University of

Nottingham

UK | CHINA | MALAYSIA

Topographical and chemical characterisation of
temperature controlled on-surface reactions

Michael Clarke, MSc (Hons)

Thesis submitted to the University of Nottingham
for the degree of Doctor of Philosophy

School of Physics and Astronomy
University of Nottingham
October 2024



Abstract

On-surface synthesis, the process of producing covalently bonded structures from
molecular building blocks confined on a surface, is a research theme worthy
of investigation as it offers a route towards the fabrication of nanoscale two-
dimensional devices. Alongside the potential applications within the burgeoning
field of nanoelectronics, confining materials to surfaces allows the use of a vari-
ety of surface analysis techniques. Scanning probe microscopy, for example, can
reveal with unrivalled detail mechanistic information about the progress of reac-
tions in general. Developing our understanding of these processes can allow for
the formation of more precise and complex structures ‘on-surface’ and may pave
the way for developing new methodologies within solution phase synthesis.

In this thesis, a variety of molecular species, confined to two-dimensions by
supporting substrates, are investigated, and the self-assembled structures formed
following deposition, and subsequent temperature-induced reaction steps, are
characterised. Particular emphasis is placed on Ullmann-type coupling reactions,
a versatile and oft-utilised route to covalent bonding on surfaces. The work de-
scribed within this thesis takes place predominantly under ultra-high vacuum
(UHV) conditions, utilising a variety of surface-sensitive techniques: primarily
scanning tunnelling microscopy (STM), but also X-ray spectroscopy techniques
such as X-ray photoelectron spectroscopy (XPS), near-edge X-ray absorption
spectroscopy (NEXAFS) and X-ray standing wave (XSW) analysis. Each of the
chapters describing the experimental results aims to develop our understanding
of the mechanisms underlying the behaviours of molecules on surfaces and par-
ticularly on the kinetic properties of reactions, in order to better facilitate more
efficient and selective synthetic pathways.

The species covered in this thesis span a broad range, and demonstrate the



breadth of utility for this type of ‘surface science’ based approach. Firstly, the
formation of a polymer based upon a diketopyrrolopyrrole (DPP) is studied.
This monomer unit possesses aryl-halide groups to facilitate on-surface covalent
coupling and is functionalised with alkyl chains which drive the self-assembly
of both the monomer material prior to reaction and the domains of polymeric
material following on-surface synthesis. The self-assembled structure of close-
packed domains of the monomer units, and the ordered polymers, are investigated
and characterised using STM and XPS.

Secondly, two groups of larger molecular species are investigated: a series
of porphyrin-based nanorings, and porphyrin-doped polymer chains, which serve
as a precursor to a target porphyrin-graphene nanoribbon. Both are formed via
novel in-solution synthesis, and require vital on-surface characterisation to accom-
pany the in-solution chemistry and to confirm the successful synthesis of these
materials. Both are investigated via STM, with morphological characterisation of
the nanorings via this technique crucial to understanding the cyclic structure and
flexibility of the molecules. For the graphitic nanoribbon species, our focus is the
inclusion of porphyrin species within graphene nanoribbons to create porphyrin-
fused graphene nanoribbons (PGNRs). A combination of scanning tunnelling
microscopy (STM) and photoelectron spectroscopy (PES) techniques are used
to characterise the novel porphyrin-fused graphene nanoribbon. This nanorib-
bon is formed on-surface from a linear polymer consisting of regularly spaced
Ni-porphyrin units linked by sections of aryl rings which fuse together during the
reaction to form graphitic regions between neighbouring Ni-porphyrin units.

Lastly, a temperature-programmed PES study of brominated tetraphenyl por-
phyrin is conducted, with a novel Arrhenius analysis opening a pathway to
empirical measurement of kinetic properties of reactions. This is enabled wvia
temperature-controlled continuous XPS measurement, and the reaction is also
characterised by stepwise STM, NEXAFS and XPS. A comparison is made be-
tween the properties of the Ullmann-type coupling reaction on both Au(111) and
Cu(111) surfaces.

The work described in this thesis develops atop the existing literature for the

stepwise analysis of surface-confined covalent reactions, and demonstrates the



flexibility of surface-confined techniques such as STM for their unrivalled molec-
ular resolution. The combination of STM with X-ray spectroscopic techniques
underpins much of the work and displays the strength of combined topographic
and chemical characterisation when analysing the evolution of a system, and
demonstrates novel ways in which these techniques can be used to further our

understanding of on-surface synthesis.
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Chapter 1

Introduction

1.1 Motivation for the study of on-surface syn-
thesis

When you tell people you're doing a PhD in nanoscience, they are generally
impressed. Nanoscience and the quantum world have been lodged firmly in the
public zeitgeist as an exciting area of physics, encouraged by speculative media
reeling off a litany of stories telling of dizzying multiverses and hi-tech nanobots.
While the reality may be a far cry from the snappy dialogue and tremendous
spectacle of a blockbuster film, there is little doubt that nanoscience is a field that
captures the imagination. Thankfully the field is also very interesting in practical
terms too, as many of the day-to-day accomplishments do indeed resemble the
spectacular imaginings of science fiction; much as the touch screens and wireless
communication found decades earlier in Star Trek now proliferate in everyday life,
so too has single-atom resolution become a commonplace feature in the world of
nanoscience.

For me, fundamentally, the capacity of a device like a scanning tunnelling
microscope (STM) to image individual atoms is truly exciting. Scanning probe
microscopy (SPM) is one of a family of techniques that boast impressive spatial
resolution, on the order of picometers, allowing for topographic characterisation
at an atomic scale previously thought impossible. First achieved in 1983, [1]

this defining achievement still impresses today, and is further built upon by our
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capacity for single atom manipulation; the famous writing of IBM wvia using single
atoms as individual pixels in 1990 [2] led to a multitude of works speculating on
lego-style brick-by-brick molecular construction. Whilst this is not quite how
chemistry works, the idea of bottom-up (meaning assembly of a larger whole
from smaller building blocks) on-surface molecular fabrication is an idea that
has led to impressive results, with SPM playing an extremely important role in
characterising (and sometimes helping to drive) the development of these on-
surface processes. Figure 1.1 demonstrates the multi-step, bottom-up assembly
of a graphene nanoribbon, and the capacity of CO functionalised atomic force
microscopy (AFM) tips to image individual chemical bonds. The step-by-step
approach shown in Figure 1.1a) demonstrates a particularly impressive example of
the power of tuning molecular structure and chemistry specifically for on-surface
synthesis. Each step of the reaction shown in figure 1.1a) can be characterised
with SPM, allowing for a detailed understanding of exactly which steps happen
when, illuminating intermediate reaction steps in a way simply not possible on the
single-molecule level within in-solution chemistry. Even spectroscopic techniques,
which can be used to measure the development of a reaction in real time, cannot
provide the level of single-molecule understanding available to STM. The true
strength of STM lies in the ability to image the target molecule at each stage
of a reaction and understand the chemical developments on a topographic level.
Whether it be individual atoms atop surfaces, such as in the case of the IBM
spelling (Figure 1.2a)), or the subtle corrugations of the Au(111) herringbone
reconstruction (Figure 1.2b)), STM can reveal topographic and intra-molecular
details that other techniques cannot. Figure 1.2c) demonstrates the capacity of
STM to resolve not only the underlying surface reconstruction, but also atomic
resolution of deposited S atoms, revealing a subtle interaction effect between the
supporting substrate and the deposited species. Figure 1.2d-f) demonstrates the
capacity for STM to capture in precise detail the formation of extended polymer
networks on different surfaces, creating insight into the behaviour and reactivity of
different substrate materials with respect to reaction progress. Indeed, individual
monomers can be resolved inside the polymer structures, giving a clearer picture

on how the reaction progresses.
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a) Precursor monomer ‘Biradical’ intermediate
£ )

Figure 1.1: a) Step-by-step depiction of the bottom-up synthesis of a graphene
nanoribbon. Taken from Cai et al. [3] The steps of molecular deposition, tip
preparation and imaging of the molecule shown in b), taken from Sweetman et
al.. [4] ¢) Constant height AFM image of pentacene (shown in d)), taken with a
CO functionalised tip. Taken from Gross et al.. [5]

In order to successfully perform these bottom-up assemblies, and to fabricate
target devices, such as nanowires, [9] transistors, [10] or even single-atom bits, [11]
an understanding of the molecular system must be developed. This begins with
the self-assembled structures formed by the deposited molecules. Described by

Nobel laureate Jean-Marie Lehn as “chemistry beyond the molecule”, [12] self-
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Figure 1.2: a) IBM spelled out using individual Argon atoms on Nickel substrate,
captured with STM. Taken from Eigler et al. [2] b) The various features of the
Au(111) herringbone reconstruction labelled, captured with STM. Taken from
Edmondson et al. [6] ¢) The impact of deposited sulphur atoms on the herringbone
of Au(111), captured with STM. Taken from Walen et al. [7] d) Overview STM
images of extended polymer networks on Cu(111), Au(111), and Ag(111). Taken

from Bieri et al. [§]

assembled structures are of great interest in their own right, informing the be-
haviour of molecular crystals and soft-matter systems as well as influencing fur-
ther steps in any on-surface reaction. [13] Of course, following this self-assembled
stage, formation of a covalent bond is desirable, as a practical route towards a
more thermally stable product. Covalent bonds are important for most practical
nanoscience applications, providing a sturdy framework for most nanoscale prod-
ucts, from the nanoribbons shown in Figure 1.1a), to the molecular machines
that won Sauvage, Stoddardt and Feringa the Nobel Prize in 2016. [14] A pop-
ular choice is the Ullmann-type coupling reaction (see dehalogenation and C-C
coupling steps in Fig. 1.1a). In simple terms, the Ullmann-type coupling reac-

tion requires a halogenated precursor to be heated; at a specific temperature,
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the halogen-carbon bond will cleave, and two dehalogenated molecules will bond
to form a new carbon-carbon chemical bond. The temperature at which this
occurs can be tuned by the choice of substrate, halogen or indeed the molecular
structure. [15] While the broad brush strokes are understood, there is still much
to be determined about this often employed methodology of on-surface covalent
bonding.

Frequently, within published literature of on-surface reactions, the tempera-
ture at which the reaction occurs is listed. From an experimentalist’s point of
view this is sensible, as temperatures are relatively straightforward to measure
and in principle provide sufficient detail for an experiment to be reproduced (a
fundamental tenet of the scientific method). However, this is problematic for a
few reasons. Firstly, the inherent complications of measuring temperatures of a
sample in-situ in a UHV system render these reported temperatures unreliable,
with temperatures recorded close-to but not at the position of the sample being
investigated. Another key issue is that sample heating rate affects the tempera-
ture at which a reaction reaches maximum rate; [16] the different heating setups
in each system could lead to starkly different ramp rates, and details of tem-
perature ramp rates and annealing times are rarely reported within published
scientific literature. Fach of these factors can affect reaction progress and deprive
a stated “reaction temperature” of meaning. If activation energies for reactions
are stated, they are usually calculated via density functional theory (DFT) com-
putational approaches (such as nudged elastic band (NEB DFT), to be described
in more detail in section 2.2.3.), which while an extremely useful and versatile
tool, should be informed by experimental data, not taken to be a ‘black-box’
with universal predictive powers. Ultimately, to gain deeper insight into reaction
pathways, it is useful to develop a picture of the morphological and chemical
changes to a system as the reaction progresses. This is why, in this thesis, I focus
on the marriage of STM with chemically sensitive spectroscopic techniques, in
order to develop a thorough understanding of reaction development. The aim of
this thesis is to improve the understanding of the process of on-surface reactions,
with particular emphasis on Ullmann-type coupling reactions, and to display the

unique advantages of on-surface characterisation that only STM can provide.
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1.2 Thesis Overview

Within this thesis, I will explore the topic of on-surface self-assembly, and sub-
sequent Ullmann-type coupling reactions, with a variety of techniques, predomi-
nantly focussing on partnering the unrivalled topgraphic characterisation of STM
with chemically sensitive spectroscopic companion techniques.

Chapter 2 contains an overview of the scientific literature on the key areas of
self-assembly and Ullmann-type coupling, identifying common motifs in molecu-
lar assembly and interrogating the commonly-held truisms of Ullmann-type cou-
pling on surfaces. Chapter 3 describes the fundamental underpinnings of the
key techniques utilised throughout this thesis, with particular emphasis on STM.
A variety of photoelectron spectroscopy methods, including X-ray photoelectron
spectroscopy (XPS), near edge X-ray absorption fine structure (NEXAFS) and
X-ray standing wave (XSW), are also outlined, as they perform well as companion
techniques to STM.

In chapter 4, self-assembly and Ullmann-type coupling are examined with
STM, via stepwise annealing to investigate the bottom-up synthesis of nanowires.
The influence of hexyl chains in self-assembly and subsequent polymerisation is
considered, with surface-induced chirality playing an important role in reaction
progress. Chapter 5 investigates potential alternative methods for realising com-
plex molecular architectures on 2D substrates, namely the deposition of fragile,
thermally labile complex molecules formed in solution and deposited wvia elec-
trospray deposition. The molecules featured in this chapter are synthesised in
solution using novel pathways, and required the use of STM to determine details
of structure morphology. Building on this, chapter 6 features the electrospray
deposition of complex molecules which may undergo on-surface synthesis, com-
bining STM with an array of X-ray spectroscopy techniques to further understand
the reaction. The final product of this reaction can only be produced on-surface,
providing an interesting use case for the bottom-up fabrication of porphyrin-
graphene nanoribbons.

Finally, chapter 7 explores combining stepwise XPS and NEXAFS with tem-
perature programmed XPS to analyse an Ullmann-type coupling reaction. A

novel form of Arrhenius analysis is employed to determine the kinetic properties
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of on-surface Ullmann-type coupling reactions, paving the way for these kinetic
properties to be determined and used as a metric for comparing the effect of
substrate chemistry and structure in lieu of the aforementioned reaction temper-
atures. Finally, chapter 8 will tie together the key findings of this body of work
and present a conclusion and an outlook considering the future direction of this

research field.
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Chapter 2

On-surface Reactions

A significant proportion of chemical interactions and reactions are influenced by a
surface (supporting substrate). Processes such as corrosion at surfaces, the Redox
(reduction-oxidation) chemistry underpinning battery functionality occurs at sur-
faces, and the entire field of heterogeneous catalysis is mediated by interactions
between chemical species at a surface. This chapter provides a background to the
field of on-surface synthesis, where the interactions and chemistry of molecular
systems, confined to a 2D plane, are studied by techniques which provide atomic
and sub-molecular resolution as well as chemical sensitivity. Such an approach
allows us to obtain detailed information on the mechanisms underlying such pro-
cesses. This insight should ultimately provide the tools required to enhance the
selectivity and efficiency of such on-surface processes, as well as provide a route

to the synthesis of novel molecular materials.

2.1 On-surface Self-assembly

Molecules contain a number of atoms chemically bonded into a single unit. De-
sirable molecular properties can be incorporated and tuned via a large array of
synthetic pathways, giving rise to molecules with specific atoms in specific config-
urations. These molecules can then be deposited onto a substrate, providing 2D
confinement, where they subsequently interact with both the substrate and other
molecules. Such interactions frequently lead to the formation of two-dimensional

(2D) supramolecular structures, the properties of which are determined by the
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various configurational aspects of the molecule, the properties of the specific
chemical moieties, as well as the order and topography of the extended molecular
structure. Observing these 2D on-surface structures can reveal fundamental in-
formation about the supramolecular structures found in solution, where the vast
majority of molecular synthesis is conducted, and provides insight into molecule-
substrate interactions which underpin aspects of heterogeneous catalysis.
Therefore, it is important to understand the various inter-molecular interac-
tions driving these structures. The study of 2D molecular assembly has been
facilitated by the development of scanning probe microscopy (SPM) techniques.
The theory, operation, and practicalities of SPM are detailed in a later chapter,
but the principal benefit is to allow real space resolution of molecular assemblies
on the single molecule level, and with sub-molecular resolution. [4] In particu-
lar, SPM has provided a route to ‘seeing’ the patterns produced by molecules at
the solid-vacuum and solid-liquid interface, and here I will provide details of the

intermolecular interactions and examples from the literature. [17, 18]

2.1.1 Van der Waals Interactions

Molecular interactions can dictate the shape of an on-surface molecular assembly;
the most universal of these is the van der Waals interaction. The van der Waals
interaction is a name given to a group of intermolecular interactions: London,
Debye and Keesom interactions. These each stem from a different dipole interac-
tion: instantaneous-induced dipole (London), permanent-induced dipole (Debye)
and permanent-permanent dipole (Keesom). Permanent dipoles can be under-
stood as molecules with significant electronegativity differences between atomic
species, leading to an imbalanced charge distribution. These induce a dipole
in a neutral molecule or atom wvia interaction between the electron density on
the neutral body and the charge on the permanent dipole. In the case of an
instantaneous-induced dipole, an atom can simply be conceived as a dispersion of
electron density around a nucleus. An instantaneously induced dipole can occur
when this electron density is unevenly distributed around the nucleus. As the
electron density of all atoms and molecules can become non-uniform at any time,

due to the constant motion of electrons, when two atoms/molecules are close
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enough to interact (typically <1 nm), these temporary fluctuations in electron
density in one body can induce a dipole in the other body, and thus lead to an in-
duced dipole in each body, giving rise to one of the three constituent interactions
that make up the van der Waals force, the London interaction. Due to this third
interaction type being possible with all atomic and molecular species, van der
Waals forces are universal, and hence play a role in all self-assembly; the attrac-
tive nature of these interactions drives the formation of close-packed structures,
a common self-assembly motif even in the absence of other molecule-molecule
interactions. These interactions are attractive.

