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mode is utilized in atomic resolution studies. This is mainly because the tip moves in a repulsive
interaction regime, making the z-feedback loop inherently unstable since the objective function is

non monotonous.

A recent advancement in ncAFM catapulted the achievable imaging resolution of a few As
down to the sub-A regime. This impressive feat is achieved by "terminating" the tip via a single
physisorbed molecule, most commonly CO. The flexible, atomically sharp molecule experiences
strong Pauli repulsion in close proximity to the surface and bends in the interatomic interaction po-
tential, thereby increasing frequency contrast [68]. CO-terminated studies were first implemented
in 2007 by Gross et al. [63] to resolve the structure of single molecule pentacene (C,,H,,) on a

NaCl support.

3.2.2 The gPlus Sensor

The qPlus® sensor, developed by Franz Giessibl [69], can be operated in both STM and ncAFM
modes. QPlus sensors are based on quartz tuning forks, commonly found in mechanical wrist
watches, where one prong of the tuning fork is fixed, while the other oscillates with oscillation
frequencies in the 20 — 30 kHz range with Q-factors (Q) of 50,000 to 300,000, at 10 K and in
UHV. The oscillation of the free prong is detected via the piezoelectric effect of the quartz during
the oscillation. The sensor is said to be self-sensing for it does not need a separate oscillation
detection setup (optical beam deflection, or interferometric setups), like in conventional cantilever
ncAFM. A typical resonance curve is shown in Fig. 3.5. A metallic tip is glued to the end of the
freely swinging prong, see Section 3.1.2. QPlus sensors exhibit very high stiffness, making them
ideal candidates for stable operation at very low oscillation amplitudes, while limiting the risk of
the tip snapping into contact with the surface under the influence of attractive forces. The stable
operation at low oscillation amplitudes is crucial for atomic resolution imaging, since interference
from long range forces is inherently reduced. Indeed, as pointed out by Giessibl et al.[70], optimal
sensing in fm mode is achieved with oscillation amplitudes, A, on the order of the decay length A
of an exponentially decaying force F(z) o< e~%/*_ For short-range chemical interaction forces, the
oscillation amplitude should be kept as low as possible, on the order of 1 A [63, 71].

3.2.3 CO-terminated Studies

In 2009, Leo Gross et al. [63] achieved atomic resolution on organic molecules for the first time
by functionalizing the tip with a single CO molecule (see Fig. 3.2c). Since then, the function-
alization of ncAFM (and even STM) tips with a single CO molecule has become a standard for

achieving high spatial resolution on molecular systems. While other terminations are actively
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Figure 3.5: Amplitude and phase characteristic for a standard qPlus sensor at 10K. The center fre-
quency is indicated on the abscissa at approximately 24 kHz, with a quality factor (Q) of 270,000.

being investigated, CO molecules present themselves as ideal candidates for probing short-range
repulsive interactions, such as Pauli repulsion, while minimizing the risk of chemically modifying
the sample during the imaging process. This is owed to their inherent chemical inertness. With
this approach, individual atoms, molecular bonds, as well as bond orders can be clearly visualized,

making it an invaluable tool in surface science and nanotechnology.

However, the imaging mechanism of CO-terminated tips is a complex combination of short-,
and long-range interactions, and interpretation of images obtained via CO-terminated ncAFM can
be difficult, and it is important to understand the origin of the emergent contrast. Key contributors
to the total interaction include van der Waals attraction, electrostatic forces, and, most importantly,
Pauli repulsion, which varies with atomic resolution [72]. During the approach of the tip to a
molecule, the electron wavefunctions of tip and molecule overlap, resulting in an increase in the
kinetic energy due to the Pauli exclusion principle [73]. This interaction leads to a lateral relaxation
of the rigid molecule in the local tip-sample interaction potential, as shown by Hapala et al. [68].
As consequence of this lateral slipping of the molecule, the tip effectively probes saddlepoints,
or ridges in the interaction potential with atomically sharp edges. The origin of ridges in the
interaction potential could be localized charge densities, for example due to the presence of an
intermolecular bond. On top of that, the well-defined quadrupole p-wave character of the CO
molecule enhances the lateral resolution, especially in molecules with pronounced electrostatic
interactions [73].

A particularly valuable capability of CO-terminated ncAFM for studying aromatic hydrocar-
bon systems is bond-order discrimination. In such systems, bond length and electron density

vary subtly. With CO-terminated tips, it has been shown that hexagon-hexagon, and hexagon-
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pentagon bonds can be distinguished via sub-angstrom variations in apparent bond length in Cg,
[74]. By recording frequency shift-distance spectra at various lateral positions, three-dimensional
force maps can be constructed via the following inversion of eq. 3.2, based on Sader and Jarvis

[65] (under the small amplitude approximation):

F(z) = 2% / ")z, (3.3)

where Q(z) = Af(z)/ fresonance> and k is the spring constant. Such force maps capture molecu-
lar tilt, adsorption height, and binding sites with spectacular accuracy. For example, in the break-
through publication by Gross et al. [63], pentacene adsorbed on a metallic substrate has been
shown to exhibit a non-planar adsorption geometry. Such information is crucial for understanding
the interplay of organic molecules with the underlying substrate.

Complementary to traditional methods, like nuclear magnetic resonance (NMR) or mass spec-
trometry (MS), where spectroscopic data might be insufficient in certain systems, CO-terminated
ncAFM finds increasing application for molecular identification. For instance, it has been used to
identify reaction intermediates, and products of on-surface chemistry [75]. Particularly in com-
bination with computational tools, such as density functional theory (DFT), molecular structure

elucidation is enhanced further.

Tip Preparation

All CO-terminated AFM tips in this thesis were prepared using a standardized preparation proce-

dure similar to a procedure described in Bartels et al. [76]:

1. gPlus tips are prepared in STM mode until electronic standing waves scattering from inho-

mogeneities in the surface are observed (so called Friedel oscillations, see chapter 3.1.2).

2. A CO gas tank is opened, and the gas line purged by cycles of flushing and pumping of the
gas line. CO gas is then introduced to the measurement chamber through a designated leak
valve. The cooling shield is then opened for 30-90 s at a partial pressure of pco = 1 x 1077
mbar and permitted direct geometrical access to the tip-sample junction. The tip is retracted

by 30 — 50 coarse motor steps in the process.

3. Upon relanding, single CO molecules, as well as molecular aggregates can be identified in
STM images of the surface. It is known that the molecules adsorb upright with the C end
physisorbed to the metal substrate. [76, 61]

4. The tip is placed above such a molecule and lightly dipped towards the sample surface. The

topography trace is observed simultaneously. If the z-Feedback causes the tip to move closer
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Figure 3.6: Time trace of the z-piezo extension during controlled CO pickup. The inset schemati-
cally shows the apex of the metallic tip before and after the controlled tip dive, with corresponding
STM scans of other CO molecules adhered to the metal surface. The scale bar in the STM scans is
500 pm. Imaging parameters: U = —300 mV, I; = 100 pA.

to the sample after the poke, i.e. if the apparent length of the tip decreases by 0.4 A, a CO
molecule may have attached to the tip apex with the C bonding with the metal atom (see Fig.
3.6).

5. The adsorption geometry of the CO molecule is assessed by scanning an area with ph-
ysisorbed CO molecules again. Symmetrically adsorbed molecules lead to contrast inversion
center within other surface-adsorbed CO molecules. The centeredness of this protrusion is
compared to a database of "good" tips [77] (see Fig. 3.7). If the tip functionalization is

insufficient, the CO can be removed via tip pulsing or controlled tip crashes into the surface.

Despite the successful application of this procedure, there is no guarantee of stable imaging for
the duration of the scan, which lasts typically between 30 min and 5 h, depending on the size of the
scan. At any time, the molecule can fall off the tip, adopt an asymmetric adsorption configuration,
or collide with surface corrugations due to the disabled feedback control loop during constant
height measurements. Typically, however, streaky STM imaging with a CO-terminated tip is a
reliable forebode of unstable ncAFM imaging. Empirically, the success rate of reaching atomic

resolution is about 30 %.
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Figure 3.7: STM scans of CO molecules on Cu(111) with CO-decorated tip. (a) is indicative
of a symmetric adsorption geometry of the tip-adsorbed CO molecule, while (b) shows a highly
asymmetric adsorption geometry, unsuitable for CO-terminated high-resolution imaging. The car-
toon insets schematically show the adsorption geometry. Imaging parameters: (a) U = —300 mV,
I; =50 pA. (b) U = —300 mV, I; = 100 pA.

3.3 Low Energy Electron Diffraction (LEED) and Auger Elec-
tron Spectroscopy (AES)

3.3.1 LEED

Low energy electron diffraction (LEED) is based on the quantum-mechanical wave-particle duality
of the electron, as initally suggested by De Broglie and the principle of interference between two
or more waves. A coherent monochromatic beam of electrons is aimed at a sample via magnetic
lenses and the diffracted electrons collected with an electroluminescent collector plate. Electrons
elastically scattered from the surface will constructively interfere only at specific locations on the
collector plate with a symmetry pattern that is related to the crystal symmetry of the sample. From
the diffraction pattern, the rotational symmetry of the 2DCP and it’s alignment with the substrate,

as well as the lattice constants of the polymer can be determined.

3.3.2 Auger electron spectroscopy (AES)

X-ray photoelectron spectroscopy (XPS) and, the less common Auger electron spectroscopy (AES)
are two characterization tools that are, depending on the probing energy, generally considered to
be non-destructive to the sample. The probe in XPS are x-ray photons, while in AES electrons are
used. In both cases, the energy of ejected electrons from the samples is measured and can be used
for chemical fingerprinting, i.e. retracing the chemical elements present in the material (XPS and
AES), as well as bond nature of the constituents (XPS). The physical origin behind the signal in
both is very different (XPS: photoelectric and AES: Auger effect), but both are based on inelastic

scattering events of the probe beam with core-level electrons in the material, which leads to their
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ejection with characteristic kinetic energies. As briefly mentioned above, the use of synchrotrons
as very bright sources of x-rays has facilitated the real-time study of the growth of 2DCPs via
fast XPS[14, 26], which contributes significantly to our understanding of the kinetics and reaction
pathway of Ullmann coupling by monitoring the intensity fingerprinting bonds emergent in the

reaction.

3.4 Sample Preparation and Synthesis of 2D Polymers

Three commercial bulk coinage metal single crystals (Cu, Ag and Au), as well as thin (200 nm)
layer Au on mica, is in principle available as substrates for the synthesis of 2DCPs. However,
since it has been shown that Au(111) is generally regarded as the most suitable surface for driving
the assembly of 2D networks via Ullmann coupling [15] most synthesis, and experiments were
performed using a Au(111) single crystal. All metal surfaces were grown and cut with the close-

packing (111) surface exposed, as confirmed by low energy electron diffractograms, see Fig. 3.8.

Figure 3.8: Typical low energy electron diffractogram recorded after sputter-annealing a Cu(111)
single crystal. The hexagonal diffraction pattern reflects the close-packing arrangement of atoms
in fcc (111) surfaces. The Diffractogram was recorded at a beam energy (Ep) of 120 eV and a
beam current (/g) of 40 mA.

Upon first introducing the samples, and prior to a new growth, the metal surfaces were treated
by repeated cycles of sputtering with argon ions, followed by annealing to high temperatures.

Depending on the surface contamination, two up to five sputter-anneal cycles were necessary to

28



0.0 nm

Figure 3.9: Three-dimensional render of STM scan of Au(111) after ion bombardment without
the subsequent annealing step. Imaging parameters: U = —500 mV, I; = 50 pA.

achieve a clean surface (as determined by AES) with large terraces on the order of several hundred
nm. Obstinate surface contaminations could often reliably be removed by increasing the sample
temperature to 200 — 350 °C before initiating argon sputtering, termed hot sputtering. A typical
cleaning procedure with three sputter-anneal cycles is shown in Table 3.1.

| [ Sputter Beam Energy (eV) | Sputter Duration (min) | Anneal Temperature (°C) | Anneal Duration (min) ||

#1 1000 10 450 10
#2 750 15 450 10
#3 750 10 500 10

Table 3.1: Simplified parameters for a three-cycle sputter-anneal process. The sputtering current
collected by the whole sample plate assembly was kept constant at ~ 4 uA.

The idea behind the chosen parameters is to start aggressively with high sputtering beam en-
ergies and shorter anneal times, and to end with mild sputtering and longer anneal times to allow
for the sample surface to reorder and correct for sputtering damage (see Fig. 3.9). The anneal

temperatures are chosen to be around 0.5 — 0.6 of the melting point in degrees K[78].

The precursor species described in the next section are deposited on the substrates using a
heated Knudsen cell. We utilize a commercial evaporator by Kentax with three cells for individual
or simultaneous sublimation of organic materials up to 700 °C. A gate valve is used to isolate
the evaporator from the preparation chamber, which allows for the evaporator to be removed and
reattached without breaking vacuum in the preparation chamber. Crucibles containing the precur-
sor material are warmed up to the deposition temperature prior to the deposition to allow for the

equilibration of the crucible temperature and constant flux of species into the preparation chamber.

In conventional studies of on-surface synthesis of 2DCPs, the deposition step is often decou-

pled from the subsequent annealing step that induces the polymerization reaction. However, it has
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been shown by Galeotti et al.[17] that a hot dosing approach, where the two steps are concurrent
can reduce the defect density of the resulting nanostructure dramatically. This can be attributed to
the fact that a third dimension is utilized, allowing monomers to access otherwise sterically hin-
dered or unlikely-to-reach lattice sites within the growing network. All growths presented in this
chapter follow the hot dosing approach, i.e. with the sample at elevated temperatures (=~ 210° C).
The dosing lasted between 5 and 60 min, at a partial pressure of PrgTaNG/TBTANGO = 5 X 1077
mbar, as recorded by an Bayard-Alpert lon Gauge connected to the preparation chamber.

3.5 Precursors Investigated

The three-fold symmetric precursors tribromo trioxa-azatriangulene (TBTANG), and tribromo
trioxo-azatriangulene (TBTANGO) are the focus of this work. Upon polymerization, these pre-
cursors arrange in two dimensions (P2(TANG/TANGO)) into a Kagome lattice with hexagonal
pores (named after a japanese bamboo basketing style, kago meaning basket, me meaning eyes,
referring to the pattern of holes in a basket woven with this technique). Structurally, the precursors
are oxygen-, or hydroxyl-bridged triphenylamines with bromine atoms as halogens, that cleave
off in the Ullmann coupling reaction (see Fig. 3.10). The nitrogen heteroatoms serve as elec-
tron donors, while the bridge connections ensure the planarity of the molecules by preventing an

out-of-plane rotation of the phenyls [5].
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Figure 3.10: Brominated three-fold symmetric precursors TBTANG and TBTANGO polymerize
into networks with hexagonal pores.
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Chapter 4

Elucidating Reaction Kinetics and Edge
Chemistry of 2D Polymers

In this chapter, a theoretical framework is presented for simulating the growth and network qual-
ity of 2D polymers, and compared to experimentally obtained networks of PZ(TANG)/Au(l 11)
polymers. A comparative analysis of experimental, and simulated networks was used to gain in-
sight into the relative energetic barriers of the kinetic steps in the reaction. The subsequent section
presents a detailed study of the chemical nature of the edges of live 2D polymers. Evidence for
the chemical identity of the terminations are discussed and compared with theoretical simulations
from density functional theoretical models. Lastly, an efficient method for differentiating between
isostructural molecular precursors in 2D block copolymer structures is briefly presented. With lo-
cal density of states (LDOS) mapping at the flat conductive bands of the respective monopolymers,

regions in the copolymer could easily be identified.

4.1 A Kinetic Monte Carlo Model to Simulate Polymer Synthe-

sis in Two Dimensions

The parameter space associated with the formation of extended 2D covalent nanostructures is
highly complex. To synthesize high quality graphene-like materials, it is important to have a
detailed understanding of the kinetic reaction parameters that govern the on-surface polymeriza-
tion reaction. Particular structural properties that need to be understood, are grain size, phase, as
well as topological defects, point, and line defects, which heavily limit the effective size of the
networks for technological applications. Experimentally identifying the key factors that control

each attribute of the growing 2DCP is usually time-consuming. In order to overcome the experi-
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mental difficulties, simulation techniques, like kinetic Monte Carlo methods, could help describe
the atomic scale synthesis process of 2DCPs, and guide the design of precursors, or the exploration

of new substrates for the synthesis of 2DCPs.

Indeed, Monte Carlo models have previously been used to explain certain aspects of surface-
confined Ullmann coupling. Bieri et al. [15] used a simple MC model to explain the structure
of polyphenylene polymers, synthesized from cyclohexa-m-phenylene macrocycles on different
coinage metal (111) surfaces (see also section 2.2.2). They found that the emerging structures
could be understood from diffusion-limited aggregation (DLA) principles, where the coupling
probability of their precursors, Peoupling, S€rved to parametrize the system. Indeed, they discov-
ered that the branched/fractal nature of the individual clusters could be traced back to the the
relative rates, r¢ 4, at which coupling and diffusion occur. Defining the coupling probability as
Peoupling = rci—crd, they initialized a single seed molecule at the center of a hexagonal lattice. A
single radical monomer species was subsequently initialized on the lattice edge, which was free to
perform a random walk until reaching a coupling site. Depending on the coupling probability, the
monomer subsequently couples, or back-diffuses, and continues until reaching another coupling
site. Once the monomer coupled to the growing cluster, the next monomer was introduced, until
an aggregation of 400 molecules was reached, at which point the simulation was terminated. This
simple simulation showed structures bearing a striking resemblance to the topography observed
in STM, and allowed the conclusion that on Cu(11 1) diffusion is the rate-limiting process in the
reaction (r. >> rq), while on Ag(111) diffusion is enhanced compared to coupling (rg >> rc).
Indeed, it has been noted by others before that the diffusion length (adhesion energy) of radical
monomer species on Cu is so small (high) that nucleation often occurs homogeneously on terraces,
as opposed to heterogeneously on surface defects, as often observed for Au, or Ag [79]. Vice versa,
copper has also been shown to be more catalytically active, leading to comparatively lower energy

barriers for the coupling reaction steps [39].