The van der Waals interactions between molecules can be described by the
empirically derived Lennard-Jones potential, as shown:

Vis(r) = 46[(;)12 — (

)], (2.1)

g o
r

where € defines the lowest potential energy of the curve, o is the distance at
which the intermolecular potential between the particles is zero, and where r is
the distance between the two particles. ¢ relates to the potential minimum e via
the following equation:

¢ =20, (2.2)

Two elements are accounted for in this model: the extremely short range Pauli
repulsive force represented by the 7% term, and the attractive interactions which
give rise to the van der Waals attraction. The range of these attractive forces
decays as %6 Figure 2.1 demonstrates this simple model graphically, and it can
be seen that in the example used, two particles with a o value of 3.4 A and a
well depth of 0.01 eV exhibit an attractive region which extends less than 1 nm
- this is smaller than the width of many of the molecular species of interest: for
example, the diameter of a single tetraphenyl porphyrin molecule is larger than
the attractive van der Waals regime, and thus molecular interactions stabilised
by VAW forces results in close-packed structures. It is important to note that
the force experienced by a molecule within range of the van der Waal’s potential
represented in this graph is given by F = —%. Hence, while the repulsive region
labelled in the figure is an area in which the force is repulsive, there will still be

an overall attractive potential so long as U,qy < 0.
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Figure 2.1: A Lennard-Jones potential showing the variation of van der Waals

interaction potential energy(V, ) with distance between bodies (R) in blue.

In some cases, van der Waals forces are the dominant interaction, such as
the frequently observed interactions between hydrocarbon chains, [19-21] spher-
ical or quasi-triangular molecule close-packed structures, [22,23], and graphene
nanoflakes. [24] For a spherical molecule, van der Waals interactions have no
preferential direction, but as demonstrated in each of the examples given, the
conformation of the molecule on the substrate can drive the direction and shape
of the molecular ordering. A diagrammatic representation of van der Waals in-
teractions is shown in Figure 2.2a). It is important to note, that when dealing
with the interactions between large supramolecular structures formed of many
molecules (e.g. interactions between two quasi-infinite 2D sheets of material),
the range of van der Waals interactions can increase, with potential energy vary-
ing with # or even %, depending on the shape of the materials. [25] This is due
to large scale molecular assemblies effectively functioning as extended materials
and thus can apply a macroscopic lens to understanding van der Waals inter-

actions. The interactions of these larger structures can be determined through

use of the Hamaker constant, but this only applies to macroscale interactions.
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Figure 2.2: a) Van der Waals forces between two atoms due to a dipole forma-

c)

tion. b) Hydrogen bonding between a hydrogen atom covalently bonded to an
electronegative atom, and the lone pair electrons on a separate electronegative
atom. c¢) The unequal charge distribution of a halogen atom covalently bonded
to another atom leads to two possibilities for a halogen bond: side bonding with
electropositive ligands, forward bonding with electronegative ligands. d) The first
type of halogen-halogen bonding, where the two halogens are at right angles. e)
The second type of halogen-halogen bonding, only possible when 6;=60,.

In this thesis van der Waals, will only be considered in the short range. Due
to their universal nature, van der Waals interactions form an important part of
on-surface self-assembly in general, the attractive nature driving commonly seen
agglomeration. Even when not the defining interaction in a structure, van der

Waals plays a role and is often a competing force in any self-assembled structure.

2.1.2 Hydrogen Bonding

Hydrogen bonds arise when a hydrogen atom is covalently bonded to an elec-
tronegative atom, such as nitrogen or oxygen. This is another common self-
assembly motif, and is sometimes found alongside van der Waals interactions,
driving lattice formation. [26] An elementary understanding of hydrogen bond-
ing can be obtained from a consideration of dipole interactions. The difference in
electronegativity between H and the other atomic species causes a dipole to form,

as a partial positive charge (d+) is induced on the hydrogen, and an opposite par-
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Bond Type | Interaction Strength (eV)
van der Waals ~0.02
Hydrogen 0.02-0.5
Halogen 0.05-1.9
Metal-Organic 0.5-2.0
Covalent ~3-10+

Table 2.1: Example values for bond strength of typical on-surface interactions.

27, 28]

tial negative charge is induced in the electronegative atom. The hydrogen atom
is then strongly attracted to a second, separate electronegative atom, forming
the hydrogen bond; this is not a simple dipole interaction, and is a true bond
formation.

Hydrogen bonding is a highly directional interaction, unlike van der Waals, as
the hydrogen interacts with a lone pair of the electronegative atom, making the
bond oriented along the direction of these orbitals. This is shown in Figure 2.2b).
This allows for a great influence on lattice shape, and is significantly stronger than
a typical van der Waals interaction (as shown in Table 2.1). Due to being slightly
stronger than van der Waals interactions, and directional, the hydrogen bond has
been utilised many times in on-surface self-assembly, for many years. [29] The
highly directional nature of the H-bond can cause porous molecular networks to
form, [30,31] which can be used to restrict reaction pathways by limiting surface
area available for reaction, enabling a more controlled surface environment for
further reactions. This is different to the close-packed structures created when
van der Waals interactions are the dominant force. [32] Hydrogen bonding is of
interest as a tool for steering the development of supramolecular self-assembled
structures due to the relative strength and directionality relative to van der Waals
interactions, and these in turn can be used to control the thermodynamics of

bottom-up growth of molecular nanostructures. [33]
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2.1.3 Halogen Bonding

In a halogen bond, the charge distribution of the halogen atom becomes polarised
and results in a non-spherical electrostatic potential, when covalently bonded with
another atom, R, with a partial positive charge concentration around the end
opposing the covalent bond. This type of bond is very common in extended crys-
talline structures, but has not been as extensively covered in a two-dimensional
environment. [34] Halogen bonding is capable of slightly stronger bonds than our
other two examples of noncovalent bonding, as shown in Table 2.1. These are
also highly directional bonds, with the halogen bond capable of forming at 90°
with positively charged species, and straight on with negative species, as shown
in Figure 2.2c). When coordinating with other halogen species, two common
angles emerge, as shown in Figure 2.2d-e). [35] Examples of on-surface halogen
bonding include porous networks, [36,37] tri-molecular coordination, [38] or other

shape-dependent packing. [39] These examples are shown in Figure 2.3.

2.1.4 Metal-organic Bonding

Metal-organic bonds are another alternative for stabilising 2D molecular systems.
These interactions often occur between the lone pair in an atom such as O or N,
and a metal adatom. Much like the hydrogen bond, these are highly directional,
meaning that they too can be used to create self-assembled formations of specific
shape and order. As can be seen in Table 2.1, the bond strength of a MO
bond has the potential to be higher than other noncovalent interactions, allowing
for the creation of relatively stable self-assembled structures. The comparative
resilience of these structures, and inherent tunability, makes them useful for a
variety of tasks, such as gas capture and catalysis. [41] MO bonds can be formed
either with surface adatoms, [42,43] or wvia codeposition of precursor molecules

alongside metal atoms. [44,45]

2.2 On-surface Synthesis

The inter-molecular bonds described above are strong enough to drive on-surface

self-assembly for molecular systems at room temperature, and have the advan-
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Figure 2.3: Examples of halogen bonding in on-surface self-assembly in the lit-
erature. a) Halogen-Oxygen bonding, suggested to be imaged using a CO func-
tionalised tip, taken from Lawrence et al.. [40] b) Halogen-Nitrogen bonding on
Au(111), taken from Yang et al.. [38] ¢) Halogen-halogen bonding, showcasing ex-
treme differences in packing structure resulting from relatively minor structural
changes; in this case, an extension of the phenyl appendage by an additional ring.
Taken from Silly et al.. [36] d) Halogen-halogen side on bonding between DBTP
molecules, taken from Cavallo et al. [35], adapted from Zha et al.. [39]

tage of reversibility (meaning that the system can be reverted to the original state
with relatively similar activation energy), but do not have the requisite strength
to withstand significantly higher temperatures. Reversibility is a non-trivial ad-
vantage, as the assembled structures can “self-correct” towards uniformity with
continual annealing; defects formed by covalent bonding, however, are more per-
manent. Despite this advantage, many cases require a more stable structure than
can be provided by noncovalent interactions. In use cases requiring functional-
ity at room temperature, covalently bonded structures are preferred due to the
bond strength being sufficiently high to avoid structural degradation. In order to
create more resilient two-dimensional surface structures, stronger bonds must be
formed. Covalent bonding commonly involves bond energies ranging from a low

point of around 3 eV (and sometimes lower) to over 10 eV. [46-49] For example,
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a carbon-carbon single bond is around 3.5 eV, whereas a carbon-oxygen triple
bond has an energy of 11.2 eV. Put simply, covalent bonding is a chemical in-
teraction, resulting from two atoms sharing electrons, and thus is much stronger
than any of the previously discussed drivers of self-assembly. In this section,
different synthetic routes towards covalent bond formation on surfaces will be

discussed.

2.2.1 Covalent Coupling

Covalent bonding is useful because it can be used in the formation of organic
nanostructures, which are of great interest due to their tunability and general
versatility. Covalently bonded structures can be precisely created in bottom-
up fashion with controlled and reproducible reaction steps, allowing for greater
control over the products. [50] The two-dimensional environment provided by on-
surface synthesis can restrict reaction pathways in such a manner as to allow for
the creation of novel structures not possible in solution-phase chemistry. This
approach is known as a “bottom-up” methodology and is predicated upon the
tuning and deposition of molecular building blocks with specific functionality,
which can then be annealed to produce a larger structure with a specific function,
such as gas capture, or (opto-)electronic properties. [50, 51]

Two routes for on-surface covalent coupling are Glaser coupling and dehy-
drogenation; example reactions are shown in fig. 2.4. Both reactions feature
a molecular building block functionalised with a “leaving group” which detaches
from the molecule following activation (usually thermal activated), leaving behind
a reactive site available for bonding. Glaser coupling is a form of dehydrogena-
tion, where terminal alkene groups on precursors dehydrogenate (scission of a C-H
bond) and form a new covalent bond between monomers. Once the carbon is no
longer entirely hydrogen saturated, the carbon radicals (unpaired valence elec-
trons available for bond formation) allow for further bonding. Glaser coupling has
been shown to be a practical way of dimerising (or otherwise polymerising) pre-
cursor monomers, [52] and has also been shown to be amenable to photoactivation
rather than the typical thermal activation used in conventional on-surface covalent

bond formation. [53] When used in combination with dehydrogenative coupling,
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R
\ ' Graphene nanoribbon ..

Figure 2.4: A variety of examples of on-surface covalent bonding reactions. a)
A typical Glaser coupling dimerisation reaction, taken from Held et al. [54] b)
An example of a Glaser reaction resulting in an alternative product, taken from
Dong et al. [55] ¢) An example of photostimulated Glaser coupling, taken from
Gao et al.. [53] d) A typical use of dehydrogenative coupling in the synthesis of

a graphene nanoribbon, taken from Cai et al. [3]

polymer chains of over 100 nm in length have been created. [54] These two meth-
ods present significant challenges in precise bottom-up nanomaterial formation,
however. Glaser coupling has a large variety of reaction pathways, facilitating
the production of a range of unwanted side products, which can lead to an inho-
mogeneous product. Glaser coupling is also highly surface dependent, with this
feature commonplace amongst on-surface reactions. [55] Dehydrogenative alkene
coupling has also been shown to have similar issues, having a large number of

reaction pathways and being highly dependent on surface chemistry. [56]

2.2.2 Ullmann-type Coupling

Ullmann-type on-surface reactions are a promising approach to coupling a variety
of molecular species. The original in-solution Ullmann-type reaction was discov-
ered in 1901 and was defined as a homocoupling reaction between aryl halides,
traditionally catalysed by copper. [57] The reaction commonly required elevated
temperatures (above 100 °C) [58], but has been encouraged in a variety of en-

vironments, and sometimes using a metal other than copper, such as nickel or
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Figure 2.5: A simplified example of an on-surface Ullmann-type reaction. a)
Precursor aryl halides deposited on a Cu surface. b) The dehalogenated molecules
forming an organometallic intermediate with surface Cu atoms. c¢) A covalent

bond forms between the two monomers.

palladium. [59] The process is generally accepted to proceed in two stages: firstly
the precursors undergo halogen disassociation, and wia the process of oxidative
addition (addition of two electrons to the metal from the molecular radicals), a
pair of precursors each form an organometallic bond with an atom of the metal
catalyst. The second step is a reductive elimination, as the electrons leave the
metal, breaking the organometallic structure, and the carbon atoms form a cova-
lent bond. [60]

On a surface, the metal substrate itself activates the reaction, with either an
adatom or a surface metal atom forming the organometallic intermediate. [61,62]
Primarily, Au(111), Ag(111) or Cu(111) substrates are used, as their efficacy in
facilitating Ullmann-type coupling reactions is well documented. [63-65] Figure
2.5 demonstrates a simplified reaction scheme of the on-surface Ullmann-type re-
action. As previously described, MOFs are highly directional. [66] They are also
often stronger than a typical hydrogen bond, ranging between 0.5-2 eV. [67] In
Ullmann-type on-surface coupling reactions, they function as a transient interme-
diate state. Indeed, on Au(111), the metal-organic state is so short-lived as to be
extremely difficult to capture in either STM or XPS. [68] Ullmann-type reactions
have the advantage of having a comparatively much lower chance of secondary re-

actions (when compared to Glaser coupling), leading to a largely uniform product.
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This can aid in building larger nanomaterials, such as nanoribbons, with a step-
by-step bottom-up assembly. [3] A precursor molecule can also be functionalised
with several halogens, enabling the construction of more complex two-dimensional
product structures, beyond simple one dimensional chains. [42]

The primary issue with Ullmann-type reactions is that the disassociated halo-
gen atoms do not necessarily desorb from the surface during the reaction and may
form islands. These close-packed islands of halogens have previously been found
to inhibit the formation of the organometallic intermediate phase and effectively
limit the space available to around 30% of the surface. [69] One solution is to
construct larger precursor molecules that will form together into a porous lat-
tice; the disassociated bromine atoms have been shown to gather inside these
pores and could allow the structure to develop unimpeded if the pore size was
sufficiently expanded. [70] In some cases, the disassociated halogens desorb at a
temperature very close to that of the disassociation, limiting the impact of this
issue. [71] However, the fact remains that the presence of halogen species may
adversely affect the reaction progress.