Another MC model was implemented by Eichhorn et al. [80] to explain the effect of sub-
strate temperature, and dose rate, in direct (concurrent dosing and annealing), and hierarchal
(step-wise dehalogenation, and covalent coupling via two anneal steps) polymerization of trig-
onal bi-brominated, mono-iodinated precursor species. To compare their MC simulations with
experimental data, they identified the average pore coordination number (APCN), i.e. the aver-
age number of closed-pore neighbors per pore. Their simulated data suggests that for the direct
approach, the APCN increases continually with the substrate temperature, which is not observed
in experiments, where at higher temperatures, the increased density of topological defects limited
the APCN. They rationalized this observation with an analogous observation common in solution
chemistry: Namely, that early ring-closing reactions are mono-molecularly driven with an Arrhe-

nius law and some energy barrier related to the molecular strain of the irregular pore, while regular
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pores are bimolecularly driven with the participation of a lone nearby monomer. The temperature
dependent occurrence of irregular pores, limiting the quality of the overall network has been ob-
served by others as well [79, 17]. The discrepancy to their simulation in that regard is based on the

fact that the occurrence of irregular pores was not allowed in their MC simulation.

While these models are capable of describing some kinetic aspects that lead to the observation
of certain structures, other aspects are not addressed. More importantly, an important question
that is not addressed is whether insight into the energetic values of the individual steps in the
reaction can be obtained by comparing the experimentally observed structures to those observed
in MC/KMC simulations. This model follows an object-oriented approach written in Python, and
has mainly been written by the author. At time of writing, the model captures only the most
rudimentary on-surface 2D polymerization chemistry. However, significant extensions are being
made by Lex Rouquette, and Zach Charlesworth for their undergraduate theses under the author’s

supervision.

4.1.1 Model Description

Kinetic Monte Carlo (kMC) methods provide a means for exploring kinetic systems transition
from one state to the next via a stochastic process. Specifically, kKMC models randomly choose an
event from a catalogue of possible events, according to particular rates of the transitions [81]. For
thermally activated transitions, like diffusion, one typically describes the rate of incidence, r, for

each event with an Arrhenius equation

E;
ri = Vi €Xp (—kB—T) . (41)

Vp is the frequency with which the particular event is attempted, typically v ~ 1012 — 104 Hz
for lattice vibrational driven dynamics. E; is the associated energy barrier, which is compared to
the thermal energy kg7 with Boltzmann constant, kg, and temperature, 7. It’s important to note,
that the the rate of each event is dependent on the local environment of each constituent, and typi-
cally, several events can occur with identical rates, i.e. a monomer with six equivalent, unoccupied,
neighbouring lattice sites can diffuse to any one of these with equal probability. Anisotropic dif-
fusion due to interactions of single species with their local environments can be implemented by
utilizing different energy barriers for different crystallographic/lattice site directions. The kinetic
transitions accessible to the system at every timestep of the simulation are diffusion, rotation, and

coupling of each monomer on the lattice, provided these actions are possible (see Fig. 4.1).

The model adopts a fcc (111) surface, with a hexagonal arrangement of lattice sites, each

associated with a unique pair of natural numbers (n, m). Threefold symmetric radical monomer
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Figure 4.1: Kinetic Transitions and Setup of the kMC Model. (a) A hexagonal arrangement of
lattice sites serves as geometrical foundation. Coupling is only enabled if the orientation and
positioning of the participating molecules is in agreement with the Kagome symmetry of the full
network. (b) Three kinetic transitions are implemented with different rate constants, r;: Diffusion
(Blue Arrow), Rotation (Grey Arrow), and Coupling (Yellow Arrow).

species are populated at random positions on the lattice. The system dynamics are then propagated

with the following recipe [82, 81]

1. A random number p; € U [0, 1) is drawn from the uniform distribution U. This stochastically

selects an event according to

m—1 N m
Z ri <Py Z ri < Z Ik 4.2)
i=1 j=1 k=1

In eqn. 4.2, m is the index corresponding to the chosen event, N is the total number of events
of the entire system, i.e. the number of possible transitions the system can undergo, and
i, j, and k are summation indices. This inequality ensures that events with a larger rate are

chosen more frequently by the algorithm, as compared to those with a lower rate.

2. A second random number, p, € U [0, 1) is chosen, and the simulation time is advanced ac-

cording to Poisson statistics

At = —

Zé\’:l - 4.3)

where At is the elapsed time between the previous event and the currently executed event.

This can be seen as the average time between transitions in the system.

34



3. Upon executing the chosen event, the event catalogue is updated based on the new state of

the system, and the event rates recalculated.

It should be noted, that topological defects cannot occur in this model as of now, i.e. coupled
monomers are not allowed to rotate. Furthermore, coupled monomers are no longer mobile. Cer-
tainly a simplification, but not an uncommon one, as this has also been implemented in [80]. The
physicality of this assumption needs to be critically examined, and certainly changes at elevated

temperatures, where even dimers, trimers, or small oligomers should be allowed to diffuse.

4.1.2 Network Quality Dependence on Energetic Barriers

To benchmark the model, the above-described situation investigated by Bieri et al. [15] is modeled
in the kMC approach: A single seed molecule is initialized on a hexagonal lattice with 100 x
100 lattice sites. Monomers are sequentially introduced on random positions of the lattice, and
allowed to complete a random walk until 400 monomers have agglomerated to the seed. A principal
difference between the two approaches, is that in the kMC approach used here, monomers have
an orientation on the lattice, with coupling only being possible for two monomers whose reactive
arms are collinearly aligned. To compare the results from this model to those from Bieri et al.,
an intermediate value of the rotational energetic barrier was chosen, while coupling, and diffusion
barriers were set to vastly different values, such that the coupling probability, P =r./(rg+r,+r¢),

assumes similar values as in the simulations shown by Bieri et al.[15].

It is readily observed, that the shown networks exhibit different degrees of branchedness, or
fractal order. These qualitative results agree well with those found by Bieri et al. [16]. To quantify
the quality of these networks, a coordination number histogram is extracted. It has often been
stated that Monte Carlo models serve primarily as a qualitative tool for qualitative explanations the
quality of grown 2D networks [26, 5]. However, for simple systems and only a small number of
possible transitions between thermodynamic states, it should be possible to extract energy barriers
through a comparative analysis of the network quality of experimental data and data simulated for
arange of different energy barriers for the set of kinetic transitions considered. For this purpose, a
python-based network quality classification workflow (NQCW) has been developed, with the basic

analysis pipeline showcased in Fig. 4.3 and described in the following:

1. Small oligomeric islands with ~ 60 individual monomer units are identified in STM Az maps.

These maps are converted into grayscale images.

2. A skeletonization algorithm from the python package scikit-image [83] makes successive

passes over the image, removing pixels from the boundary of the network each iteration with-

35



Figure 4.2: Simulated networks with the kMC approach. A single seed molecule is initialized on
the lattice, and monomers added upon completing a random walk until a total of 100 monomers
have coupled to the growing cluster. This highlights the interplay of Diffusion and Coupling for
the 2D network quality. (a) Represents a process in which coupling is rate-limiting to the reaction,
while diffusion is rate-limiting in (b).

out breaking the connectivity of the underlying topology, until a two-dimensional boolean

(True/False) matrix remains that classifies pixels in terms of their affiliation to the network.

. The skeleton is then passed through a script that checks the 8-pixel nearest neighbors of all
pixels belonging to the skeleton. If, for a pixel, two or more neighbors are also part of the
skeleton, it is classified as a node, and added to a Graph object (see the networkx package
[84]). The connectivity of a node is then computed by tracing out all paths on the skeleton
from itself to other nodes. A stopping condition is applied, once another node is encountered.
Subsequently, the two nodes are connected via an edge inside the Graph object. Note, that
these edges are not necessarily part of the skeleton matrix. Instead, they are the shortest

euclidian distance between two nodes (see Fig. 4.3).

. The Graph object is subsequently returned for further analysis. From this classification, the
coordination of the nodes in the Graph are taken to be representative of the coordination of

the monomers in the 2D network.

With this workflow, a large number of 2D networks can be efficiently analysed, and com-
pared to simulated ones from the kMC model. With this approach, 10 islands, each with 60 &£ 20

monomers have been identified. Following this, kMC simulations are performed. A range of ex-

pected energy barriers (E., E,, and E;) is defined, and each range iterated over, such that a list of

energy triplets is passed as input to the kMC model. For each energy triplet, 10 simulations are
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Figure 4.3: Workflow to Extract Network Quality from Experimental STM Images. (a) Exemplary
STM Image in gray-scale. (b) Extracted skeletonization of the 2D network drawn over STM image.
(c) Graph Representation of the skeletonized network, where nodes are assumed to be Monomers,
while edges represent the linkages between individiual units. (d) Histogram of the computed node
connectivity from the graph representation. This is taken to be approximately equal to the monomer
coordination in the following.

performed for averaging purposes. The average coordination number frequencies are then readily
calculated and collected in a histogram. The simulations are executed with a sample temperature

of 210° C, and with a uniform attempt frequency for the three transitions, i.e. vo = 10'* Hz.

These results are then compared to the results from the NQCW for the experimental images,
and a similarity score assigned. The similarity score is based on the likeness of the coordination
histogram. The experimental and simulated histograms are compared using the Wasserstein metric,
also known as Earth mover’s distance [85, 86]. The Wasserstein metric can be intuitively under-
stood by envisioning two distributions as piles of soil. The metric quantifies the minimal amount
of work needed to transform one pile into the other, i.e. the amount of soil that needs to be moved
times the distance it needs to move. Hence, good agreement between two histograms implies a
low Wasserstein metric. It’s definition can be found in the Appendix B. It represents a transport

problem, that, while not having an analytical solution can be computationally determined. Keeping
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one of the three energies constant, the Wasserstein distance between the experimental islands and
the simulations can be shown as a 2D contour map. Some exemplary contour plots are shown in
Fig 4.4. It can be seen that several minima in the contour maps emerge for different combinations
of the three energetic barriers. This indicates that the combination of barriers for achieving a given
experimental network quality is not unique. However, knowing one of the energetic barriers, it
might be possible to predict the others by performing kMC simulations in the parameter space

neighborhood to the known barrier.
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Figure 4.4: 2D Contours of the Wasserstein matrix for different slices of the rotational energy
barrier. As expected, the monomers are predicted to exhibit a large coupling/low diffusion barrier.
However, several minima (indicated by arrows) in the Wasserstein distance indicate that the com-
bination of energetic barriers is not unique.

For systems with several transitions with vastly different associated rates, the model spends a
lot of time executing transitions with low energetic barriers, which, while physically accurate, is
computationally burdening. This issue is well-known as timescale disparity problem, and dynamic
time-propagation algorithms are the subject of active research [82]. To explore the parameter
space spanned by the Wasserstein metric in more detail, a more sophisticated time-propagation
algorithm needs to be implemented for this model, as one is currently constrained to investigate

systems whose kinetic rate transitions are within one or two orders of magnitude of each other.

4.1.3 Conclusion

In this chapter, a simple kinetic Monte Carlo model for simulating the synthesis of 2D polymers is
presented, and compared to recorded STM images of experimentally synthesized P>(TANG)/Au(111)
islands. The experimental, as well as theoretical extraction of energy barriers for kinetic transitions,

such as diffusion, rotation, and coupling proves to be difficult. In this chapter, the extraction of
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these parameters by comparing the network quality from kMC models with experimental networks
has been shown as proof-of-principle. To improve the quality of the extracted parameters, an im-
proved time-propagation algorithm needs to be implemented. Additionally, it should be kept in
mind, that this model simplifies the complexity of the kinetic rates of the actual on-surface chem-
istry, and that further additions to the model are necessary to describe the growth of 2D polymers
with higher accuracy. Importantly, the model does not take non-covalent intermolecular interac-
tions into account, which are known for driving the self-assembly of single molecules on surfaces.
Additionally, since non-ideal pores are not allowed to exist, the model necessarily over-idealizes

the resulting network structure.

4.2 The Role of Edge Terminations of Active 2D Polymers

The controlled assembly of 1D and 2D organic molecular structures is crucial for device fabrica-
tion [19]. Since Grill et al. [45] demonstrated the controlled covalent assembly of 2D networks
via on-surface Ullmann coupling, much progress has been made in understanding the full pathway
of the Ullmann coupling reaction. Ullmann coupling involves two steps, the homolytic scission of
C—X bonds (X = halogen), and the coupling of adsorbed radicals to form covalent C—C bonds,
potentially via a metal bridge atom forming organometallic C—M—C (M = metal) intermediate
states. These states typically incorporate a surface atom, but metal adatoms have been observed
as well [87, 55, 75], particularly at step edges, or defect sites, where the occurrence of adatoms
is naturally high. Molecules coordinating to a surface atom generally exhibit a tilted adsorption
geometry, while adatom-coordinated molecules may adopt a planar, or nearly planar adsorption
geometry. A spectrum of hybrid geometries exists depending on the interaction with the unsatu-
rated molecule(s). This can lead to subtle differences in the precise positioning of the metal atom
with respect to the molecular plane. Theoretical studies, such as Zhang et al.’s work on bromoben-
zene on Cu, Ag, Au(111) surfaces, revealed that the coordination of two unsaturated molecules
to a surface atom can displace the atom from it’s lattice site, effectively creating a vacancy [87].
Experimentally, this behaviour was confirmed by Zint et al. [75] for mono-halogenated bromot-
riphenylene on Cu(111). Their work demonstrated that CO-terminated ncAFM allowed them to
distinguish between adsorption geometries expected from C—M—C coordination upon compar-
ison with expected relaxed atomic configurations based on density functional theoretical (DFT)
simulations. Notably, deviations from planar adsorption of organic molecules significantly alter
the contrast in CO-terminated ncAFM images, as the tip-sample interaction is highly sensitive to
small changes in the tip-sample separation due to local conformational differences. This repre-
sents an important distinction to STM, which is principally sensitive to the local density of states

at the Fermi level. Sample features that are visible in STM Az maps can be absent, or appear with
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inverted contrast in CO-terminated ncAFM Af maps of the same sample region. An important
example to highlight this point is given in the aforementioned study by Zint et al.. They observed
that the C—M—C linkage of the organometallic intermediate led to a bright round feature between
the monomers in STM images, and a line feature in CO-terminated ncAFM images. Dosing TB-
TANG/TBTANGO on Cu(111), kept at 210° C, can be seen to lead to similar STM contrast with
visible round protrusions between the involved monomers (see Fig. 4.5).
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Figure 4.5: Organometallic Intermediary Formation on Cu (111). (a) 30x30 nm? STM image of
P?(TANGO) at ~ 50% coverage shows disordered film. The dark islands are self-assembled, close-
packing CO molecules that have adsorbed in the sample transfer process. The bright protrusion,
labeled Tip poke, shows an artifact from a controlled collision of the tip with the sample surface.
Due to the metal coordination, the strain energy penalty for forming non-ideal pores is low, leading
to a predominantly 5-membered ring formation. (b) Close-up, with line profile drawn between
two monomer units. (c) Protrusion between two monomers reveals metal coordination, instead of
covalent bond formation. Imaging parameters: U = —500 mV, I, = 50 pA.

Despite significant progress in understanding Ullmann coupling, the mechanism of polymer-
ization at the grain boundary of actively growing 2D polymers remains unclear. Small differences
in the energetics of reaction intermediates and barriers between all transitional steps in the reaction
can lead to vastly different reaction pathways [87] on different substrates. The prevailing scien-
tific consensus is that radical monomers are, again, primarily stabilized by surface atoms, and in
some cases by surface adatoms. However, an alternative possibility is the termination of active
edges with residual gases in the UHV environment. This would likely have adverse effects on the
chemical activity of live edges of the growing polymer. In the following, we investigate the edge
terminations of small P2(TANG) oligomers on Au(111) after the polymerization reaction with a
combination of STM, CO-terminated ncAFM, and DFT.

4.2.1 CO-terminated Measurements

Single CO molecules are picked up with the tip in STM mode, and the symmetric adsorption
of the molecule verified according to section 3.2.2. Prior to constant height measurements, the
surface is leveled over a flat, and clean region of the sample with an arbitrary Af setpoint. This

level defines the reference plane to all subsequent constant-height scans, i.e. first-order corrections
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(dz/dx and dz/dy) to the z-piezoelectric extension as the tip moves across the surface. Despite
this procedure, small amounts of drift in the z-piezoelectric could still be observed, moving the tip
towards the surface during the constant-height scans performed here, at a rate of dz/dt ~ 15 pm/h.
In principle, this can be accounted for, but was not done for the scans presented in the following.
The experimental CO-terminated ncAFM images shown in the following lasted between 45 min.,
and 5 h.
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Figure 4.6: P2(TANG)/Au(111) Contrast Formation as a function of tip-sample separation. (a)
STM Image with CO-decorated tip. (b) Af spectroscopy above the Au(111) surface. (c - f):
Constant-Height Af maps at different Az offsets w.r.t. a sepoint of Af = —4.5 Hz defined at the
position marked with a red cross in (a). Acquitision of (f) lasted 5 h and was recorded from bottom
to top of the scan frame, leading to modified contrast (dark, faint features to bright, well-resolved
features) along the slow scan direction. Imaging Parameters: (a) U = —300 mV, I, = 50 pA. (b -
f) A =55 pm, Q = 190,000. Scale Bars: 2 nm.