On-surface Ullmann-type coupling has been successfully achieved with various
combinations of substrates, halogen functionalisation, and precursor molecules.
Predominantly, the surfaces include the coinage metals, Au, Ag and Cu, and the
halogens used are often bromine, iodine and chlorine. These combinations of
substrate and halogen led to a wide range of different reaction temperatures, as
shown in Table 2.2. Table 2.2 contains details of the dehalogenation, organometal-
lic intermediate stage, and covalent bonding as reported within a selection of
publications, including a broad range of molecular structures (as diverse as por-
phyrins, [72], nanoribbon precursors, [3] or simple halobenzene. [73]). Each of
these factors affects the progression of a reaction, primarily evidenced in the
temperature at which each of the stages is observed. Figure 2.6 displays this
information visually. From this, we can see that Au (green) is the least reactive
surface, as it consistently features higher reaction temperatures than the Ag or
Cu. Also notable is the sparsity of evidence for organometallic structures on Au,
indicating the transient nature of an Au based organometallic coordination, if

indeed it even features as a stage within the reaction pathway. Both of these
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Cova-
Halogen MO
Sub- Dehalogenation lent
leaving Temp Ref
strate Temp (K) Temp
group (K)
(K)

Cu(110) I 300* 300* 500 (73]
Cu(110) I 300* 300* 398 [74]
Cu(111) I 300%* 300* 475 8]
Cu(110) Br 300* 300* 500 [75]
Cu(110) Br 300* 300* 448 [74]
Cu(111) Br 300* 300* n/i [76]
Cu(111) Br 240 393 473 [70]
Cu(111) Br 300* 440 550 [77]
Cu(111) Br 300* 473 n/i [65]
Cu(110) Cl 393 393 458 [74]
Cu(111) Cl 353 353 433 (78]
Cu(111) Cl 300* 300* 420 [79]
Ag(111) I 175 175 300 [80]
Ag(111) I 300%* 300* 575 8]
Ag(111) I <473 473 573 [81]
Ag(111) Br 400 473 573 [65]
Ag(111) Br 300%* 300* 443 [82]
Ag(111) Cl 393 393 473 (78]
Ag(111) Cl 150 150 n/i 83]
Au(111) I 393 n/i 303 | [84]
Au(111) I 300%* 300* n/i [85]
Au(111) Br 473 n/i 473 3]
Au(111) Br 523 n/i 523 | [84]
Au(111) Br 523 n/i 523 [64]
Au(111) Br 520 n/i 520 86]
Au(111) Cl 473 n/i 473 (78]
Au(111) Cl 453 453 n/i 83]

Table 2.2: Temperatures for different stages of various Ullmann-type coupling
reactions. *reactions that occurred follé)azving deposition. n/i = not included in

reporting.
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Figure 2.6: The temperatures at which different stages of the Ullmann-type reac-
tion take place on different surfaces with different halogens (as reported in various
publications, see Table 2.2). Each line represents the range of reaction tempera-

tures for specific combination of surface and halogen, as indicated by the key.

features are expected, as Au is generally considered to be the least reactive of
these metals, due to the high s — d orbital coupling and full d antibonding or-
bitals. [87] The reactivity of coinage metals is commonly accepted to be Au as
the least reactive, then Ag, then Cu; however, this trend is not immediately ap-
parent from the literature survey presented here. Interpretation of the data is
hindered somewhat by much of the literature detailing molecular deposition at
room temperature, leading to immediate disassociation on Cu and Ag surfaces,
but it also likely that the specific nature of the precursor molecule, the deposition
conditions, crystallographic plane, and indeed the heating rate (as discussed in
Chapter 7) all play a role which may overshadow the expected order of reactivity
of the bulk substrate material.

Another notable feature is that, contrary to expectations, Cl does not appear

to be the least reactive halogen in Ullmann-type coupling reactions. With regard
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to bond strength, CI-C > Br-C > I-C, and hence we would expect higher reaction
temperatures for Cl within on-surface Ullmann-type coupling. However, this does
not appear to be the case in the surveyed literature. Obviously, the shape and
conformation of any precursor molecule can have a large influence on the prospec-
tive reactivity, and applies a degree of variance to the results that confounds any
more obvious patterns. Another known impact of the surface on Ullmann-type
reactions is the impact of surface geometry. Previous work has shown that step
edges are a preferred site for dehalogenation in an on-surface Ullmann-type re-
action, meaning that surface preparation with varying levels of surface stepping
could result in differing reactivity. [88-91] Other issues include the sheer difficulty
of measuring temperature in experiments, particularly in UHV environments;
even a sample plate mounted thermocouple, arguably the best available option,
is by nature not at the same temperature as the sample itself. Most published
work does not report on key features, such as deposition temperature, temper-
ature ramp rate, or duration of anneal, let alone the set-up for measuring the
temperature, which can lead to large uncertainties. Prior work has looked into
the possibility of encouraging reaction stages during the deposition process, [15]
so this uncertainty is of some importance. For thermally activated processes, it
could be argued that it would be of more utility to directly measure the activation
energy, as opposed to reaction temperature. Hence, a key aim within this work
is to look at the reaction mechanism, break it down into individual steps and

consider the potential energy surface, as discussed in the next section.

2.2.3 Potential Energy Surfaces and Reaction Pathways

A reaction progresses from products to reactants. This process can be broken
down to a series of elementary reaction states. Transition state theory postulates
that there exists a transition state between each step; this can be considered as
a barrier to the reaction progression, and there can still be a barrier even if the
product energy state is lower than that of the reactants. This can be represented
visually with a potential energy surface, as shown in Figure 2.7. In a reaction
profile, the x-axis is the reaction coordinate; this can be thought of in simple cases

as a one dimensional, abstract coordinate showing the progression of a reaction
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Figure 2.7: Example reaction profile, showing a reactant R with two possible

products, A and B.

from reactants to products.

Beginning with reactant R, in this case there are two possible reaction prod-
ucts, A and B. Both R and products A and B sit in a local energy minimum, with
energy required to leave. For the transition from R to either of our products, this
energy requirement is activation energy E4 or E® respectively. Once this barrier
is overcome, the reaction may progress to the minimum of the available potential
well. Two factors usually determine the outcome of the reaction: the stability
of the products (thermodynamic factors) or the rate at which the products form
(kinetic factors). In a reversible reaction, if input energy AE exceeds both E
and EB. the reactant in the lowest potential well will be preferred, in this case
B. This is referred to as a reaction under thermodynamic control. However, if
EA < AE < EB product A will preferentially form. This is known as a reaction
under kinetic control. Hence, by controlling the thermal condition of the system,
products A and B can be selectively formed.

As an example, we can consider the competing models displayed in Figure 2.8
as reported by Grossman et al.. [92] With STM, snapshots of a reaction can be
taken: after deposition, and after different stages of anneal, revealing different
stages of a reaction. If these stages can be identified, perhaps with the use of a
complementary technique such as X-ray photoelectron spectroscopy (XPS), the
task remains to understand the reaction pathway between these points. In this

instance, the 2BPT and 3BPT molecules (trigonal organic molecules possessing
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Figure 2.8: DFT calculated energy profiles for the debromination of (a) 3BPT
and (b) 2BPT on Ag(111) terraces without (upper part, blue curve) and with

(lower part, red curve) Ag adatoms. Taken from Grossman et al. [92].

2 and 3 halogenated appendages) are deposited intact onto an Ag(111) surface,
as shown in the leftmost box of each pathway. When heated, the molecule de-
halogenates, and forms an organometallic intermediate state, before covalently
bonding, in a typical Ullmann-type reaction.

The question remains, having observed these stages, what the reaction path-
way for these reactions could be. Due to the stepwise nature of STM, the inter-
mediate stages between these snapshots of the reaction condition are unknown.
Often, to fill in these gaps, computer simulations are used to determine likely
pathways. The most common method currently is the use of density functional
theory (DFT), utilising a “nudged elastic band” (NEB) approach. [93,94] While
in simple terms, the reaction coordinate can be imagined as 1 dimensional, in
reality many different factors affect the progression of a reaction, and hence when
performing NEB DFT, the system is modelled with a potential energy landscape.
Conceptually, in the reaction, we have a well-defined starting structure and a
product structure. These structures can be optimised using DF'T, adjusted to
match experimentally gathered information, finding the lowest potential energy
for each of these systems. In NEB, a series of points between these two known
states are obtained by varying different degrees of conformational freedom. On

the path between the two systems, energy barriers will have to be overcome, with

34



the path with the lowest potential energy trajectory deemed to be the most likely.
The elastic band part of the name comes from the manner in which these points
are held together, to give adequate spacing along the pathway and by providing
an algorithm for allowing the points to search out the pathway with the lowest
barrier.

Based on this insight, mechanistic discussions have been invoked to inter-
pret experimental findings. Utilising this technique, Figure 2.8 presents two pos-
sible pathways to dehalogenation, with the red pathway incorporating surface
adatoms within the reaction mechanism, and blue without. In the leftmost box,
the molecule has been deposited intact on the surface. This is set to a poten-
tial energy of 0 €V. From here, the simulation calculates the potential energy for
subsequent intermediate stages: the interaction of the first halogen with a metal
atom or adatom, the dehalogenation of that halogen, and so on. For each stage,
the activation energy and resultant potential energy are significantly lower for the
model featuring the adatom. Thus, through the use of NEB DFT, the adatom
model appears preferable.

Under thermodynamic control, a reaction is reversible, meaning that although
one product will be formed preferentially, both products will be formed over
the course of the reaction. Previous work has discussed the possibility of a re-
versible dehalogenation reaction leading to an elongation of reaction time for an
Ullmann-type coupling on Au(111), when opposed to a much faster reaction on
Ag(111). [95] Fritton et al. found that fitting a first order kinetic model to their
reaction achieved a good fit to the data and produced values for E, matching val-
ues provided through DFT modelling. On Au(111), however, the debromination
was better modelled as thermodynamically controlled, with a model accounting
for rehalogenation providing a more accurate fit. If the reaction can indeed in
some instances be thermodynamically controlled, the implications for the effect
of heating rate and halogen desorption temperature on reaction progress are sig-
nificant. This issue is specifically addressed in chapter 7.

Given the paucity of information on the fundamental thermodynamic quan-
tities involved in these on-surface reactions in the literature, one of the aims of

this thesis is to develop a more detailed understanding of how on-surface reac-
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tions progress, linking generalised trends in reactivity (such as the previously
noted metal substrate reactivity order) to thermodynamic quantities like activa-
tion barriers. A fuller understanding of how molecular structure and substrate
choice impacts reactions will increase efficiency and selectivity of future on-surface
reactions, and so an understanding of the development of the reaction in a to-
pographic and chemical sense is required. In order to achieve this, high resolu-
tion SPM will be utilised in concert with X-ray spectroscopy techniques, to be
described in the forthcoming Experimental Techniques, Methods and Materials

chapter.

2.2.4 Summary

To summarise, a variety of factors affect the self-assembly of molecules confined
to a two-dimensional substrate, with these structures affecting the progression of
further on-surface reactions (e.g. covalent bond formation). Bottom-up synthe-
sis of extended organic molecules is of considerable interest, and in this chapter
factors affecting the progression of 2D on-surface synthesis have been consid-
ered, including factors such as reaction pathways, temperature control, kinetics
vs thermodynamics, molecular chemical structure and surface chemistry. With
particular focus on Ullmann-type coupling, in this thesis I will further the un-
derstanding of these various factors, and their potential influence in synthesising

molecules of interest.
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Chapter 3

Experimental Techniques,

Methods and Materials

In this chapter the primary techniques utilised within this work, scanning tun-
nelling microscopy (STM), X-ray photoelectron spectroscopy (XPS), near edge
X-ray absorption fine structure (NEXAFS) and X-ray standing wave (XSW) will
be detailed. The theoretical underpinnings, and basic operation of these techniques

1s also introduced

3.1 Scanning Tunnelling Microscopy

STM is a scanning probe microscopy technique used to image substrate/adsor-
bate systems. Conceptually, a sharp metal tip is brought into proximity of a
conducting substrate. A bias is applied across the metal tip of the STM and the
surface, and the tip is raster scanned across the sample. As the tip moves across
the surface, a current flows from tip to sample or vice versa (depending on bias
polarity) and is measured. In the most commonly employed measurement mode,
the height of the tip above the sample is varied so as to keep the magnitude of
the tunnelling current constant. This change in height is interpreted in the zeroth
order approximation as the topography of the sample. Due to the single atom
tip termination, STM is typically able to obtain sub-Angstrom lateral resolution
and consequently is able to achieve atomic resolution. In the vertical direction

the resolution is even finer, due to the extreme sensitivity of tunnel current to
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tunnel gap, as explored later, and is on the order of picometers.

3.1.1 Quantum Tunnelling

The fundamental basis of STM operation is the phenomenon of quantum tun-
nelling. The current between the tip and the surface arises from tunnelling
electrons, allowing a measurement of surface topography to take place without
making contact with the surface itself; contact here meaning engagement with
the extremely close range Pauli repulsion forces between atoms. The quantum
tunnelling of electrons which is essential to STM is impossible for a particle con-
sidered within the framework of classical mechanics. If we consider the example
of a “particle in a box”, a particle surrounded on both sides by a potential of
magnitude Vy >> FE, but finite width, it is forbidden for the particle to escape.
However, due to the quantum nature (wave-particle duality) of very small par-
ticles, such as electrons, it is possible for them to escape wvia the mechanism of
quantum tunnelling. As an electron behaves as both a wave and a particle, it
is the wavelike characteristics upon encountering the side of the potential well
which allow tunnelling, with the waveform of the particle decaying exponentially
into the barrier. If the waveform reaches the other side of the barrier with a non-
zero probability (so long as the barrier is finite), there is a chance the particle
will be found on the other side of the barrier, as the probability density is the
square of this waveform. This is the basic idea behind quantum tunnelling, and
is illustrated in Figure 3.1.

In STM, this tunnelling occurs between a sharpened metallic tip (ideally atom-
ically fine), and the substrate/substrate-adsorbate. Modern STM techniques
mostly operate with the tunnelling barrier being either vacuum, air, or liquid,
depending on experimental requirements. [96] The exponential relationship be-
tween tunnel current and distance of the tip from the surface, underpins the
spatial resolution of STM and provided catalyst for the development of the tech-
nique. [97] The theoretical basis for this result is as follows: an electron of mass
m and energy F is approaching a potential barrier of potential V' = V[ and width
L, as shown in Figure 3.1. The wavefunction of the electron can be considered

in three different continuous sections: section i, before the barrier with both the
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Figure 3.1: a) Shows a classical modelling of an electron facing a potential barrier
(shown here by length ii). b) Shows how the quantum nature of the electron allows
it to pass the barrier. As the waveform of the electron does not completely decay
before reaching the other side of the barrier, the waveform continues beyond the

barrier.

original and reflected waves, section ii, over the width of the barrier and section
iii, after transmission through the barrier. The wave functions for these three

sections can be written as follows:

i = Age™ + Ae™™*, (3.1)
Vi = Be” ™" 4 Ce™”, (3.2)
wiii = Deikxa (3~3)

where Ay, A, B, C and D are the amplitudes of the respective waves, and the

constants k£ and « are : k = w/%, o= \/w. 1; is the wavefunction for

section i, pre barrier. The wavefunction ;7 is for section ii, inside the barrier, an

impossibility in a classical representation. The wavefunction ;77 is for section iii,
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i-i (x = 0):
Ape™ 4 Ae™ T = Bem " 4 Ce™”, (3.4)

A0+A=B+C. (35)

Taking the first derivative of Eqn. 3.4 :

ik(Ap — A) = a(C — B), (3.6)

At boundary ii-iii (x = L)
De*l = Bemob 4 Ceot, (3.7)

Taking the first derivative:
ikDe*t = a(Ce** — Be™*h). (3.8)

The tunnelling probability for a specific system is the ratio of the transmitted
probability density to the incident probability density. The probability density

of a given wavefunction ¢ (z) is as follows:

Y(@)pa = ()], (3.9)
(@) = (@) (), (3.10)
Y(@) P(x) = (At  Aehe, (3.11)
A*A = A (3.12)

Hence, the tunnelling probability is given by:

2

| D
=14,

Rearranging equations 3.7-3.8, to give us expressions for B and C', gives us the

T (3.13)

following;:
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C =214 kot 3.14
D Dyeer, (3.14)
D 1k
B=—(1— —)etor 3.15
S (1= e, (315)
Reinserting those into Eqns. 3.5-3.6, we get the following:
A D ik
1+ oA e*(cosh oL — ZE sinhalL), (3.16)
’ A D
11— A=A e (cosh oL + ? Y sinh al). (3.17)
Adding Eqn. 3.16 to 3.17 to eliminate A%:
D 2
(3.18)

Ay e*L(2 cosh aL 4 i«

2 sinh alL)’
hence, transmission probability 7" on an electron tunnelling through a barrier of

length L:

D |? 4
T=|"-| = 5 s ) (3.19)
Ao (4 cosh” L +i(*—*)?sinh” aL)
Considering that cosh? oL = 1 + sinh® oL, we can write:
1
— . 3.20
R et )2 ginh?* L (3.20)
Reinserting our o = v/Vy — E and k ~ v/E values:
1
T~ vz (3.21)
1 + 4E(V—E) Slnh2 O{L

Approximating a large barrier such that oL >> 1, we can write the following:
1 16E(V0 — E)e 2L

V2 eal 2
L+ mwe (7 2 T+

T~

(3.22)

large barrier, is as follows:

D

Hence, the transmission coefficient for a potential barrier of width L, assuming a
T— | =

2
E E
~ 16 1— — e 2oL, 3.23
Ao (%)( %)6 (3.23)

The probability of tunnelling and tunnel current are directly proportional, so the

current is therefore proportional to the barrier gap by e~'. From Eqn. 3.23, the
exponential dependency of tunnel current on the size of the barrier can be seen.
This creates extremely fine vertical sensitivity, with STM capable of achieving
sub-Angstrom vertical resolution; for example, a change in distance of 1 nm will

typically increase tunnel current by a factor of 10.