The topography of a small oligomer of P2(TANG) on Au(111) recorded in constant-current
STM mode with a CO molecule decorating the tip is shown in Fig. 4.6(a). The three-fold symmetry
of the monomer units, as well as round protrusions, clustering inside the pores and around the
island can be seen. These protrusions have previously been linked to residual halogens that remain
close to the original location of dehalogenation due to a large adhesion energy of the halogens to
metal surface atoms [15, 88]. As a consequence they can become trapped inside the pores during
ring-closing coupling reactions.

Fig. 4.6(c)-(f) shows a stack of Af maps at decreasing tip-sample separations with respect to
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an arbitrary Af setpoint of Af = —4.5 Hz (measured above the gold surface, indicated by the red
arrow). As the tip is moved closer to the molecular plane, the dangling CO molecule relaxes in
the local potential energy surface into energetic minima, slipping off saddle point ridges formed
by interatomic bonds. This has the effect of sharpening these features in the Af map [68]. At
closer approach distances, strong repulsive forces set in leading to an inversion of contrast due to

the non-monotonic nature of the Af(z) curve (see Fig. 4.6 (b)) .
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Figure 4.7: Statistical analysis of molecular bond lengths based on 273 measurements from 20
STM images. The histogram on the right shows the distribution of full-width at half-maximum
(FWHM) values extracted from line profiles, marked by the opaque lines in the exemplary STM
image on the left. For clarity, potential FES, and TES are marked with dashed, and solid circles,
respectively. The data were fit with two normal distributions to model the bimodal character of
the bond lengths. The extracted ratio of FES to TES is approximately 1:11. Imaging Parameters:
U = —-500 mV, I; = 50 pA. Scale bar: 10 nm.

Strikingly, the monomers that form the boundary of the oligomer seem to exhibit two types of
terminations. Most of the exposed edges of the oligomer show a bright feature (in the following
referred to as TES (=terminated edge state)), that is well correlated with longer protrusions at
corresponding locations in the STM image. Less commonly, the rest of the edges on the boundary
of the oligomer show a lack of this feature (FES (=feature-free edge state)). Indeed, a statistical
analysis of 273 edge monomers shows that the ratio of FES to TES is approximately 1:11 (see Fig
4.7). Additionally, the Af maps show round features in the pores, and around the oligomer, as well,
however, appearing at different positions than the previously as halogens identified features, in the
STM image. The side-by-side comparison of STM, and CO-terminated ncAFM maps implies that
indeed the dark halo features inside the pores, and around the cluster should be identified as the
halogens remaining on the sample surface, and not the bright, round protrusions. This will be
readdressed in the next section.
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While the discussed drift in z-piezo extension could in principle compensate for the effect of
a bending molecule in Fig. 4.6 (f) at the FESs, the lack of molecular bending towards the surface
could also be seen in other constant-height scans, where the edge is perpendicular to the slow
scan direction (see Fig. 4.11) with minimal z-piezo drift during the acquisition of the linescans.
Furthermore, the oval shape of the protrusions suggests that the TES remained halogenated during
the anneal process. Indeed, as was shown by Tschakert et al. [89], halogen atoms exhibit a strong
asymmetry in CO-terminated images which is associated with the strongly directional ¢ bond.
However, this represents merely a general rule, and is not strictly true in all situations. To better
understand the contrast formation, and to answer the raised questions, density functional theory

simulations were performed and are presented in the next section.

Figure 4.8: Highly defective region of P2(TANG)/Au(111). (a) STM Az map shows elongated
bond lengths between some of the units in the network (long-dashed circles) with a bright protru-
sion in-between indicating an OM linkage. A third termination, unlike the previously described
TES, and FES, of an exposed edge monomer is highlighted with a short-dashed circle. (b) CO-
terminated ncAFM Af map reveals significant bending of the metallically coordinated phenyl
groups. Likewise, significant bending can be observed at the termination site, accompanied by
faintly repulsive round features. Imaging Parameters: (a) U = —300 mV, I, = 50 pA. (b) A =55
pm, O = 190,000. Scale bars: 1 nm.

As discussed, OM intermediates are a rare occasion on Au(111). Due to the intermolecu-
lar metal atom, they can, however, readily be identified using STM for their elongated molecular
bond length. Fig. 4.8 shows an STM Az map side-by-side to a CO-terminated ncAFM Af map
of a highly defective region at the edge of an oligomeric cluster. Two C—M—C linkages are in-
dicated by long-dashed circles, showing bright protrusions between the monomers. The ncAFM
images exhibit a totally different contrast, where the linkage between the partaking monomers

almost disappears completely. Within the monomer units, the phenyl groups neighboring this
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linkage appear significantly darker/fainter than their covalently bonded counterparts. Addition-
ally, the TES phenyl groups appear brighter, which matches the observations made in Fig. 4.6.
This indicates that the organometalically coordinated phenyl groups experience a tilt towards the
surface. The larger, short-dashed circle in (a) highlights another noteworthy observation: The
observed termination corresponds to neither the described FES, nor TES states. In STM, the elon-
gated termination presents itself to be slightly asymmetric, with faint features perpendicular to the
linkage. In (b), the monomer can again be seen to tilt towards the surface, and furthermore, two
slightly repulsive features faintly stand out against the background. This is most likely the pro-
posed dehalogenated/metalically-coordinated termination, since a bending of the molecule is ex-
pected for this type of termination. Due to it’s similar appearance to TES in STM, CO-terminated
ncAFM might be necessary to distinguish between them. It should be noted that around 30 edges

were imaged with CO-terminated ncAFM, and this is the only example of this termination.

4.2.2 Comparison with Density Functional Theory (DFT)

In collaboration with Shuaishuai Yuan (McGill University), we have conducted spin-polarized
calculations using the Vienna Ab initio Simulation Package (VASP) with the projector-augmented
wave (PAW) method and an energy cutoff of 800 eV. The calculations employed the Perdew—Burke—Ernzerhof
(PBE) generalized-gradient approximation (GGA). Van der Waals interactions were accounted for
using the zero-damping DFT-D3 method of Grimme et al. [90]. The Au(111) surface was mod-
eled using a slab consisting of four atomic layers, each containing 12 x 12 atoms, with the bottom
two layers fixed to mimic bulk conditions. A 3 x 3 x 1 k-mesh was applied for geometry opti-
mizations. We relaxed the geometries of the molecule and the first two layers of the slab using
a conjugate-gradient algorithm until the forces were less than 0.02 eV/ A. Total energies were

converged better than 107> eV in self-consistent field (SCF) cycles during geometry optimization.

Single TANG monomers were placed on the top slab with their orientation and adsorption
height based on previous DFT simulations of P2(TANG) polymers on Au(111) conducted by
Oliver Maclean [17]. To simulate the influence of a connected polymer cluster, two of the three-
fold symmetric precursor’s corner C atoms were fixed during relaxation. To model the contrast
resulting in TES, a Br atom or an Au-adatom was introduced at typical bond length distances
(aBr-Caromaticy = 189 pm [91], aau-ciaromaticy = 195pm [92]) to the exposed corner C atom within

the molecular plane.

The relaxed geometries are shown in Fig. 4.9. The single-brominated molecule experiences
a slight bending of the exposed edge towards the substrate, with the central N atom protrusion
a distance dy sy = 346 pm, the fixed C atoms distances of dc s, = 333 pm, and the exposed C
atom a distance of dc oy = 320 pm above the first gold layer. The Br is physisorbed at a distance
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dpr.au = 310 pm, resulting in a downward tilt angle between the N center and the Br of ~ 3.4°.
The slight convexity is also seen in the adsorption of 2D sheets of P2(TANG)/Au(111), where N
is similarly exposed with dy A, = 345 pm above the topomost substrate layer [17].

Top View Side View

Figure 4.9: DFT Optimized Geometries for two potential candidates of the TES termination iden-
tity. (a, b): The edge TANG molecule with a protruding bromine atom on the Au(111) surface
with adsorption geometry based on the LEED pattern in Galeotti et al. [17]. (c, d): The Au
adatom-coordinated TANG molecule, exhibiting significant bending, primarily in the protruding
phenyl group.

The Au adatom terminated geometry experiences significant bending towards the substrate,
particularly of the adjacent phenyl group. The central N atom is predicted to lift up even more
strongly due to this bending to dn Ay = 352 pm. The Au adatom relaxed into a hollow site on the
surface with an average distance to it’s nearest neighbors of 275 pm, which is lower than the Au-Au
bulk, and surface bond lengths (295 pm, and 289 pm, respectively). This leads to a strong distortion
of the vicinal substrate. The metallically-coordinated C sits a distance of dc sy = 293 pm from the
topmost layer of the substrate, nearly 30 pm closer to the substrate than the same C in the single
brominated case. The exposed phenyl group tilts towards the surface with a tilt angle of ~ 8.93°
with respect to the substrate normal. A strong bending of dehalogenated molecules is expected,
regardless of the termination of the exposed C atom with a surface atom, or metal adatom [39, 75].
To complete the picture, it is important to model a dehalogenated molecule whose exposed C atom
coordinates with a surface atom, which is expected to induce even greater bending. Additional DFT
simulations are also required to better understand how the geometry of the Au adatom-terminated
case changes depending on the adsorption site. Notably, a slight asymmetry in the adsorption
heights of the flanking O atoms (350 pm vs. 335 pm) suggests that this distortion results from
the chosen adsorption geometry and constraints imposed during relaxation on the two C atoms

assumed to form covalent C—C bonds with the rest of the polymer.

Simulations of the contrast formation based on the presented DFT data were done using Probe-
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Particle AFM (ppafm), a widespread open-source tool developed by Hapala et al. [68, 93, 94]. In
the model, a single spherical particle (e.g. the O atom in a CO molecule - the probe particle)
attached to the tip by a spring moves in the local tip-sample potential, and relaxes into low energy
configurations during the oscillation, thereby effectively sharpening saddlepoints and ridges in the
potential energy landscape (see section 3.2.3). In the simplest form, the motion of the probe is
primarily calculated with a pairwise Lennard-Jones potential, based on the atomic positions of
the sample in 3D space. Despite it’s simplicity, this form of the model can already predict the
contrast in ncAFM images with astonishing accuracy. A more sophisticated approach is to supply
the Hartree electrostatic potential, that can be calculated with DFT from the relaxed geometrical
structure, instead of relying on point-charge electrostatics. This approach was followed in the
following simulations. The highest degree of accuracy can be obtained using the full-density based

model (FDBM), capable of capturing electron density reorganization inside molecules during the
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motion of the probe particle [94].
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Figure 4.10: Potential identities of terminations of TES. (a-d): Shows a stack of experimental CO-
terminated ncAFM images. A 2 x 2 Gaussian kernel was applied to reduce noise artifacts. (e-h):
Contrast Formation modeled for brominated molecules. (j-n): Contrast Formation for molecules
coordinated with a Au adatom. The specified height, Az refers to the lowest approach distance in in
each row for clarity. Imaging Parameters: A = 55 pm, Q = 190,000. Modeling parameters given
in text. Scale bars: 200pm.
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The probe particle was modeled with typical parameters [94] assuming a quadrupole moment
of the CO molecule of —0.1 e x Az, with a probe charge distribution width of 71 pm. Simulated
images were obtained by laterally scanning this probe with a step size of 0.2 A above the sample.
At each lateral position, the probe is approached towards the sample in steps of 0. 1A and allowed
to relax. Following relaxation at each step, the vertical component of the force exerted on the
probe by the sample was calculated and subsequently converted into Af values, via eq. 3.2. The
obtained Af maps are compared to experimental images in Fig. 4.10. The agreement between
the stack of experimental data, and the brominated TANG molecule data is significantly better
than for the Au adatom-coordinated molecule. Notably, the evolution of contrast from a spherical
to an ellipsoidal shape for the bromine atom closely matches the development of contrast for the
protruding termination in the experimental data. Furthermore, the N atom leads to a bright feature
in the center of the molecule in both models. This is attributed to it’s lifted adsorption geometry,

despite the lower van der Waals radius as compared to C [95].

In Fig. 4.10(c), as well as in Fig. 4.8(b), the exposed phenyl group appears slightly brighter
than it’s coupled counterparts at the bottom of the image. This is reversed to the simulation in
Fig. 4.10(g). This discrepancy might imply a lifted geometry, which was not predicted by DFT
for either of the two investigated scenarios for TES. This might be rationalized by the follow-
ing: The DFT model discussed for the TES here has limited applicability with orientation and
adsorption position fixed, according to previous studies of P2(TANG)/Au(111). The adsorption
geometry (orientation, position, and height) is not necessarily the same for oligomers. Particu-
larly, the lattices of the polymer network, and the Au surface are not commensurate. Hence, this
disagreement could be ironed out once other adsorption geometries for mono-brominated TANG
molecules are simulated with DFT. Additionally, the simulations performed here include only a
single monomer, and neglect intermolecular interactions with the rest of the polymer. A polymeric
sheet with extended m-conjugation might interact very strongly with the d orbitals of the under-
lying gold surface, and thus adhere much closer to it than the halogenated phenyl groups, which

subsequently appear with higher contrast by comparison.

Line profiles extracted along the molecular backbone onto the protrusion for brominated TANG
edges, and the experimental data are compared in Fig. 4.11. Peak positions in the line profile
corresponding to N, and X termination appear at similar positions in the profile with a small feature
on the trailing end corresponding to the bridging O atom. The primary peaks of both Af maps

experience pronounced asymmetries, manifesting as broad shoulders in the experimental map.

The chemical identification for the featureless edge states (FES) is more difficult. Most likely,
they are radical sites that are only weakly bending towards the surface, as suggested by Zint et al.
[75] for species with similar contrast. It has been suggested that the radical sites could become

hydrogenated via residual gases in the UHV environment. However, while gas phase simulations
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Figure 4.11: Comparison between experimental and simulated contrast of TES for Br-terminated
TANG. Imaging Parameters: A = 55 pm, Q = 190, 000.

of hydrogenated TANG molecules do result in similar contrast as experimentally observed (see Fig.
4.12), it is unclear how this reaction should proceed, given that dehydrogenation of hydrocarbons,

a common remainder in UHV environments, has a large associated energetic barrier [96].

As previously mentioned, in STM studies of 2DCPs, bright round features in proximity of a
network are often identified as residual halogens. However, the presented CO-terminated ncAFM
images showed an absence of any features at the corresponding locations. Instead, bright protru-
sions are observed at seemingly unoccupied sites in STM. DFT simulations of the Br/Au(111)
system corroborate this result. It is well-known that Br adsorbs to hollow sites of the Au(111)
surface [97]. To verify the contrast formation, further DFT simulations of the Br/Au(111) system
were performed and the relaxed geometries fed into ppafm. A detailed force decomposition shows
that a competition of short-range, and van der Waals forces is at play for the contrast formation
in CO-terminated ncAFM. At close distances, short-range repulsive forces overwhelmingly con-
tribute to the contrast close to the atomic center. This leads to the formation of a dim dark halo
around a bright round protrusion (see Fig. 4.13). From chemical arguments, it should indeed be
expected that Br stands out against the Au(111) substrate due to it’s electronegativity, leading to
a local reduction in the density of states (DOS). The DFT calculations for the gas phase TANG
dimer, as well as the BrAu(111) system were performed by Manuel Eduardo Gonzalez Lastre
(Universidad Auténoma de Madrid).
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Figure 4.12: Quantitative agreement between FES to gas phase hydrogenated TANG molecules.
(a-c) Stack of experimental Af maps. (d) DFT-optimized geometry of gas phase hydrogenated
TANG covalently coupled to brominated TANG molecule. (e-f) Stack of simulated A f maps. Note
that the contrast evolution for the brominated side agrees well with prior simulations of brominated
TANG/Au(111). The specified height, Az refers to the lowest approach distance in in each row for
clarity. Imaging Parameters: A = 55 pm, Q = 190,000. Modeling parameters given in text. Scale
bars: 1 nm.

4.2.3 Conclusion

In this chapter, high-resolution ncAFM images were presented, obtained using a tip terminated
with a single CO molecule. The data were discussed and compared to DFT simulations. For the
TES, two candidate terminations—Br and Au adatoms—were modeled using ppafm. The observed
experimental contrast aligned more closely with simulations for Br-terminations, contrary to initial
expectations. Indeed, as discussed, prevailing theories in the literature [15, 14, 39, 20] suggest
that the dehalogenated, radical monomer species are stabilized by the metal surface until they
undergo homocoupling with other monomers or oligomers. Stabilization via either surface atoms
or adatoms induces a significant tilt in the molecule toward the sample surface, as corroborated by
DFT simulations. Neither the TES nor FES exhibited a significant amount of puckering toward the

sample, however.

A possible explanation for the observations is that the thermocouple employed to measure
the sample temperature during deposition had not been calibrated properly, resulting in a higher
readout temperature. This could have led to partial dehalogenation, allowing some monomers
to form covalent bonds, while partially halogenated precursors were unable to participate in the

reaction. Indeed, the quality of the grown network has been reported to be sensitive to the precise
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Figure 4.13: Comparison between simulated and experimental contrast of Br/Au(111) system.
(a) DFT-optimized geometry on Au(111) slab. (b) Simulated contrast in ppafm shows dark halo
around bright repulsive center. (c) Three residual bromines at edge of P2(TANG) oligomer show
similar contrast. (d) Extracted surface profiles (white lines) show mexican hat-like shape in both
experimental, and simulated images. Scale bars: 250 pm.

sample temperature, with residual C—Br bonds observable by X-Ray Photoelectron Spectroscopy
(XPS) up to 180°C, which represents the dehalogenation threshold for TBTANG molecules on
Au(111) [17]. In this case, one might expect fully brominated monomer species to be trapped
inside the porous network, adhered close to the edge of existing clusters, or isolated on the surface.
While the latter is certainly unlikely due to a presumably low diffusion barrier of single molecules,
neither of these scenarios was observed experimentally in this work. However, fully brominated

molecules might adhere weakly to the surface, making them prone to desorption.