41



3.1.2 Tersoff-Hamman

The wavefunction model described in section 3.1.1 is a useful starting point, but
fails to accurately model a complex 3d system, such as that present within an
STM. Bardeen [98] developed a general theory of tunnelling between two metal
plates as early as 1961, before the STM was invented. In this formulation, each
plate is treated independently, avoiding the need to solve the Schrodinger equation
for a combined system. This was then translated into an STM scenario by Tersoff
and Hamann, by considering the tip and the sample as the different plates. [99]

The expression for the tunnel current with this formulation is as follows:

_ zme Z FE)L = F(E, +eV)] M, [*6(E, — E,), (3.24)

where f(F) is the Fermi function, and E the energy of the electronic states on the
tip p and sample v respectively. V' is the applied bias and M, is the tunnelling
matrix element between tip state 1), and surface state 1),,. Considering equation
3.24 in parts can be helpful: f(E,)[1—f(E,+eV)], deals with two Fermi functions,
f(E,)and 1—f(E,+eV). The first, f(E,) represents the probability of finding an
electron in tip state 1, with energy E,,; 1— f(E,+eV) the probability of finding an
empty surface state 1, of the same energy. If these are both non-zero, tunnelling
from the tip to the sample can occur. It should be noted that the equation in
this form only holds for a positive sample bias, which is the circumstance that we
will continue to consider here; the alternative for a negatively biased sample is in
the original work. [99] Matrix element |M,,,|* represents the probability of these
states overlapping, and the final part 6(E, — E,) ensures that we only consider
the case of elastic tunnelling, rendering [ = 0 if £, # E,.

The matrix element can be determined by integrating both wave functions
and their differentials over an arbitrary surface in the barrier region between the
sample and tip:

—h2
M,, = Gy /wszy — wva; -dS. (3.25)

In order to evaluate this integral, the surface wave function is expanded:

VY, = QS_% Z aGe(”QH%F)I/Q’Zema'f, (3.26)
G
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Figure 3.2: a) The basic tunnelling geometry described by Tersoff-Hamman
model, featuring spherical s-orbital. b) Possible tip d orbital tunnelling.

where () is sample volume, k = h*1(2m¢)1/ 2 is the minimum inverse decay length
for the wave function in a vacuum, ¢ is the work function, and kg = k| + G,
where k| is the wave vector of the surface state, and G is a reciprocal lattice
vector for the surface. The tip is modelled as a spherical potential well, as shown
in Figure 3.2a), where R is the radius of curvature of the tip, 7o is the centre of
the curvature, and d is the nearest distance between tip and surface.

In the region between the tip and sample, the wave functions of the tip are of

the following spherical form:
Y, = Q;lﬂcmRe”R(/@ |r — ro|)"terIr=rol, (3.27)

where §2; is the volume of the probe, and ¢; is a normalisation constant. Assuming
the work function is the same for the tip as the surface (reasonable in a case
where tip and surface are metal), expanding the wave function from the surface
in a similar manner to Eqn. 3.26, and inserting back into Eqn. 3.25, evaluating

the expansion term by G (as described by Tersoff and Hamann [99]):
= Ak 0, P kRe ), (r) (3.28)

If we assume low temperature and low bias (meaning the Fermi edge is effectively

a step function and the bias is not affecting the Fermi levels of the surface or tip),
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equation 3.24 becomes:

27Te \%4
Z f(Bu) My, [* 6(E, — Er)S(E, — Er). (3.29)
Inserting Eqn. 3.28 into Eqn. 3.29:

I = 32780 2V 2 Dy (Fp) R34 x Zw,, ro)|*6(E, — Er),  (3.30)

where ¢ is the work function, and D, is the density of states per unit volume of

the tip. This can be simplified such that we can show that:
Ioc ) (o) 6(E, — Er). (3.31)

Given that |9, (7o) |? is the probability density of the surface state wavefunction at
the position r = ro, Eqn. 3.31 shows that the tunnelling current is proportional
to the local density of states (LDOS), at the Fermi level, at the position of the
tip. As this model uses a spherical potential, in a manner resembling an s-
type orbital, there is no angular dependence. There is also a theoretical lateral
resolution limit from s-orbital tunnelling of approximately 6-9 A, due to the
radius, R. Experimental work has shown a substantially improved resolution to
this, around 2-3 A. This is due to tunnelling sometimes occurring in states with
a higher angular momentum, such as d or p states, elongating the orbitals, as
shown in Figure 3.2b). [100] As the tips used are metallic, then there are p and d
orbitals available, which is consistent with the increased resolution (as compared

to that expected for s orbitals).

3.1.3 The Importance of Bias and Current within STM

The tunnel current flow between an STM tip and the surface and the impact
of an applied bias on direction and magnitude can be simply described by an
energy level diagram such as that shown in Figure 3.3. Each part of the figure
shows a tip and surface for various states of applied bias. In this instance, the
tip has a greater work function than the surface (¢; > ¢;), and consequently in
Figure 3.3a), with 0 applied bias, the vacuum level of the surface Fy is lower
than that of the tip Fy;. When the applied bias is 0 V, the Fermi levels of

the surface and tip (Ey, and Ey; respectively) quickly equilibrate, resulting in
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No current Current flow to sample Current flow to tip

Figure 3.3: a) Energy level diagram showing 0 applied bias - the Fermi levels are
equal, so there is no current flow. b) Diagram showing positive applied sample
bias, shifting the Fermi level of the sample down relative to the tip, resulting in
current flow from tip to surface. c¢) Diagram showing negative applied sample
bias, shifting the Fermi level of the sample up relative to the tip, resulting in

current flow from surface to tip.

net zero tunnel current. The Fermi level in a metal is the point at which the
probability of finding the state occupied with an electron is 50%, hence when
the two Fermi levels are in equilibrium no tunnelling occurs due to there being
no overlap between filled states of one side and empty states of the other side.
When a positive bias is applied to the sample, as in Figure 3.3b) the Fermi level
of the sample shifts down, allowing electron tunnelling into the empty states of
the sample. If a negative bias is applied to the surface, as in Figure 3.3c), the
surface Fermi level shifts up, allowing electron tunnelling from the surface into
the empty states of the tip. Given that we assume the LDOS in the tip remains
constant, we can use this mode to examine the filled states of the surface.
When electron tunnelling occurs between a filled state and empty state at the
same energy level, energy is conserved (making this elastic tunnelling). Higher
energy electrons have a longer decay length, so a higher proportion of the tun-

nelling electrons will come from states closer to the Fermi level. The higher the
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Figure 3.4: a) Energy level diagram showing positive applied bias. The states of
the surface and adsorbate are all shifted downward, resulting in tunnel current
from the tip into the surface and molecular LUMO and other accessible unoccu-
pied states in the molecules. b) Diagram showing negative applied sample bias,
shifting the states of the sample and adsorbate down relative to the tip, resulting
in tunnel current flow to the tip from the surface and HOMO (and other acces-

sible occupied states) of the adsorbate.

bias, in positive or negative direction, the greater the shift in the energy levels,
allowing more overlap between the filled and empty states of the tip and sample,
leading to an increased tunnel current.

When molecules are adsorbed onto the surface, the fundamental theory re-
mains much the same, albeit with additional complexity. On a basic level, ad-
sorbed molecules have discrete energy states which can be tunnelled into or out
of; most pertinently, as they are closest to the Fermi level, the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO).
The states of the molecule both above the LUMO and below the HOMO can also
be tunnelled into, depending on bias, and as such are labelled LUMO +1,+2 ...
and HOMO —1,—2, etc. These can be tunnelled into in much the same way as the
surface states, as shown in Figure 3.4. As the surface and tip are metals, we treat
the LDOS in both as homogeneous. While this is not entirely accurate, it is ser-

viceable as an approximation in most instances. Another factor to consider with
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molecules adsorbed close to the surface is surface-adsorbate coupling, a common
feature in which the orbitals of the surface and adsorbate hybridise, forming a
new and different electronic structure. This can lead to the adsorbate exhibiting
differing electronic properties on-surface as opposed to in bulk or solution, and

most noticeably, the gas phase.

3.1.4 Scanning Tunnelling Spectroscopy

When sufficient positive bias is applied to a surface with a deposited adsorbate,
tunnelling occurs into the unoccupied states of the surface and the adsorbate.
The higher the bias, the more states can be accessed, and the higher the tunnel
current. If we wish to distinguish these states from one another, scanning tun-
nelling spectroscopy (sometimes referred to as % spectroscopy) can be utilised.

Taking the first differential of Eqn. 3.31, we find:

—d;(‘y> x ps(Ep — V), (3.32)

where p; is the density of states at the surface. This means that the greater the
rate of change of current with respect to increase in bias, the more tunnelling
states are available at a given bias value. In terms of experimental implementa-
tion, the STM tip is held above the surface in a position dictated by a specified
tunnel current set-point. This means leaving the tip in the same location for some
time, to reduce creep and drift and ensure the tip remains in the same position
during the measurement. The z feedback is then disabled, to prevent tip motion,
and the bias is swept through a range of values, with the current measured for
each bias value. Taking the gradient of the resultant 7(V') would result in the
LDOS as a function of bias at the location of the tip. However, numerical dif-
ferentiation to acquire g—‘f/ can amplify any noise in the 7(V') signal and result
in spurious features. A significant improvement in data quality is achieved by
applying a small sinusoidal dither to the bias. This results in an oscillating signal
in the current channel with the same frequency as the applied bias oscillation.
These signals can be separated using a lock-in amplifier. Mathematically, we can

consider the lock-in with respect to the reference signal V,.; (the applied dither)

and output signal V,,; (the output of the preamp, turning tunnel current into a
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voltage); these are defined in basic sinusoidal form as follows:
Vier = Ay sin (w,t + 6,), (3.33)

Vour = Ao sin (wot + 6,), (3.34)

where A is the amplitude of each wave, w is the frequency and 6 the phase shift.

The lock-in multiplies the output signal by its reference signal, giving:
V = A, A,sin (w,t + 0,) sin (wot + 6,). (3.35)

Using trigonometric identities, this can be written as:

Z \\

V- %ATAO cos (w, — wo)t + (6, — 0,)) cos (w, +w, )t + (6,4 6,)).  (3.36)

-~

Low frequency High frequency
Equation 3.36 demonstrates how the combined signal can be considered the sum
of two cosine waves, one using the sum of the input frequencies and the other the
difference. This signal can be passed through a low pass filter, removing the high

frequency term and leaving the following:
1
V= §ATAOCOS ((wr —wo)t + (6, — 0,)). (3.37)

Given that our reference frequency and the output frequency are the same, it can
be further simplified:
1
V= §ATAOCOS (6, —0,)). (3.38)

So our signal, after passing through the lock-in amplifier and the low pass filter,
is a DC signal proportional to the amplitude of the output signal. Figure 3.5
showcases how this works in practice. A steeper (V') gradient is caused by an
increased LDOS; this steeper gradient causes a larger amplitude in the output
current oscillation, hence by recording the amplitude of the current oscillation,
we can more accurately measure the change in LDOS, with much less noise. This
technique works best at low temperatures, due to the interference of thermal
excitation with the Fermi edge. At very low temperatures (~4K), the Fermi-Dirac
distribution is practically a step function around the Fermi energy, meaning a very
immediate change between filled and unfilled states. At higher temperatures, the
function becomes more sloped, creating a more blurred Fermi edge and thus

reducing the obtainable energy resolution.
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Figure 3.5: Visual representation of the impact of applying an oscillation to
the input bias. An oscillating bias results in varying sizes of oscillating current
depending on the I(V') gradient, which in turn is affected by LDOS. In %
spectroscopy, this phenomenon is utilised to measure LDOS, by applying a dither
to the input bias, and measuring the amplitude of the outgoing current and
transmuting into a bias. These signals are then multiplied and then run through
a low pass filter, allowing measurement of the amplitude of the tunnel current

dither and hence the LDOS.

3.1.5 General STM Operation
Feedback Modes

As mentioned in the opening of this section, the basic function of an STM is de-
scribed by the rastering of an atomically sharp tip across a biased sample. There
are two common modes by which this can be performed: constant height and con-
stant current mode. Constant current mode is the most popular imaging mode
of STM, and works by using a feedback system to maintain a constant current
as the tip rasters across the surface. Based upon the exponential dependence of
tip-sample separation and tunnel current, the Z motion of the tip is adjusted
to maintain a specific tunnel current, moving closer to increase the current, and
further away to decrease. This Z motion can be approximately mapped to the

topography of the surface, as shown in Figure 3.6a). At each point in X and Y/,
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Figure 3.6: The two main modes of STM operation. a) Constant current mode.
The most widely implemented mode, feedback loops attempt to keep the tunnel
current at a constant set point value, by adjusting the Z position of the tip.
These changes in Z position are used to create the image of the surface. b)
Constant height mode. In this mode, the tip is kept at a constant Z position and
the current varies with the height of the surface. This varying current is used to
create the image of the surface. In each, grey circles represent surface atoms, and
red circles represent contaminant, with a reduced LDOS relative to the substrate

atoms.

the Z position is recorded. Each of these Z positions is arranged into a 2D grid
as one pixel each, creating a 2D image of the surface topography. In constant
height mode, the tip is held at a constant height, with the current varying as the
surface varies in distance from the tip. In this mode, each pixel is a recording of
the current value at that particular coordinate, to assemble the full 2D image.
In each of these modes, one issue that arises is that a simple interpretation of
tip-height in terms of topographic height breaks down if the LDOS is not constant
across the substrate. For a material with a non-uniform LDOS, regions may have
a lower LDOS (such as shown in the red circle in Figure 3.6), the apparent height
will appear physically lower than the surrounding material; this is due to the

fact that the tip will move down to maintain a constant current (accounting for
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the lower LDOS). This is why the topography mapped by an STM is referred
to as apparent height, as it is in fact mapping the LDOS, which can vary due
to reasons other than topography (including changes in chemical composition
or local bonding arrangement, within the material). Each mode has its own
weaknesses: constant current mode images can exhibit artefacts introduced by
the response of the STM feedback loop, and constant height mode by definition,
has no mechanism for avoiding large surface features, causing crashing. Crashing
is an instance in which the tip and surface strongly interact, often transferring
material between the two and damaging both tip and surface. Artefacts caused
by feedback are mostly based around reacting too quickly or too slowly to change
in LDOS, giving a false impression of the LODS within the tip height. A common
form of feedback artefact is so-called “ringing”, whereby feedback gain is too high,
causing the STM tip to repeatedly overshoot the set point current, oscillating up
and down and causing a periodic oscillating artefact on the image. System cooling
can help with some image distortion and crashing, as this reduces piezoelectric
creep and thermal drift, but avoiding crashing in constant height mode even at
very low temperatures is non-trivial, hence constant current is the most popular
mode. Regardless of mode, peak STM performance is obtained on atomically
flat surfaces, with much emphasis in sample preparation going towards obtaining

large, flat terraces.