Given that many of the investigated edges remain halogenated, it is likely that these edges did

not undergo dehalogenation, a process controlled by an Arrhenius activation equation:

Egenal
Fdehal = V0,dehal €EXP (—ﬁ) : (4.4)

This partial dehalogenation appears to be rate-limiting for the coupling step and might enhance
the diffusion of partially dehalogenated monomers by weakening their interaction with the surface
(see Fig. 4.14). As a result, coupling is suppressed, and diffusion dominates, allowing the system
to relax into more ordered networks, as discussed in section 4.1. This mechanistic insight may
contribute to the observed well-orderedness of P2(TANG) networks on Au(111). Additionally,
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Figure 4.14: Interactions between partially dehalogenated P2(TANG) cluster and partially dehalo-
genated single molecule might reduce the coupling rate and enhance network quality.

this mechanism might also aid in the reduction of topological defects, since mono-molecular ring
closing reactions of 5-membered pores necessitate a prior dehalogenation of both participating

monomers.

Furthermore, the incomplete dehalogenation of the edges might, in fact, provide an opportunity
for transferring these 2D polymers from the growth substrate to insulating substrates. Indeed, as
demonstrated by Galeotti et al. [17] and Dettmann et al. [42], the core polymer adheres relatively
weakly to the metallic substrate. The transfer of these polymers to insulating substrates is primarily
hindered by the high C—M bond energies at the grain boundaries. Tuning the termination of
oligomers while maintaining network quality could open a promising avenue for sample transfer

and future experiments.

To improve our understanding of the limiting factors in polymerization at the grain boundaries
of active 2D polymers, we are currently modeling additional termination candidates for both the
FES and TES states observed in the experimental data. For this purpose, we have recently started

collaborating with the theory group of Ruben Perez (Universidad Auténoma de Madrid).

4.3 Lateral P2(TANG-TANGO) Heterojunctions

Heterostructures of 2D materials extend their application in materials science. Particularly vertical
heterostructures, i.e. out-of-plane stackings of 2D materials have been explored, however, lateral
(in-plane) heterostructures have also gained significant interest, particularly in the field of 2D tran-
sition metal dichalcogenides (TMDs, MX,, where M is a transition metal, and X a chalcogen) due
to their relatively small lattice mismatch and controllable electronic structure via substitution of

M, and X constituents [98], which allows for a seamless integration of two heterogeneous materi-
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als. The synthesis of lateral 2D heterostructures is predicated on the principle of edge epitaxy, by

which a 2D material is synthesized at the edge of a dissimilar 2D material.

Core-Shell
2D Copolymer

A'Precursors

‘controllable
width

Figure 4.15: Idealized schematic of core-shell geometry of 2D block copolymer via sequential
exposure of the surface to molecularly isostructural precursors.

In 1D polymer chemistry, the integration of two or more heterogeneous polymers is generally
referred to as copolymerization. One differentiates between random, block, and alternating copoly-
mers, based on the organisation of the fundamental building blocks in the backbone of the chain.
The synthesis of 1D copolymers has significantly enhanced the applicability of polymers in tech-
nology, and efforts are made to extend copolymers into the second dimension. The synthesis of 1D
alternating copolymer nanowires on Au(111) via Ullmann coupling has been attempted by Urgel
et al. [99], however, the synthesis of extended structures with an alternating copolymer backbone
was thwarted by the ability of both precursors to undergo homocoupling, making the controlled
assembly of 1D alternating copolymers difficult. The on-surface synthesis of 2D block copolymer
structures via Ullmann coupling can in principle be achieved by the sequential deposition of the
two precursor materials. Depending on the exposure/dosage time, and sequence, of a metal sur-
face by precursor gases, one might envision core-shell, or concentric ring copolymers, provided
the reaction temperature for subsequent polymerization does not degrade pre-existing oligomers
(see Fig. 4.15).

To synthesize 2D 7-conjugated block copolymers (2DCBC), we used isostructural TBTANG,
and TBTANGO precursors, which act as electron-donor, and electron-acceptor materials, respec-
tively. Their properties are summarized in Table 4.1. Individually, the polymerization proceeds at
similar temperatures on Au(111), at 210°C for P?(TANG) [17], and at 265° C for P2(TANGO)
[44]. Due to their high thermal stability up to 400°C [17], the two polymers can be synthesized
sequentially without risking their degradation. Moreover, their nearly identical lattice constants,

owing to their structural similarity, makes them ideal candidates for the synthesis of 2DCBC:s.
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P2(TANG)/Au(111) P>(TANGO)/Au(111)
Monomer Chemical | Brominated Carbonyl- | Brominated Oxygen-
Structure bridged Triphenylamine bridged Triphenylamine
Symmetry Kagome Kagome
Lattice Constant 1.75nm 1.74nm
Band Gap 1.8eV* 3.14eV
HOMO 0eV* —1.63eV
LUMO 1.8eV* 1.51eV
Sublimation Tem- | 120 ° C 180° C
perature
Anneal Temperature | 210 ° C 265°C

Table 4.1: Overview of Properties of Monopolymer P2(TANG) and P2(TANGO) on Au(111).
Based on Galeotti et al. [17] for P2(TANG), and Steiner et al. [44] for P2(TANGO). Results from
DFT calculations marked with (*).

We began by synthesizing P2(TANG) oligomers on Au(111), targeting a coverage of ~ 0.4
ML. In the subsequent step, the surface was exposed to gaseous TBTANGO precursors with a
targeted coverage of ~ 0.1 ML, while maintaining the sample at 210°C, although the synthesis of
P?(TANGO) typically requires a higher annealing temperature of 265°C, as reported by Steiner et
al. [44]. Consequently, the initial exposure primarily resulted in small clusters of self-assembled,
non-covalently bonded dimers and trimers adjacent to fully polymerized P>(TANG) structures.
Following a subsequent annealing step at the temperature required for P2(TANGO) polymeriza-
tion, the network quality improved. However, due to partial polymerization of TANGO, occurring
during the initial step, the resulting copolymers exhibited a core-dendritic structure with a high
defect density in the branches, instead of the targeted core-shell topology.

In any case, due to the close structural match of the precursors, differentiating between the
two units in a block copolymer represents a challenge with STM alone. While structural differ-
ences can be discerned using CO-terminated ncAFM, we turned to using local density of states
(LDOS) mapping, a scanning tunneling spectroscopy (STS) technique, where the density of states
at a particular energy can be mapped out topographically by modulating the applied DC bias with
an AC signal, and using a lock-in amplifier to filter out the corresponding component in the tun-
neling current (see section 3.1). Exemplary LDOS maps are shown in Fig. 4.16. Galeotti et al.

[17] used angle resolved photoemission spectroscopy (ARPES) to investigate the valence band
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Figure 4.16: P2(TANG-TANGO) Heterojunctions. (b) LDOS mapping at DOS feature correspond-
ing to Dirac cone crossing below the HOMO level of P2(TANG) does not show conclusive contrast
due to the Au Shockley surface state screening. (c) LDOS map at intermediate energy to LUMO
level of both P2(TANG) and P>(TANGO). (e, f) LDOS mapping of different copolymer islands
at the conduction bands of the respective monopolymers shows visible distinguishable contrast.
Imaging Parameters: (a), (¢c) U = —500 mV, I; = 50 pA. (b, ¢), (e, f) Usc = 15 mV, fac =709
Hz, U (DC) inset in respective images. Scale bars: (a, ¢): 5 nm, (c, f): 7 nm.

of P2(TANG)/Au(111) and experimentally confirmed the presence of a Dirac cone at E = —400
meV. Conversely, P2(TANGO)/Au(111) is electronically silent at this energy, with valence band
at —1.63 eV. An LDOS map of a well-ordered oligomer at this energy showed some contrast varia-
tion, but the features are convoluted with the Shockley surface state of the underlying Au substrate.
Indeed, due to the presence of the Dirac cone in P2(TANG)/Au(11 1), the DOS is expected to be
small, while the presence of flat bands at the conduction band of both monopolymers leads to a
large peak in the DOS.

We found that conduction band mapping presents an effective approach for differentiating be-
tween the two polymers. By focusing on distinct electronic signatures in the conduction band
of both P2(TANG)/Au(111) and P2(TANGO)/Au(111), we were able to spatially resolve their
distribution within the copolymer more clearly. With this approach, the identification of the two
components with CO-terminated ncAFM might not be necessary. This will guide future experi-

ments.
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Chapter 5
Conclusion and Outlook

In this thesis, the reaction kinetics and edge chemistry, as well as electronic properties of two-
dimensional organic nanostructures synthesized via Ullmann coupling has been investigated by
integrating high-resolution imaging techniques, such as STM and CO-terminated ncAFM, with
theoretical approaches including density functional theory (DFT) and kinetic Monte Carlo (kMC)
simulations. This work provides a comprehensive framework for analyzing the growth and struc-
tural quality of 2D polymers. The findings address challenges in the field and offer fundamental,
mechanistic insights and practical methodologies for advancing the design and synthesis of 2D

materials, with reduced defect densities.

Findings

* Reaction Kinetics and Network Quality: A kMC model was developed to simulate the
synthesis of 2D polymers by accounting for diffusion, rotation, and coupling events. By
systematically varying the kinetic parameters, namely, the transitional energetic barriers,
the model successfully replicated experimentally observed network structures formed on
Au(111). The model demonstrated that the balance between diffusion, rotation, and cou-
pling rates significantly impacts network quality with coupling-limited process yielding
more compact, defect-free structures, while diffusion-limited processes lead to highly branched

structures.

* Edge Chemistry of Growing 2D Polymers: Experimental STM imaging revealed two dis-
tinct edge terminations: terminated edge states (TES), and feature-free edge states (FES).
Atomic resolution CO-terminated imaging revealed two distinct subdivisions of the TES.
DFT simulations suggested that most of the TES likely correspond to halogenated termina-

tions, with one example that likely corresponds to a surface-stabilized radical, identified by
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the strong molecular bending of the exposed phenyl group towards the surface. The FES
likely correspond to weakly interacting radical, or hydrogenated terminations. The agree-
ment between the experimental and simulated Af maps supports these interpretations but
also highlights unresvolved questions regarding the origin of the FES, should they indeed be
hydrogenated.

* Lateral Heterojunctions in 2D Polymers: The synthesis of lateral heterojunctions between
P2(TANG) and P?(TANGO) polymers demonstrated the realizability of forming 2D block
copolymers with distinct electronic properties. Local density of states (LDOS) mapping was
used to differentiate between the two polymers. This finding overcomes difficulties presented
by the strucutral similarity in conventional STM imaging, and provides an efficient method

for future explorations of 2D block copolymers.

Challenges and Limitations

» Simplifications in KMC Modeling: The discussed kMC model does not currently account
for non-covalent interactions, topological defects, or mobile smaller oligomers (dimers,
trimers, etc.). These simplifications may limit the model’s accuracy. Additionally, the com-
putational complexity of a system with vastly differing transition rates constrains the pa-
rameter space that can be explored and compared to experimental networks. Furthermore,
the presented CO-terminated data hints at a suppressed coupling of partially dehalogenated

monomers and polymers, which is not taken into account in the kMC model.

* FES Termination Ambiguities: The TES were well-characterized, but the exact chemi-
cal identity of FES remains unclear. Further experimental and computational validation is

required to investigate the plausibility of hydrogenated terminations.

« Experimental Constraints: The frequency with which the edges of P>(TANG) islands ap-
pear to remain halogenated during the reaction suggest an incomplete dehalogenation due to
an insufficient sample temperature during the anneal process. This complicates the interpre-

tation of the edge chemistry determination.

Broader Implications

This thesis highlights the interplay between kinetic parameters and network quality, providing
valuable insights into the synthesis of 2D polymers with tailored properties. The methodologies

developed here can be applied to other on-surface polymerization systems, enabling:
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* Defect Control: Understanding how reaction kinetics influence defect formation can guide

the design of precursors and substrates to minimize defects.

* Material Transfer: Insights into edge terminations suggest potential strategies for transfer-

ring 2D polymers from metallic to insulating substrates while preserving network integrity.

* Electronic Applications: The successful synthesis and characterization of lateral hetero-
junctions open avenues for designing 2D materials with tunable electronic properties for

applications in optoelectronics and catalysis.

Future Directions

* Improved kMC Model: To make vastly different transition rates accessible for computa-
tion, a problem known as timescale disparity, more sophisticated time-propagation algo-
rithms have to be implemented. Additionally, a physically more meaningful model would
have to take non-covalent interactions into account and allow for the formation of topological
defects.

* Expanded DFT Simulations: Additional simulations need to be performed to explore alter-
native edge terminations, such as surface-stabilized radicals, or adatom-coordinates species
with different epitaxial relationships to the substrate. Simulations of polymeric islands with
extended 7m-conjugation should provide a deeper understanding of polymer + substrate in-
teractions. While this might be computationally difficult for P2(TANG)/Au(11 1), smaller
systems like tribromobenzene/Au(11 1) might provide insights by analogy. To interpret the
results presented in this thesis, it is additionally crucial to compute the energetic barriers and
kinetic transitions involved in the polymerization, particularly for partially debrominated

species.

* Other Experimental Techniques: Complementary methods, such as X-ray photoelectron
spectroscopy (XPS), or infrafred spectroscopy, could provide independent verification of
edge terminations and network composition and aid the interpretation of the experimental

data. Additionally, fast-XPS studies could help justify assumptions in KMC simulations.
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Appendix A

Au(111) Kink Sites as Nucleation Sites for
2DCPs and Observation of new Surface

Reconstruction

To investigate the effect of nucleation sites on the quality of the subsequent film, TANG polymer

was synthesized on Au(111) at intermediate coverages from 0.1 — 1 ML.

An object classification workflow was utilized to categorize polymer islands in experimental
STM image using ilastik [100]. Using this workflow, insight into the nucleation can be obtained
using statistical methods. For this purpose, around 1,000 individual island positions, readily acces-
sible with this workflow as the centers of mass of each classified island, are extracted. The nearest
neighbor of each island is identified, and the distance, as well as angle of the connecting line be-
tween two nearest neighbors shown in the histograms in Fig. A.1. From this data, the nucleation
of the polymer is seen to be anisotropic. Indeed, the mean distance of nearest neighbor islands,
dmean = 17.0 =3 nm, correlates well with the half period length of the herringbone reconstruction
of the Au(111) surface, given typically around ~ 32 nm [101]. It is therefore a natural conclusion
that the polymers nucleate at the kink sites of the reconstruction. Similar conclusions have been
made in the synthesis of other thin films on Au(11 1), for example by Voigtlidnder et al. [102], who
studied the growth of cobalt thin films. The kink sites are typically observed with a higher surface
corrugation (Az ~ 60 —90 pm) in STM, and are the consequence of a dislocated atom due to the
competition between face-centered cubic, and hexagonal close-packing lattice structures at the sur-
face [101, 102]. For this reason, it can be expected that the kink sites are catalytically more active,
potentially readily supplying a surface adatom to participate in the polymerization reaction [87].
Furthermore, the presence of the organic monolayer is seen to strongly modify the herringbone

reconstruction overall, which has been observed for other conjugated molecules, self-assembled
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on Au(111), like Cg, [103], or at—sexithiophene [104]. This observation is typically interpreted

in light of a local relief in surface strain due to the Molecule-Substrate interaction energy.

Island Center Positions with Nearest Neighbors
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Figure A.1: Object classification analysis of ~ 0.4 ML P*(TANG) islands on Au(111) using
ilastik. The island center of mass positions are extracted, and nearest neighbors calculated. (Top):
Large Scale STM Az map showcasing the classification using the described workflow. Nearest
neighbors positions are indicated through like colors, and connecting lines between. (Bottom,
left): Histogram of the computed nearest neighbor distances. The mean value, d ~ 17 43 nm cor-
relates well with the periodicity of kink sites of the Au(1 1 1) herringbone reconstruction. (Bottom,
right): Polar histogram of the angles between nearest neighbors, and 2D FFT of the center of mass
positions of the islands.

The on-surface Ullmann coupling reaction between monomer species forms an irreversible co-
valent bond, and due to the lattice mismatch between the P>(TANG) monolayer and the Au(111)
surface, coalescing domains during the growth can be expected to form grain boundaries. Indeed,
in the crystal growth community, it is commonly known that an inverse relationship between nucle-
ation site density and the average grain size exists. To reduce the formation of topological defects,
Galeotti et al.[17] implemented the use of rigid precursors with high strain energy penalties. With
this approach, they succeeded in extending the achievable domain size of P>(TANG) to 100 nm

in diameter and more. At this length scale, the influence of coalescing domains could be the lim-
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iting factor in the synthesis of larger well-ordered domains. To preserve the catalytic activity of
the Au(111) surface, while freely modifying the nucleation site density, electrochemical methods
could be applied to lift the surface reconstruction reached through thermal annealing in ultra-high

vacuum [105].
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Appendix B

The Wasserstein Metric of Two Discrete

Distributions

The first-order Wasserstein metric of two discrete probability distributions, P, and Q is defined as
[85]

Wi(P,Q) = min ; ) B.1
1( neHPQ,Z{JZ v XIXJ ®.1)

* T;;j represents the amount of mass transported from x; (in P) to x; (in Q).

* The set I1(P, Q) contains all valid transportation plans satisfying:
n n

Zﬂijzpi, Z”ij:‘Ija mij >0
j=1 i=1

* d(x;,x;) denotes the euclidian distance between the two discrete points x;, and x;.
The Wasserstein metric finds the transportation plan 7 that minimizes the total cost. This is

done computationally using the wasserstein_distance () method, implemented in scipy.stats
[86].
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