Tip Motion

STM requires an exceptionally small vacuum gap between tip and sample, and
hence requires exceptionally precise control over tip motion. In order to achieve
this, whilst also allowing for covering the larger distance from a fully retracted tip
position to the sample, STM utilises both fine and coarse motion. Piezoelectric
crystal is a material whose lattice expands or contracts when a bias is applied,
proportional to the size of the bias. These lattice displacements can be large, or
extremely small, making piezos perfect for both fine and coarse motion. Coarse
motion in an STM is handled by a slipstick motor, capable of moving the tip
the several millimeters clearance required for safe and effective sample and tip

transfer. The tip is mounted onto a low friction slide, which is itself placed onto
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Figure 3.7: a) The mechanism of a piezoelectric slip-stick motor.i) Initially, the
mounted tip sits atop the crystal, held in place by friction. ii) The piezo lattice
is slowly distorted (shear) wvia the application of opposite biases on each side,
carrying the tip with it. iii) The bias is rapidly removed and the piezo returns to
the initial shape. The tip remains where it is as it is mounted on a low friction
runner. b) A piezoelectric scan tube with mounted electrodes to cause exten-
tion/contraction in 4 different directions. ¢) An example of how the activation of

these electrodes can distort the tube and cause the tip to move.

a piezoelectric crystal, as shown in Figure 3.7a)i). To make a coarse step, a large
bias is slowly applied to each side of the crystal, such that it elongates, as shown
in Figure 3.7a)ii). As the motion of the crystal is slow, the friction holding the
tip onto the crystal moves it forward. Once at full extension, the bias is removed,
and the stage reverts to the original shape, at which point the tip slips due to
the low friction runners, and then sticks, as shown in Figure 3.7a)iii) when the
crystal stops moving. This process can be repeated many times to move the tip
the length of the crystal. This is done in X, Y and Z directions, with a separate
piezo motor for each, assembled into a stack.

Fine motion is also required, and once again utilises piezoelectric crystal.
Fine control of an STM tip requires picometer precision, and with application
of appropriate voltages this can be obtained using piezoelectric crystals. One
common construction is shown in Figure 3.7b-c), known as a tube scanner. On

each quadrant of the crystal tube is an electrode through which voltage can be
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applied to manipulate the tip in the X and Y directions, with the Z direction
handled by a central electrode. This allows the exceptional, picometer scale

lateral and vertical control requisite for STM.
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3.2 Photoelectron Spectroscopy

Photoelectron spectroscopy (PES) is a term describing a collection of techniques
that exploit the photoelectric effect to determine information about target molec-
ular systems and surfaces. The photoelectric effect, put simply, is the emission
of electrons from a material following exposure to photons. Mathematically, this

can be described as follows:
KFE o = hv — ¢, — Ep, (3.39)

where K FE,,,, is the maximum kinetic energy of the emitted photoelectron, A is
Planck’s constant, v is the frequency of the incident photon, Ep is the binding
energy of the electron relative to the Fermi level of the substrate, and ¢, is
the work function of the material. Photoelectric emission only occurs if the
energy of the incoming photon is enough to overcome the binding energy holding
the electron in place. Hence, we can learn about the electronic structure of
a material by encouraging this effect and measuring the kinetic energy of the

resultant electrons.

3.2.1 Electronic Structure

Electrons in an atom are organised into discrete orbitals, possessing specific ener-
gies. When considering electrons in molecules, there are two distinct categories:
those that participate in bonding, and those that do not. The orbitals which
do not participate are known as core orbitals; these electrons are the mostly
tightly bound to the nucleus, occupy the lowest potential energy molecular or-
bitals (highest binding energy), and are localised around a specific atom, rather
than the molecule as a whole. While these orbitals do not participate in bonding,
they can be affected by them, resulting in shifts in binding energy, as discussed
later. The orbitals engaged in bonding are the valence orbitals, which delocalise
and overlap with the valence orbitals of other atoms. These are associated with
the molecule in general, rather than a specific atom.

The valence orbitals for molecules can be split into two categories: HOMOs
and LUMOs. HOMOs are the occupied valence states, with the closest to the
Fermi level being HOMO, then HOMO —1, HOMO —2 etc. moving further from
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Figure 3.8: a) Example diagram of the energy levels of a molecule. b) Diagram

showing the interaction between valence orbitals of atoms in a molecule.

the Fermi level, as shown in Figure 3.8a). The core orbitals are labelled by the
quantum numbers required to describe the orbitals, and are written as nl, where
n is the number of the shell and [ is the angular momentum. In Figure 3.8a), 1s
and 2s are shown, meaning the first and second shells with angular momentum
0 (s shells). We can also see in Figure 3.8a) the meanings of binding energy Fp
, and ¢, work function: the binding energy is the energy required to raise an
electron to the Fermi level Er, and the work function is the energy required to
raise the electron from the Fermi level to the vacuum level E,,.. Figure 3.8b)
shows the interaction of valence orbitals to form a molecular HOMO, leaving core

levels untouched.

3.2.2 XPS

X-ray photoelectron spectroscopy (XPS) is possibly the most widely used pho-
toelectron based surface analysis technique. As a tool, XPS dovetails well with
STM, as it provides chemical sensitivity by probing the core levels of atoms, some-
thing that STM lacks. XPS can also provide information on the bonding state of
the atoms present, allowing for a clearer picture of the chemical environments of
a molecule-substrate system.

As XPS accesses the core levels of atoms present, these are not typically

orbitals involved directly in bonding. By recording the kinetic energy of ejected
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electrons and controlling the energy of the input photons, we can determine the
binding energy of these core levels. The binding energy of electronic states is
unique to each element, and thus can be used to identify the element present by

using a reference table. In practice, we rework equation 3.39 as follows:

B N , ¢a KE < )
Referenced against Controlled Measured

known values

where ¢, is the work function of the analyser; the work function of the surface
is irrelevant, as the electron’s kinetic energy once it escapes to vacuum is the
measured variable. Because the fermi level of the sample and the analyser are
kept at equilibrium with one another, only the work function of the analyser
matters. The influence of the work function on the analyser is in practice a
shift of a few eV in the binding energy, which can be compensated for in post-
processing. In metals, the Fermi level can be measured in XPS, a step function
fitted to this, and this step function shifted to 0. At room temperature, the
Fermi edge won’t be a clean step function, and more of a gradual slope, but
this can be fitted to find the centre of the function in a similar manner. When
using a lab source, the resolution of the Fermi level can be too poor to use this
method, as the cross section of the metal surface orbitals contributing to the fermi
electrons is very small at the photon energies produced by a lab source. In these
instances, a known substrate peak with well-defined binding energy is often used

for calibration.

Core Levels and Chemical Shifts

While it is the valence orbitals which undergo the most severe change during
bonding, forming hybrid orbitals, these changes in electron density across the
molecule can perturb the core levels, shifting the binding energy a small amount
(frequently of the order ~ 1 eV). Given that the electron density across a molecule
can vary greatly from atom to atom, this causes differing levels of perturbation
and thus different magnitudes of binding energy shift. This is well demonstrated
in Figure 3.9, where each carbon atom in the ethyl trifluoroacetate molecule has
a unique combination of covalently bonded atoms, leading to a different chemical

shift for each atom. These shifts can be understood with regard to the elec-
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Figure 3.9: XP spectra of an ethyl triflouroacetate molecule, demonstrating how
differing chemical environments result in different peak shifts. The colours of each
peak relate to a different carbon environment, as labelled by the same colour on

the molecular structure above. Based on the work of Siegbahn [101]

tronegativity of the neighbouring atoms; in this instance, the CHj3 group does
not neighbour moieties with electronegative character, and here is defined as ex-
hibiting zero chemical shift. Where a carbon atom is surrounded by species with
electronegative character a shift in BE is observed; with greater BE shifts arising
from higher degrees of electronegative character (e.g. carbon within a CF3 envi-
ronment shifts the most, with smaller shifts for C=0 and C-O, respectively, as
electronegativity of the bonded species decreases). This effect is useful in identify-
ing the chemical environments of the elements present, and most importantly can
be used to identify reactions following exterior input (heating, gas dosing etc.),
as a peak shift would normally be expected following a reaction which results in

a change in the local bonding environment of an atomic species.
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Figure 3.10: Example of spin-orbit splitting in the Au 4f orbital. a) Shows
the two possible electron structures of the Au 4f state following the removal of
either an up or down electron. b) XP spectra showing the Au 4f region with

characteristic split peaks.

Spin-orbit Splitting

Some peaks in XPS are observed to split into two components. This is caused
by electron spin, another quantum number alongside the aforementioned n and [,
with values of +1/2. Electrons in orbitals will form ‘up-down’ pairs, and interact
to conserve total angular momentum j (j =+ s). When an electron is removed
from an orbital, an unpaired electron in either the up or down state remains.
Depending on whether the remaining electron is in up or down state, two different
j states can be produced, as shown in Figure 3.10a); this only applies in orbitals
where [ > 1. s orbitals have an angular momentum of 0, and only contain 2
electrons, so the magnitude of j is 1/2 regardless of the electron ejected.

As these two j states will have different binding energies, two peaks are pro-
duced. The relative intensities of these two peaks is determined by the degeneracy
(number of electrons) of the state, calculated by (2j + 1). j values and intensity
ratios for commonly examined orbitals are shown in Table 3.1 In the example
shown in Figure 3.10a-b), the Au 4f state has an [ value of 3, which leads to
j values of 7/2 and 5/2, producing the expected intensity ratio of 4:3, and an
energy split of 3.7 eV.
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Inelastic Effects and Auger Peaks

When considering electrons excited during XPS, it is assumed in a first approx-
imation that the electrons measured are directly excited from the core level to
the vacuum, with kinetic energy left over. It is also assumed that the electrons
within an atom are unperturbed by the removal of a core electron - this is known
as Koopman’s theory: that the final state of a system will be the same as the
initial state, minus an electron. However, in practice, the formation of a hole in
a core state leaves the atom in an unstable state. This leads to internal electron
re-arrangement, changing the energy levels of the initial and final state, and thus
lowering the apparent kinetic energy of an emitted electron, raising the apparent
binding energy. Two phenomena of this kind commonly occur, known as shake-
up and shake-off emissions, shown in Figure 3.11a-b). In a shake-up feature,
shown in Figure 3.11a), the electron excited from the core level also induces an
electron transition from a valence state to an unoccupied state, requiring energy
E,. This causes the electron to lose that energy, so appearing to have a higher
binding energy. A shake-off emission, as shown in Figure 3.11b), is very similar,
but here the secondary electron is also given enough energy to escape the atom.
In both instances, the primary photoelectron loses kinetic energy, and so appears
to have a higher binding energy.

Another phenomenon which can lead to the emission of electrons from non-
core orbitals, is Auger decay. This occurs once an electron has been photoemitted
beyond the vacuum level, leaving behind a core hole. An electron from an occu-

pied valence state recombines with the core hole, causing another valence electron

Shell | j values | Intensity ratio
s 1/2 n/a
p |1/2,3/2 1:2
d |3/2,5/2 2:3
f 15/2,7/2 3:4

Table 3.1: Spin-orbit splitting j values and intensity ratios for commonly exam-

ined orbitals
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Figure 3.11: a-b) Energy level diagram showing the photoelectric process leading
to a) shake-up and b) shake-off emissions. c-e) Shows the processes behind the
different kinds of Auger electron emission. d-e) Are known as resonant Auger

emissions.

to be released from the atom. These electrons have a set kinetic energy, as the
energy given by the core hole decay is identical each time, so one method of
identifying an Auger peak in XPS is to alter photon energy and re-scan the same
region; an Auger peak will appear to shift in binding energy, as it will have exactly
the same kinetic energy independent of the incoming photon.

Two other types of Auger decay exist, occurring if an electron from a core
state is not emitted to vacuum immediately, but is excited to an unoccupied
valence state. Following this, as an electron from a valence state recombines with
the core hole, either the electron that was excited to the previously unoccupied
state (participator decay, shown in Figure 3.11d)) or an electron in an occupied
state (spectator decay, shown in Figure 3.11e)). These are known as resonant

Auger emissions.

Surface Sensitivity

One advantage of XPS for the analysis of 2D surface structures, is the inher-
ent surface sensitivity of the technique. While the X-rays used for XPS are of
sufficiently high energy to penetrate a few micrometers into the surface, the elec-

trons released at this depth fail to reach the surface due to inelastic scattering.
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The further an electron travels through the bulk, the more likely it is to expe-
rience inelastic scattering events, losing energy and thus failing to escape the
surface. Those electrons that do retain enough energy to escape, but have still
lost some, appear to have a higher binding energy than the true binding energy
of their state. As many outgoing photoelectrons experience these events, and lose
varying amounts of energy, they make up a broad background of photoelectrons
which can be seen in all XP spectra. Inelastic scattering events include phonon
production (effectively lattice vibrations) and plasmons (quantized oscillations
of electron gas). The intensity of an electron beam [ as it travels a distance d

through a bulk material can be related to the initial intensity Iy by:
1(d) = Iye ", (3.41)

where A\(F) is the inelastic mean free path. This is dependent on the energy of
the excited electron. While the material does influence this slightly, generally the
behaviour is the same across all solids. This leads to the creation of a “universal
curve” for the inelastic mean free path of electrons in a solid, as shown in Figure

3.12.

3.2.3 NEXAFS

Near-edge X-ray absorption fine structure (NEXAFS) is an X-ray spectroscopy
tool useful for examining systems on surfaces. Instead of core states, this tech-
nique allows the unoccupied states to be inspected - provided they have an asso-
ciated resonant Auger transition. In this technique, the photon energy is swept
across a range of values, chosen to match the difference between an occupied core
level and unoccupied levels (resonance). These unoccupied levels are often more
greatly perturbed by changes to the overall electronic structure, than core levels,
and thus shifts in NEXAFS can be larger and more obvious than those in XPS,
making it a supremely sensitive technique for identifying chemical changes. [102]
In this section, I will be considering molecular systems, and hence will refer to

LUMO states instead of simply unoccupied states.
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Figure 3.12: The universal curve for the inelastic mean free path of an electron

travelling through a solid. This is calculated with the following equation: A\(E) =

15 1 0.054VE

Resonant Auger Measurements

To measure X-ray absorption, which forms the basis of NEXAFS, a variety of
signals can be measured. Resonant auger electrons are often used, as they are
proportional to the number of electrons excited to a particular energy level, al-
lowing for the measurement of density of states of unoccupied valence orbitals.
As these electrons have a specific kinetic energy, they can be easily identified.
These emissions are shown in Figure 3.11. Measurement of emitted photons from
core-hole recombination is called fluorescence yield detection, and can be used,
but is not used in this thesis and thus will not be covered here. Figure 3.13 shows
a typical Auger yield (explained in the following section) NEXAFS spectrum and
appropriate orbital labels for a light element, such as nitrogen or carbon. In these
elements, the orbitals are either 7 or ¢, and so the unfilled valence orbitals may
be considered as 7 or ¢* antibonding orbitals. At higher energy levels, the states

become closer together, so o* orbitals often appear as continuous.
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Figure 3.13: Shows a typical NEXAFS spectra and orbital labelling.

Photon Yields

The relationship between the energy of the incident photons and the electron
yield is illustrated in Figure 3.14a). Part a) illustrates the changing photoemission
peaks as photon energy increases. At photon energy hrq, electrons in core levels A
and B do not have the requisite energy to escape the material, however electrons
in valence band VB do, causing a photoemission peak, as would be seen in XPS.
At increased photon energy huvs, core level B has enough energy for photoemission,
forming a new peak, and the photoemission peak caused by electrons from VB
has shifted higher in kinetic energy. At hry a core hole is created when an electron
is excited from core level A to an unoccupied valence state, which results in a
resonant Auger decay, giving rise to a peak at this specific photon energy. At huvs,
all three energy levels have enough energy for photoemission. In this diagram,
for simplicity, I have shown the resonant Auger peak disappearing at hrs, as the
photon energy no longer matches the transition exactly, but inelastically excited
electrons may still create the conditions for resonant Auger emission, and so the
peak fall off may be more gradual.

There are three common acquisition modes for NEXAFS: total electron yield
(TEY), partial electron yield (PEY) and Auger electron yield (AEY). These are
effectively setting a window of kinetic energies of which electrons possessing these
energies will be recorded; TEY records them all, PEY starts at a particular

kinetic energy and records from there onwards, and AEY is a specific window of
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Figure 3.14: a) Energy level diagram and photoemission spectra at different pho-
ton energies for an atom containing core levels A and B and valence band VB. As
photon energy increases, the kinetic energy of electrons released by direct photoe-
missions increases. Resonant Auger electrons are not observed until the energy
of the incoming photon is correct for the required transition. At the bottom,
kinetic energy windows for the three acquisition modes are marked. b) Heat map
of example electron intensity at different kinetic energies and photon energies for
the energy levels shown in part a), as would be captured during an Auger elec-
tron yield measurement, and example NEXAFS spectra. Based on diagram by

Stohr [102].

energies around those expected from a particular Auger emission. In practice,
when looking at 2D systems of molecules on surface, Auger electron yield is most
appropriate, due to reducing the contribution of bulk electrons, leading to a better
signal-to-noise ratio. Auger electron yield is also most appropriate for measuring

resonant Auger emission, allowing for unoccupied states to be probed.
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AEY does have some issues, however - when photoemission peaks enter the
narrow kinetic energy window of an AEY measurement, they can appear as broad
peaks. This is shown in Figure 3.14b), where roaming photoemission peaks (here
green and blue colour, coded to match transitions from Figure 3.14a)) change in
kinetic energy as photon energy increases, leaving a streak across the heatmap in
b)i), showing up as peaks in b)ii). When using a hemispherical analyser, at each
photon energy, the number of photoemissions at each kinetic energy is recorded,
and can be displayed in a heat map like that shown in b)i). These columns are
then summed to show the NEXAFS spectra shown in b)ii). Using the heat map,
these roaming peaks can be identified and removed, but some systems filter the
electrons by kinetic energy and return a single number of counts, eliminating the
possibility of identifying these peaks visually. Hence, it can sometimes be useful
to set up partial electron yield; if the range of kinetic energies is wide enough, the
shifting peak will move across the full range of photon energies, and thus average
into the background. With TEY, the contribution from the surface is usually too

great for measurements of 2D surface structures.

Angle Resolved NEXAFS

Polarised X-rays have an oscillating electric field in one direction perpendicu-
lar to the direction of travel. When the oscillation of the wave is in the same
plane as a target orbital’s transition dipole moment (TDM), the probability of
the transition is increased (resulting in a greater intensity of the resonances ob-
served within NEXAFS). For example, Figure 3.15 depicts an aromatic ring with
characteristic aromatic ¢* and 7* TDM orientations, namely ¢* in the plane of
the molecule and 7* perpendicular. By varying the angle of incidence, the inten-
sity of peaks associated with excitation to orbitals composed of different bonding
orbitals changes: grazing incidence increasing the intensity of the 7* orbital, and
normal incidence the intensity of the ¢* orbital. Another useful angle is the so
called “magic angle” of 55°, which provides an equal contribution of perpendicular
and flat orientation bonds, giving a balanced overview of the states present. This

can be explained by considering the angular dependence of absorption intensity,
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Figure 3.15: The orientations of ¢* and 7* orbitals on an aromatic ring. Three
incident X-rays of differing angles, grazing incidence, magic angle and normal

incidence, and an example NEXAFS spectra for each angle.

given by the following [103]:
I < 3cos’f—1,, (3.42)

setting I = 0 and rearranging, we find the following:

0= cosl(\/g) = 55°. (3.43)

By varying the angle of the incident beam, and measuring the intensities of the
peaks, information about the orientation of the bond, and hence the orientation
of the molecule, can be obtained.

When attempting to discern the angle of the TDM with the surface normal,
the vectors can be divided into two types: vector and plane. In Figure 3.15,
the 7 orbitals are defined as a vector type, as they are out of the plane of the
molecule, and the ¢* is plane type as it is in plane with the molecule. For a given
incident angle 6, the expression for the intensity I of a photon absorption peak

is given by the following [103]:
I=C[PI'+ (1 - P)I, (3.44)

where C is a constant, P is the polarisation constant (normally around 0.85), I
and I+ are the intensity contributions of the parallel and perpendicular compo-

nents respectively. On substrates of three-fold or higher symmetry (111 plane in
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FCC crystals such as Ag, Au, and Cu qualify), for vector orbitals these quantities

can be calculated as follows [103]:

1
I = A(cos® § cos® o + 5 sin? fsin” ), (3.45)
A 1 5 )
= 5[1 + 5(3 cos® 0 — 1)(3cos® a — 1)], (3.46)
and
A
I = ) sin? (3.47)

and for plane orbitals:

1
I]U = B(1 — cos* f cos® y — 3 sin? @ sin? ), (3.48)
2B 1
= ?[1 + 1(3 cos?f — 1)(3cos?y — 1)], (3.49)
and
LB 2
I; = 5(1 + cos” ), (3.50)

where A and B are normalisation constants, # is the angle to the surface of the
incident ray, and « and v are the angle of the vector orbital and normal of a
plane orbital to the surface normal respectively, as shown in Figure 3.16. An
estimate of bond angle can be formed from just two measurements, the grazing
and normal incidence spectra. The ratio of the intensity of the resonance peak
for the bond at each of these angles can be used to determine bond angle; this is
determined by finding the area under a target peak within a NEXAFS spectrum.

Given equations 3.44-3.50, and taking the measured resonance peak intensity
at the grazing and normal incidence as I and [y respectively, we can combine
as follows for vector orbitals:

I = Io _ AP[1 4+ 3(3cos? 0, — 1)(3cos? v — 1] + (1 — P)%AS?HQCI

I APl +2(3cos?6, —1)(3cos?a — 1] + (1 — P)sAsin®a’

(3.51)

or for plane orbitals:

s I 2E[1+4 1(3cos?6; —1)(3cos? y — 1] + (1 — P)
=G

T Iv 2EB11 + 1(3cos? 0y — 1)(3cos?y — 1] + (1 — P)

B(1 4+ cos?7)

B(1 4+ cos?7)
(3.52)

N (D] =

We can plot the change in I as we vary « or 7, as shown in Figure 3.16. This

means an estimate of bond angle can be calculated from just two measurements,

67



1.8

1.6
1034

1.44

107 1.24

1.0 4

10 § 0.8

Intensity Ratio GI/NI (Arb. Units)

Intensity Ratio GI/NI (Arb. Units)

0.6

0 J
10 0.4

0.2 1

0 20 40 60 80 0 20 40 60 80
Bond Angle (deg) Bond Angle (deg)

Figure 3.16: a) Plot of the ratio of grazing and incidence peak intensities against
the angle of the target vector bond to the surface normal, as defined by Stohr.
[103] Inset is a diagram showing that € is the angle of the incident ray to the
surface, and « is the angle of the vector bond to the surface normal. b) Plot of
the ratio of grazing and incidence peak intensities against the angle of the target
plane bond normal to the surface normal. Inset is a diagram showing that 6 is
the angle of the incident ray to the surface, and  is the angle of the vector bond

normal to the surface normal.

however the error margin on this can be large. For further accuracy, measure-
ments can be taken at multiple beam incidence angles. Using Eqn. 3.46, the
change in resonance peak intensity can be modelled for different angles of o with
changing 0, as shown in Figure 3.17.

With resonance intensities from a range of angles, least squares fitting al-
gorithm can calculate the angle of the bond. This technique is more accurate
but requires more measurements, which can be time-consuming. Knowing the
angles of particular bonds can be revealing with respect to progressing surface
chemistry. Usually, as heat is added to a system, it can progress to a more en-
ergetically favourable position, which often features molecules becoming more
closely adhered to the surface, increasing molecular flatness. Even when this is
not the case, they can form coordination systems that lead to a greater degree
of ordering. In cases where the orbitals under investigation are disordered, the
angle resolved NEXAFS will return a tilt angle of 55°; deviation from this angle,

as a result of heating the molecule-substrate system, is often interpreted as an
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Figure 3.17: Example plot showing the varying resonance intensity with X-ray
angle of incidence for a bond angle « varying from 10-90°, with example data. In

this instance, the bond angle is estimated to be 29°.

evolution to a more ordered surface state. [104]

NEXAFS probes unoccupied electronic states, providing key information on
the changes resulting from the filling of orbitals during chemical reactions. Due
to high angular sensitivity, the changing intensity of resonance peaks with the
varying angle of incidence can also provide conformational information about
the tilt of molecules relative to the surface. Within this thesis, this approach is

utilised to examine two on-surface systems in chapter 6 and chapter 7.

3.24 XSW

X-ray standing wave (XSW) is an X-ray spectroscopic structural analysis tech-
nique that provides sub-Angstrom structural characterisation of a target species
with respect to the substrate. The technique can provide chemically specific
structural information, as the chemical sensitivity of XPS is used to identify key

species which can provide structural information via XSW analysis. As the name
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Figure 3.18: Incident and reflected waves forming a standing wave (red) during

XSW. Also labelled are the atomic spacing d and angle of incidence 6.

implies, XSW involves the creation of an X-ray standing wave. This is formed
by interference between the incident beam and reflected beam, which is created
when the Bragg condition has been met, and therefore requires a highly ordered
crystalline substrate. A schematic showing the general concept is shown in Figure
3.18.
The Bragg condition is met when an incident X-ray of wavelength \ satisfies
the following:
nA = 2dp sin 6, (3.53)

where n is the diffraction order, dpy is the atomic spacing between crystallo-
graphic planes (h,k,1) and 6 is the angle of incidence for the X-ray beam relative
to the surface plane. In this simplistic model, the Bragg condition is satisfied
at only one angle 6, or energy, Eg. Dynamical diffraction theory is a more ad-
vanced approach that takes into account other factors such as multiple scattering
and absorbance effects, which lead to X-ray attenuation. With this approach, the
Bragg condition is satisfied by a range of angles and energies. [105] The implica-
tion of this for XSW is the standing wave exists across this range of energies and
angles. By sweeping E or “rocking” 6, the intensity of the reflection forms what

is known as a Darwin curve, shown in Figure 3.19a). Also shown in Figure 3.19a)

70



a) b)
@l —
> S 5
= Q o]
> ) o
B c S
Q9 o a
© <
& |
Phdton En.ergy
C) E;
w=0
2 2dhkl
. < 1dhk|
o < Ochy
D) D) £ £ £ -1d
N N N N N < hki
D) D) 4R 0 £ -2d
N N\ N\ N\ N\ < hki
) (20 20 20 20 -3d
N\ N Z N N ( hki
e —
I e
I

Figure 3.19: a) The Darwin curve (black), showing the change in reflectivity with
photon energy over the Bragg condition. Also shown is the variation in phase
over this region (red). b) Simplified photon absorption schematic for the atoms

shown in c¢).

is the phase 1 of the standing wave, which varies from 7 to 0 over the Bragg
condition. The reflectivity, the fraction of X-ray intensity reflected by the surface
at a given angle, is typically measured by recording the intensity of the reflected
spot on a fluorescent screen. In this thesis, normal incidence X-ray standing wave
(NIXSW) is the preferred technique, and hence precludes the varying of 6, as the
angle must remain constant. Hence, the photon energy is varied. Often, crystal-
lographic planes parallel to the surface are selected; this means that the measured
positions can be considered with respect to the surface of the substrate, moving
along the normal perpendicularly away from the surface. So, when positions are

discussed, they are often referred to as being relative to the surface, typically in

71



this thesis focussing on the (111) plane of fcc crystals.

At wavelengths similar to half the crystallographic spacing(’% = dpg), the
maximum intensity of the reflected X-ray is at # = 90° (sin90 = 1). The nodes
of the standing wave shift perpendicularly between the targeted crystallographic
planes, as the photon energy is swept through the Bragg condition, as shown in
Figure 3.19¢). As the node shifts, the X-rays will be absorbed by atomic species
as the antinode passes over them, so measuring the absorption gives an indication
of the position of the species relative to the targeted crystallographic planes. The
X-ray absorbance of a chosen species may be measured via several methods, e.g.
X-ray fluorescence, photoemission or Auger emission. As the phase shift can be
mapped to a vertical position between planes, these absorbance spectra can be
used to determine the position of the species, as shown in Figure 3.19b).

If the species is found exactly halfway between the diffraction planes, it will
experience a peak in X-ray absorption at the onset of the Bragg condition at
photon energy E7, where 1) = 7, as the antinode of the standing wave is coincident
with the atom, as demonstrated by the blue species. The green species experiences
a maximum of absorption at photon energy Fs, at the v = 0 position, as it lies
in the bulk reflecting plane. Hence, atoms adsorbed at different distances from
the reflecting planes produce distinct X-ray absorption profiles. In the case of
measuring photoemission, the resultant photoelectron signal can be collected and

analysed similarly to XPS characterization.

Two Beam Derivation

In order to derive meaningful information on the position of atom species from
photoelectron yield, we must determine an expression for the intensity of the
standing wave at each position above the surface. Given that the intensity of
a wave is the absolute square of the amplitude, we begin by considering the
amplitude of the standing wave as the superposition of the amplitude of the
incident (A;) and reflected (A,) waves. Assuming a polarized X-ray beam, we
have the following:

A; = E;¥mifoT (3.54)

A, = E,e*m ko7 (3.55)
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where [?1 and [@ are the wave vectors of the incident and reflected waves, 7’ is a
position vector relating to the direction of travel of the wave, and E; and E, are
the amplitudes of the electric fields of each wave. Laue’s law on elastic scattering

in a crystal lattice shows:

— —

K, =K; -G, (3.56)
where G is a reciprocal lattice vector. We can then calculate the superposition:
Ay = Ay + A, = Eje®™ Ko7 4 |2l (3.57)

Combining with Eqn. 3.56:

L E, L
= Ei€2ﬂzKo-r(1 + 56727”(:-1”). (358)

A
As stated earlier, I is the absolute square of amplitude, and as the amplitude of
the superposition wave is complex, Iy, = Ay, A7 . By normalising the magnitude

of the incident wave to 1, we can write:

Ly = |[(EBie ) (B0 - (14 ™)1+ e O] (3.59)
[(Eie—inIfoé~F)(Ei62iwlfoé~F>] — EzQ — 12 — 1’ (3.60)

L sindi Ly oGy _ Er sincr | Er —oimGi | Ery

combining Eqns. 3.59-3.61:

By o e E, _ inG-7 L,
I, ‘1.[1+Eew b ZenOry (o) (3.62)
E,|? E -
Isp =1+ ‘E’: + 2R€[é€72ﬂ%6‘.r], (363)

where Re is the real part of the enclosed number. As F; and Ej are both com-
plex, their ratio is also complex and has an associated phase v , representing the
phase difference between the two waves. This means this term can be rewritten
as the following:

E,

E;

Re| T Ve MmO = Re] e 2mWET), (3.64)

This allows us to use Euler’s identity (¢? = cos® + isinf) to extract the real

part, giving the following:

2
T

E
9=
v2|z

7

cos (¢ — 27 (G - 7). (3.65)
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2

, we can then write:

Given that reflectivity R is given by %

I, =14 R+ 2VRcos (¢ — 2n(G - 7)). (3.66)

If we consider that G - 7 describes the vector direction of the wave onto the
crystal planes, we can represent it as the fraction of the distance between the

lattice planes and the perpendicular position between the planes, z, giving:

2rz

I, =14+ R+2VRcos (¢ — =) (3.67)

This equation describes well the X-ray intensity experienced by a single atomic
species at a single well-defined position z. However, in reality, no atomic species
lies at an entirely uniform height on the surface; even those that are broadly uni-
form experience some thermal fluctuation, leading to uncertainty in the position
of the species. To account for these multiple positions, the sum of all contribu-
tions from different positions, described as the fraction of atoms at each position

z, should equal 1, as shown below:

/df(z)dz =1; (3.68)

combining with Eqn. 3.67:

21z

I,=1+R+ wﬁ/od f(z)cos (¥ — —=)dz. (3.69)

Within the limits of the integral, both f(z) and # take values between 0 and 1.

We refer to these terms as coherent fraction, Ct, and coherent position C:
I, =1+ R+ 2VRC; cos (1p — 21C,,). (3.70)

The coherent position defines the fractional position of the species between the
diffraction planes, and coherent fraction describes the fraction of the species that
sits at exactly that position. Hence, a coherent fraction approaching 1 means a
highly ordered species sitting in a broadly uniform position. A coherent fraction
of 0 renders the coherent position meaningless, but it should not be assumed that
no information can be garnered from a low C; value. In order to understand the

more complex situations, we can write the following: [106]

C«f€27ri0p _ Z CfnGZWiCp", (371)
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Figure 3.20: a) Argand diagram with labelled directions of C'y and C,. b) Argand
diagram showing two different atomic positions (red and blue) summing to a
relatively high coherent fraction (total measured position and fraction = black

arrow). c¢) Argand diagram showing two well-defined atomic positions resulting

in a Cy of 0.

where n is the number of discrete z, positions with weighting C/,,. In this form,
we can treat the individual components as vectors in an Argand diagram, with
a length equivalent to their C'y and angle determined by the phase angle 27C,
against the real component. This means we can effectively plot them as vectors
with C, as the angle and C} as shown in Figure 3.20a).

How these different positions can interact is most straightforwardly demon-
strated by scenarios with two positions, as shown in Figure 3.20b-c). In b), the
two positions are relatively similar, leading to a high coherent fraction. In c), the
coherent positions are opposite, so despite the species being highly ordered, the
resultant C'; value is low. The implication of this is that if other techniques (such
as STM) describe a highly ordered surface, it can be possible to model the system

in such a way as to produce a low C value, while remaining highly ordered.

Complexities in XSW Interpretation

As the positional information provided by XSW is relative to the diffraction
planes, it is not possible to distinguish which set of planes the species lies between.
In Figure 3.19, the blue species could be between —1d,kl and Odykl, 0dpkl and
ldpkl, 1dykl and 2d,kl and so on. Lower than this is unlikely, as we are studying
molecules adsorbed onto a surface. To distinguish between the available options
is not always straightforward, and requires some understanding of the system,

perhaps provided by alternative techniques such as NEXAFS, STM, or density
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functional theory (DFT) computational modelling.

Another feature of the position information provided by XSW is that it only
provides information relative to half the lattice separation d. This is due to
equation 3.67 being dependent on the cosine of #; the value of cosf decreases
from 0 to 7, but increases again from 7 to 2w. This means that for values of 1
between 1 and 0, there are two possible positions, e.g. cos § = cos 37” As with the
possible differing planes, an understanding of the system is required to deduce
which position is correct.

Finally, the standing wave is generated by the bulk of the substrate mate-
rial. The positions are relative to projections of the bulk layers, not the surface
layer - some surface layers, such as Au(111), experience significant reconstruction,
causing the surface layer to be different to the bulk crystal. Even in situations
with no reconstruction, such as Ag(111), there is often a surface relaxation effect
which can cause the surface layer to be different to the bulk. Thankfully, on the
most commonly encountered reconstruction in this thesis, the Au(111) herring-
bone, the effect only causes a drop in coherent fraction of around 0.1. This effect
should be considered when considering the results of XSW, particularly when

interpreting surfaces with significant reconstruction.

3.3 Summary

In this chapter, the techniques used throughout the experimental work contained
within this thesis (STM, STS, XPS, NEXAFS, XSW) have been introduced and
explained. Each of these techniques provides a unique insight into the structural,
chemical or electronic properties of molecules on surfaces; STM revealing topog-
raphy, XPS revealing chemical environments, NEXAFS giving insight into both

chemistry and orientation, and XSW delivering further structural insights.
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Chapter 4

On-surface Polymerisation and
Self-assembly of DPP-based

Molecular Wires

In this chapter, halogen-functionalised diketopyrrolopyrrole (DPP) precursor monomers
are deposited on Au(111) and annealed to initiate Ullmann-type coupling and for-
mation of molecular wires. Of particular interest is the influence of alkyl side
chains, the role of surface induced chirality, and the possibility of utilising halo-
gen bonding to drive the formation of self-assembled structures and control the

selectivity of the subsequent polymerisation reaction.

4.1 Introduction

An underlying concept of molecular electronics is that the bespoke properties
of specific molecular species (e.g. electronic, magnetic, chemical, and optical
functionalities) can be incorporated into solid-state devices. Diketopyrrolopyr-
role (DPP) is a chemical moiety which may act as both an electron acceptor and
donor within organic electronic-devices which has been shown to exhibit a high
charge carrier mobility when utilised in extended polymer structures, [10, 107]
and has been utilised within organic field effect transistors (OFET) and other
nanoelectronic devices. [108] Charge transport within such systems is affected by

the local arrangement, and orientation, of molecules and their domains; hence,
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the controlled formation of ordered structures is of interest. Additionally, the
chirality of the molecular sub-units within ordered structures is also known to
influence electronic properties of the materials. [109, 110] Therefore methodolo-
gies for controlling these structural arrangements, and techniques which provide
molecular level characterisation, are an important facet within the development
of molecular-based devices.

The on-surface self-assembly of molecular structures, where non-covalent in-
teractions give rise to local ordering, [67] is a promising approach to study-
ing prototype molecular devices. Scanning probe microscopy techniques (such
as scanning tunnelling microscopy, STM, and atomic force microscopy, AFM)
have frequently been employed to study such systems as they provide single-
/sub-molecular resolution of surface confined molecules. The ordered assembly
of domains may be driven by a wide range of intermolecular interactions [13]
(e.g. hydrogen-bonding, metal-organic, van der Waals; see section 2.1) and the
self-assembly of DPP based species has been achieved via functionalisation with
alkyl side chains; driving the formation of ordered domains confined to a sur-
face. [111,112]

Importantly, molecular properties can be changed and enhanced upon poly-
merisation, and an appropriately designed monomer with specific functional groups
may be polymerised into ordered nano or microstructures (with the on-surface
synthesis of graphene nanoribbons being an important demonstration of this ap-
proach [3]). A range of on-surface synthesis protocols that result in monomer
units being covalently coupled under appropriate reaction conditions have been
explored (e.g. Ullmann-type reactions [113] amongst others [42,55,114-118])
and precursor units possessing acceptor/donor functionality have been covalently
coupled to produce individual molecular wires characterised by STM methodolo-
gies. [119,120] These topics are discussed at length in chapters 2 and 3.

In this chapter, I discuss the on-surface synthesis of polymers formed from
a halogen-functionalised DPP-monomer on Au(111) under ultra-high vacuum
(UHV) as characterised by scanning tunnelling microscopy (STM). Structural
characterisation of molecular and polymeric species at different stages of growth

within the reaction allow for the identification of the role of molecular chirality
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and molecular interactions, driven by alkyl chain and bromine functionalisation
of the DPP core, within the observed ordered structures. Specifically, it is shown
how the alkyl chains give alignment and order to the DPP polymers and how the

thermal stability of these groups is key in maintaining this long-range order.

4.1.1 BryHexsDPP

The on-surface synthesis of polymeric DPP structures requires a suitably func-
tionalised DPP core. A DPP species functionalised with aryl halide and alkyl
chain groups is employed, (3,6-bis(4-bromophenyl)-2,5-dihexyl-2,5-dihydropyrrolo[3,4-
¢/ pyrrole-1,4-dione) BroHexsDPP. The chemical structure of BroHex,DPP
shown in Figure 4.1a) with dimensions indicated in 4.1b). The nitrogen atom of
the DPP core is alkylated with hexyl chains, which have previously been shown to
facilitate ordered on-surface self-assembly [111,112], and aryl bromide groups pro-
vide access to Ullmann-type covalent coupling reactions on surfaces. [42,55,113]
It is worth noting that the self-assembly of precursor units may have signifi-
cant impact upon the reaction pathway of coupling processes [121] and that this
approach, amongst others [122] (including alignment to surface features [88,90]
and reactions within molecular pores [61,123]) offers a paradigm for controlling
on-surface synthesis (as discussed in chapter 2). The functionalisation of the
DPP core with hexyl chains is selected as a route to modulate the balance of
molecule-molecule interactions driven by interactions between the aromatic DPP
cores and those driven by alkyl chain interactions. Within three-dimensional
structures formed from DPP variants functionalisation with short (e.g. butyl),
or no, alkyl chains the self-assembly is driven by interactions between the DPP
cores. The inclusion of longer chains (e.g. octyl) results in structures domi-
nated by lamella-type packing of interdigitating alkyl chains. [124] Such a motif
is frequently observed within surface confined two-dimensional self-assembly. [125]
Here we have obtained, by inclusion of hexyl chains, a balance between interact-
ing DPP cores and between alkyl chains such that the self-assembled structure
contains rows of DPP cores (where proximity may allow Ullmann-type coupling)
and local ordering of the rows is facilitated by the interdigitated alkyl chains.

A scheme of the on-surface reaction for BroHex;DPP on Au(111) is shown
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Figure 4.1: a) Scheme of the Ullmann-type coupling reaction expected from
heating BroHex;DPP on Au(111). b) Predicted dimensions of a single
BroHex;DPP as modelled via molecular mechanics geometry optimisation. c)
Shows the M and P chiral arrangements of the molecule as induced by surface
interaction. d) Shows the possible alkyl ‘arm’ positions for BroHex;DPP (the
molecule has been truncated to focus on the alkyl chain position — the fragment

shown does not represent a stable species).

in Figure 4.1a). The pro-chiral nature [126,127] of BroHex,DPP, with respect
to adsorption on the surface, leads to two enantiomeric chiral species (labelled
M and P, as shown in Figure 4.1c¢). The high degree of rotational flexibility
of the C-C bond between the hexyl side chains and the DPP core leads to the
possibility of different conformational isomers of BroHex;DPP being present
on the surface. The ‘arms’ (hexyl side chains) can be considered in one of two
orientations: position 1, where the arm is closer to the oxygen atom on the
core, and position 2, where the arm points away from the oxygen (see Figure
4.1d)). Each of the two alkyl chains attached to the DPP core can adopt either

conformation (1 or 2). Therefore, a single DPP core can exist in four distinct
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Figure 4.2: Shows all chiral rotomers for BroHex,;DPP (1-2 and 2-1 are indis-

tinguishable for molecules adsorbed at a surface).

conformations. Due to the pro-chiral nature of the DPP core, each of the chain
conformations is possible for the two core chiralities. On surface, both 1-2/2-1
configurations are identical, so practically there are only three distinguishable

surface-confined conformations, 1-1, 2-2 and 1-2, as shown in Figure 4.2.

4.2 Self-assembly and On-surface Synthesis Un-
der UHV

In order to characterise the development of the potential polymerisation reac-

tion occurring following the anneal of the BroHex;DPP species on Au(111), the
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system was first examined under “ideal” UHV conditions, as described in the fol-
lowing section. Later, the same experiment is conducted under ambient pressure
conditions, in order to determine whether the process may be replicated in a more

realistic facsimile of an industrial context.

4.2.1 Experimental Methods

BroHex;DPP was synthesized by the group of David B. Amabilino, Institut
de Ciencia de Materials de Barcelona (ICMAB-CSIC), Campus Universitari de
Bellaterra, 08193 Cerdanyola del Valles, Spain.

Structural characterisation was performed wvia STM. Au on mica samples
(Georg Albert PVD GmbH) were cleaned via cycles of Ar ion sputtering (20 min-
utes at 0.75 keV, 8.5x107% mbar) and annealing (300 °C for 20 minutes). Sample
cleanliness was determined via STM prior to deposition of BroHex;DPP. Ther-
mal deposition was conducted using a Knudsen-type evaporation cell (K-Cell) at
a temperature of 190 °C for a period of 2 hours at a pressure of 1x10~8 mbar.
STM data was acquired using an Omicron STM-1 system, with Nanonis con-
trol electronics, operating at room temperature under ultra-high vacuum (UHV)
conditions: base pressure < 2x107? mbar.

Imaging was performed using electrochemically etched tungsten tips, function-
alised with gold during on-surface tip preparation (bias is applied to the sample).
Sample annealing is performed via resistive heating of a silicon wafer mounted
behind the Au/mica sample: Temperature estimates are based upon thermo-
couple readings from the sample receptor which were calibrated to the sample
temperature via a combination of pyrometer measurements of the Si wafer and
a thermocouple affixed to the sample plate. Samples were annealed to 100 °C,
200 °C, 250 °C and 350 °C with an estimated error of £ 50 °C. This error was
determined via pyrometer calibration.

X-ray photoelectron spectroscopy (XPS) was acquired using a SPECS De-
viSim near ambient pressure XPS (NAP-XPS) instrument operating in ultra-high
vacuum (UHV) mode at a pressure < 1x107Y mbar. Spectra were measured using
a Phoibos 150 NAP hemispherical analyzer with 20 eV pass energy and monochro-
matic Al Ka X-rays (1486.7 V). The samples were transported between the STM
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and XPS sites using a vacuum suitcase at a pressure <1x107!° mbar.

4.2.2 Characterization of Self-assembled Monomer Struc-

tures

A monolayer coverage of BroHex;DPP on Au(111) was prepared wia thermal
deposition under UHV and RT (room temperature) conditions and subsequently
imaged using STM. Figure 4.3a) shows the observed self-assembled structures
where a majority and minority phase are observed (minority phase indicated
with a white arrow). Within the majority phase, two principal directions are
identified (green/blue arrows), with the ‘a’ axis of the molecular lattice running
approximately parallel to the atomic < 1 1 -2 > directions of the Au(111) sur-
face. The measured dimensions of the unit cell, are found to be, a = 1.1 +
0.1 nm and b = 1.4 & 0.1 nm; which is in excellent agreement with the proposed
model (Figure 4.3b)), with a = 1.2 £ 0.1 nm and b = 1.5 £ 0.1 nm. Each
measurement, of lattice dimensions is an average of the measurement from the
forwards and backwards scans, to correct for drift. The proposed model is a
geometry optimised structure based upon the experimentally determined lattice
measurement and a consideration of inter and intra-molecular steric effects (to
be explained in greater detail in section 4.2.3). The proposed arrangement sug-
gests that the alkyl chains play a role in ordering the observed structures (van der
Waals interactions between parallel alkyl chains are known to be a driving force in
self-assembled structures [13,111,112] — indicated by blue dashed lines in Figure
4.3b)). The self-assembled structure proposed is homo-chiral (either all M or P
species present, where M and P are the given nomenclature describing molecules
with axial chirality), but the resolution of the STM data precludes identification
of molecular chirality within individual domains. However, a consideration of
homo- and hetero-chiral domains allows us to discount the presence of hetero-
chiral molecular structures due to steric effects (see section 4.2.3). Following
deposition, a racemic mixture of the adsorption-induced chiral enantiomers is as-
sumed, with co-existing homochiral domains being formed during self-assembly.
This would suggest that homochiral interactions are an important driver of the

self-assembled structures, and that the monolayer crystal formed can be consid-
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Figure 4.3: a) STM topograph showing self-assembled structures formed by
BroHex,;DPP following RT deposition (Bias = 2 V, Current =20 pA). Accom-
panying this is a zoom of a smaller region, paired with a 2D-FFT filtered image
of the lattice, with lattice dimensions, a and b, indicated alongside an overlay of
proposed molecular structure (a =1.1 £ 0.1 nm and b =1.4 £+ 0.1 nm). b) Shows
the molecular lattice as modelled by molecular mechanics geometry optimisation
(a=1.2=0.1nmandb =15 =+ 0.1 nm). ¢) Crystal structure of the solid state

BroHex;DPP showing halogen-halogen interaction.

ered a conglomerate (overall racemic mixture preserved with distinct homochiral
domains present). [126]

Another feature of the proposed self-assembled structure shown in Figure
4.3b) is the potential for halogen bonding between bromine and oxygen atoms
attached to the DPP core (dashed red line). In the solid state for this compound,
halogen bonding is also involved, this time halogen-halogen. (see Figure 4.3c)).

Halogen bonding is highly directional, and may influence molecular self-assembly
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via the anisotropic electron distribution around covalently bonded halogens, al-
lowing the strongly electronegative halogen species to interact with another elec-
tronegative group by virtue of a small electrophilic region which forms on the

halogen atom at the opposite side to the covalent bond. [40,128]

4.2.3 Molecular Modelling

Molecular models of the observed self-assembled structures were developed via a
series of steps, utilising well-known self-assembly motifs and measured dimensions
from STM images. Before describing the steps, I will provide a brief description
of two programs involved: LMAPper [129] is a molecular overlay program that
allows molecular models to be loaded directly from .cml files and overlaid to
scale onto SPM images, allowing for comparison of the dimensions of surface
structures with those of the target molecule. Avogadro [130] is a molecule editor
and visualiser that allows for geometry optimisation via the application of models
such as universal force field.

Using these programs, steps are shown in Figure 4.4 and can be described as
follows: a) measuring molecular lattices acquired from STM wvia an autocorrela-
tion function, b) matching the expected dimensions of BroHex; DPP to features
within a 2DFFT filtered image of the lattice using LMAPper, ¢) modelling these
lattices within Avogadro matching the dimensions of the lattice, typically in a
9x9 grid, d) using molecular mechanics to allow the molecules to flex, and con-
structing a unit cell using the central molecule from the 9x9 grid matching the
measured lattice dimensions, e) creating an idealised model based on this unit
cell, featuring the rotated rings and flatter arm chains, and f) overlaying this
unit cell onto the 2DFFT. Using this method, I was able to determine that the
unit cell shown in 4.4e) was the most plausible, as the solution presented by
simple molecular mechanics was the most planar, and featured several common
self-assembly motifs (alkyl chain interdigitation, halogen bonding, and 7-7 in-
teractions of aryl rings). This also shows that the chirality of the homochiral
domains is not identifiable at this resolution. Other models were considered, as
shown in Figure 4.5. As the STM images appear to display an alternating chevron

pattern between rows, models featuring alternating conformations were consid-
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Figure 4.4: a) Measuring the lattice dimensions of the self-assembled lattice from
a 2DFFT of the lattice. b) Overlaid simple BroHex; DPP homochiral molecular
model onto a masked 2DFFT of the lattice. ¢) The molecular model from b)
recreated in Avogadro. d) A model unit cell created using the central molecule
from the 9x9 grid shown in ¢), placed at the dimensions measured from the lattice.
e) An idealised unit cell created using the motifs of this calculated unit cell. f)
This unit cell overlaid onto the 2DFFT filtered image, with both chiralities shown.
(Bias = 2V, Current = 20 pA)

ered. Firstly, the homochiral alternating rotation model considers the possibility
of a homochiral lattice, where alternating rows of the molecule are rotated ~ 90°
with respect to one another. Secondly, a racemic alternating chirality model was
considered, whereby the alternating rows feature molecules of opposing chirality.
These models were considered less plausible, as a reasonable degree of planarity
was not possible to achieve, as significant sections of the molecule were observed
to overlap. Hence, the visually apparent alternating character of the lattice is as-

cribed to an unusual tip contrast, as it is not strikingly obvious across all images.

4.2.4 On-surface Polymerisation via Ullman-type Coupling

To explore the progress of the on-surface polymerisation reaction, the sample
was sequentially heated; to 100 °C, 200 °C, 250 °C and 350 °C. The reaction
products following heating were characterised by STM, (see Figures 4.6a-c)).
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Figure 4.5: a) Overlaid simple BroHex;DPP homochiral alternating rotation
model onto a 2DFFT filtered STM image of the molecular lattice. b) The molec-
ular model from a) recreated in Avogadro, with lattice dimensions matching
those measured experimentally. ¢) The molecular model from b) once simple
molecular mechanics have been applied; many segments still overlap, in contrast
to what would be expected for a surface confined system. d) Overlaid simple
BroHex;DPP racemic alternating chirality model onto a 2DFFT filtered image
of the molecular lattice. e) The molecular model from d) recreated in Avogadro,
with lattice dimensions matching those measured, in 4x3 grid, to create a central
molecule for both chiralities. f) The resultant unit cell for a racemic alternating
chirality lattice. As can be seen, there are still a great number of possible steric

clashes in a proposed “flat” model of this lattice.

Previous studies of aryl-bromides on the Au(111) surface indicate that scission
of the C-Br is likely to occur in the range 100-250 °C. [64, 71, 84, 86, 131-136]
My results indicate that initial polymerisation occurs at a temperature of 100 °C
(Figure 4.6a)); short (1-30 nm length) chains are observed to form distinct ordered
domains of varying size. These polymer domains are typically of a smaller size

than those seen in the close-packed islands observed before annealing (cf. Figure
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Figure 4.6: STM images of the polymer structures formed following annealing
the surface to; a) 100 °C (Bias = 2 V, Current = 40 pA); b) 200 °C (Bias =2V,
Current = 20 pA); and c) 350 °C (Bias = 2 V, Current = 20 pA). d) Angular
orientation of polymer chains in a). e) Angular orientation of polymer chains in
b). f) XPS data showing the Br 3p region following deposition of BroHex,DPP
on Au(111) (orange line, top) and subsequent annealing of the surface to 100 °C

(blue line, bottom).

4.3a)). Further discussion of the polymerisation details on the molecular level are
provided below. Initially, I focus on the large-scale morphologies observed as a
function of temperature.

Following annealing at 100 °C, the polymer domains are observed to run along
several directions, with the polymers within each domain being highly aligned.
The angular distribution of polymer alignment, relative to the fast-scan direction
(x-axis), for the chains in Figure 4.6a) is shown in Figure 4.6d). While there
is a high degree of polymer alignment within individual domains, when several
images are compared there is no evidence to support a unique relationship be-
tween the polymer orientation and the major crystallographic directions of the
underlying Au(111) substrate (although my data does not categorically preclude

a more subtle interaction with the surface crystallography or the herringbone re-
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construction). I propose that the local ordering within the domains, post-anneal,
is driven by the initial ordering of the unreacted BroHex;DPP species within
close-packed domains, with the proximity of the aryl-bromide groups facilitating
covalent coupling.

Similar analysis is performed for the polymer structures obtained after anneal-
ing to 200 °C (STM topography shown in Figure 4.6b), with angular distribution
shown in 4.6e). In contrast to the range of polymer orientations observed within
a single STM image after annealing at 100 °C, additional annealing has resulted
in larger domains, where the polymer chains are locally aligned; for example,
polymer chains running from the bottom left to the top right of the STM image
(shown in Figure 4.6b)) maintain local parallel ordering, but the chain direction
varies across the image. I suggest that during the anneal sufficient thermal en-
ergy is provided to allow the short polymers to diffuse, producing longer chains
which often align with surface structures (such as parallel to step-edges) to max-
imise the polymer length. Further annealing at 350 °C (Figure 4.6¢)) results
in a loss of long range ordering of the polymer structure, with local ordering of
neighbouring chains (parallel alignment) observed, but with frequent intersection
of polymer chains being present. The elevated temperature here may facilitate
cross-linking reactions between DPP-polymers as a result of C-H activation in
the phenyl rings in the biphenyl units of neighbouring chains. Since there are
several positions that may be activated, the inter-chain reactions are expected to
lead to a loss of order, as seen for other aromatic systems. [118] The lack of any
regular structure supports this hypothesis of non-specific C-C linking with loss of
hydrogen.

Our interpretation that the change in structure is due to an on-surface cou-
pling reaction is supported by X-ray photoelectron spectroscopy (XPS) mea-
surements of the Br 3p region (Figure 4.6f)) for the as-deposited (orange) and
annealed-to-100 °C (blue) samples. Due to spin-orbit splitting, two peaks are
expected for each Br environment (1/2 and 3/2). Comparison of the expected
binding energies of C-Br and Au-Br species (red and green lines respectively in
Figure 4.6f)) with the experimental data indicates that prior to annealing, the

Br-C bond within BroHex;DPP is intact. [136] Following annealing to 100 °C
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no significant peaks are observed, indicating that the environment of the Br has
changed, which is attributed to the cleavage of C-Br bonds. Although no peaks
are observed in the Br 3p region following annealing, it is likely that the presence
of two distinct chemical environments, the expected spin orbit splitting, and the
potential for the desorption of Br species at these temperatures [135] will combine
to obfuscate any peaks within the noise level of the measurements. As such, the
XPS data supports the cleavage of the C-Br but does not necessarily support the
complete removal of Br from the surface at 100 °C. In line with several STM stud-
ies of Ullmann-type coupling reactions involving bromine functionalised species,
there is no evidence within the STM data for Br atoms at the Au substrate fol-
lowing C-Br bond scission [15,88] (NB related studies involving iodine materials
frequently show the presence of iodine atoms [61,137]).

We now focus on molecular level details of the polymer structures formed af-
ter annealing. Figure 4.7a) shows an overview of a domain of the linearly aligned
polymer chains formed by heating to 100 °C. There is a clear uniform directional-
ity for chains within the region, alongside discontinuities along the length of the
chain (indicated by red arrows). The presence of kinks in predominantly straight
chains is likely caused by the adsorption-induced chirality of the BroHex, DPP
discussed in Figure 4.1c): the geometry of these kink sites match the chiral mod-
els, as shown in Figure 4.8. Figure 4.8a) displays the structure of the proposed
homochiral and heterochiral models; the homochiral polymer consists only of one
chirality of precursor, whereas the heterochiral model features alternating chiral-
ity units along the length of the polymer. The homochiral nature, (M)n or (P)n,
is confirmed via a comparison with the racemic, P (M P)n M, structure (Figure
4.8b-c)). Alignment of the homochiral polymer structure provides good agree-
ment with respect to the bright /high regions within the topographic STM images
(assigned to the aromatic species within the polymer chains), whereas the racemic
polymer structure does not spatially align with the observed linear structure of
the polymer. The prevalence of kink sites amongst the 100 °C structures was mea-
sured to be 1 in 27 (56 kinks identified within a region of 1530 monomer units),
implying a largely defect free and enantiopure polymer structure. Domains of

homochiral polymers are observed to occur separately to one another, potentially
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Figure 4.7: a) STM image (Bias = 2 V, Current = 40 pA) of an area of poly-
mer chains formed by heating to 100 °C, kinks within polymers indicated by red
arrows. This area is selected due to the presence of a disporportionately high
number of kink sites. b) Molecular model overlaid onto the image of polymer
chains, with the blue and yellow DPP cores highlighting the two interface enan-
tiomers. c¢) Simplified model demonstrating the role of alkyl chain interactions
in influencing the shape of the domains. d) Plot of the number of visible bright
spots within a chain against length of polymer chain. e) Line profile along a
polymer chain showing the correspondence between peak positions and molecu-

lar structure (line profile position shown by red line in b).

driven by the homochirality of the large self-assembled domains of the unreacted
monomer prior to annealing. This may give rise to localised regions with a high
proportion of monomers of a single enantiomer that would lead to the observed
homochiral reaction products. An overlay of BroHex; DPP monomers onto the
structures formed after annealing at 100 °C structures is shown in Figure 4.7b).
Here, monomers, dimers, and longer polymers are identified (position of a line
profile indicated with a red line - data in 4.7¢). Figure 4.7c¢) demonstrates how

the arrangement of the hexyl chain interdigitation (green lines) determines the
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Figure 4.8: a) Scheme showing two possible chiral arrangements of monomers
within a polymer. This adsorption-induced chirality could lead to non-
linear /kinked polymers [hexyl chains removed for clarity]. b) STM images of the
polymer structures formed following annealing of the deposited BroHex,DPP
material to 100 °C. Overlays of the proposed molecular structures for a homochi-
ral (a) and a racemic, P-(M-P)n-M, polymer (b). The overlaid structures are
positioned such that the bright contrast within the image is aligned to the aro-
matic regions of the polymer. Good agreement is found for homochiral structure,
whereas the racemic structure does not match with the regions of bright contrast.
NB hexyl chains have been removed from the molecular structure for clarity. Im-

age parameters: Bias = 2 V| Current = 40 pA.

chain separation (discussed below). Similar to the self-assembled structures prior
to annealing, my STM derived model of the chain structure indicates that the
linear polymer chains are homochiral. The resolution of the STM data does not
allow the chirality (M or P) of the homochiral polymer chains to be determined
from a consideration of the chirality of individual monomer units. However, the
kinks may be identified as a specific chiral structure, allowing the specific chirality
of the covalently coupled linear chains either side of the kink to be identified.
The line profile in Figure 4.7¢) shows variations in apparent height along the
length of the polymer, resulting in ‘brighter’ regions (the location the line profile
was taken is shown with a red line in high resolution image Figure 4.7b)). The
frequency of bright spots is observed to increase linearly with the chain length
(see Figure 4.7d)). The separation between the first and last bright features in
chains with three bright features is measured to be 2.18 nm =+ 0.02 nm, in good

agreement with the expected separation of the outer aryl rings within a covalently
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Figure 4.9: a) Histogram showing the distribution of polymer chain lengths fol-
lowing annealing at 100 °C and 250 °C. b) Histogram of chain spacing between
polymer rows following annealing at 100 °C and 250 °C. c-e) Models of different

hexyl chain configurations, and the corresponding expected chain spacing.

bonded DPP dimer (see line profile - Figure 4.7¢)); indicating that under these
imaging parameters the DPP units within the polymers appear ‘dark’ As can be
seen in Figure 4.7d), each additional monomer to the chain adds one additional
bright spot (with pairs of phenyl rings forming one indistinguishable peak).

A comparison of the polymers formed after annealing to 100 °C and 250 °C
reveals details of additional reactions at higher temperatures and provides infor-
mation on the thermal stability of the polymers. Figure 4.9a) shows the distribu-
tion of the measured chain lengths following annealing at 100 °C and 250 °C, with
an average length of 4.14 nm for the chains at 100 °C. The comparatively shorter
chain lengths (for the lower temperature anneal) are potentially driven by the
initial arrangement of the close-packed structure of the as-deposited monomer
material. These close-packed structures bring the reactive Br-aryl groups into
close proximity, with only minimal rearrangement being required to facilitate
the required bonding geometry. In this respect, the van der Waals interactions

between hexyl chains, and halogen bonding, drive both the order of the close-
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Figure 4.10: Two line profiles demonstrating the separation between polymers
(profile locations are indicated within the STM image). The peak-to-peak sepa-
ration on the red and blue line profiles are 8 A and 14 A, respectively. The STM
image shows a BroHex;DPP/Au(111) surface following annealing at 200 °C
(Sample bias = 2 V, I(set-point) = 200 pA).

packed structure and the aligned polymers. Heating further, to 250 °C, results in
a broadening of the distribution of the measured polymer lengths as well as an
increase in the average length to 9.14 nm (as shown in 4.9a)). This observation
indicates that the Ullmann-type polymerisation had not progressed to comple-
tion following the initial anneal to 100 °C (with the small domains of polymers
prohibiting longer chain growth due to local misalignment of the reactive end
groups; from the STM data it is not possible to determine if these chains retain
Br atoms at their termination).

The role of the hexyl chains in the alignment of the polymer structures is
further elucidated by considering the separation between neighbouring polymers.
Polymer chain separation was measured by identifying approximately parallel
chains and acquiring a line profile perpendicular to the chain’s length, as shown
in Figure 4.10. From these line profiles, peak-to-peak measurements were used to
determine line separation. Measurements were performed for both forwards and
backward scans, with an average of the two measurements taken, to minimise
the effect of drift. Figure 4.9b) shows the distribution of chain separations fol-

lowing annealing. Following the anneal at 100 °C, the separation of the chains is
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broadly uniform, being generally around 0.9-1.0 nm (which is in agreement with
a hexyl chain configuration for the polymers with the alkyl chains orientated
in the rotamer (2-2) position— see Figure 4.9d) and Figure 4.1d) ). This specific
chain conformation results in the expected inter-chain separation and could be the
cause of the visible diagonal staggering between smaller chains in the more het-
erogenous domains, as shown in Figure 4.7¢). Heating further, to 250 °C, results
in a much wider spread of separations (0.7-1.5 nm) with a significant reduction
in the minimum separation between polymer chains (around 0.7-0.8 nm). These
smaller dimensions are consistent with a process whereby hexyl chains begin to
break off at higher temperatures, with a separation of 0.7 nm being consistent
with two parallel polymers with no hexyl chains present (Figure 4.9¢)). The addi-
tional space generated by the loss of alkyl chains may facilitate a conformational
change between the two accessible rotamers. Figure 4.9¢) shows how an alterna-
tive alkyl chain conformation could be expected to stabilise a chain separation
of around 1.3 nm. Here, the chains are in the rotamer (1-1) orientation, which
increases interchain separation compared to the rotamer (2-2) orientation. The
combination of the loss of alkyl chains and conformation change is proposed to
stabilise the structures shown in Figures 4.9¢) and 4.9¢), and is in agreement with
the distribution of inter-chain separations shown in Figure 4.9b).

Having successfully shown on-surface synthesis in UHV conditions, I now will
now move to a consideration of how to form the same structures under ambient
conditions following solution deposition. The motivation for this move from UHV

is to create a more suitable environment for scaling up synthesis protocols.

4.3 Self-assembly Under Ambient Conditions

4.3.1 Experimental Method

BroHex;DPP was successfully deposited onto both highly oriented pyrolytic
graphite (HOPG) and Au(111)/Mica from solution via drop-casting, and imaged
using an Agilent N9448A scanning tunnelling microscope (STM) under ambient
temperature and pressure. BroHex; DPP was dissolved in toluene to give con-

centrations of: 2 ug/ml, 20 pg/ml, 100 pg/ml, 500 pg/ml, 1 mg/ml and 2 mg/ml.
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Subsequently, and optionally, nonanoic acid was drop-cast onto the sample to aid

with imaging.

4.3.2 Results

As for the self-assembled BroHex; DPP structures seen under UHV conditions,
models of possible molecular orientations were produced (Figures 4.11, 4.12 and
4.13). These models were based upon STM measurements of the molecular lattice
and by assembling models based on common bonding motifs, such as hexyl chain
interactions. Figure 4.11 highlights a commonly seen structure, characterised by
rows of bright features with clear horizontal and vertical periodicity (~1.5 nm and
1 nm respectively). This structure follows expected bonding motifs such as hexyl
chain interaction, and bears similarities to those observed under UHV, however
in this model there is no obvious indication of halogen bonding. Another notable
feature of this structure is that the ‘2-2’ arm conformation is preferred, and is most
common across all visible structures. The close-packed structures enabled by this
confirmation allow the unit-cell area to be minimised, and potentially explains
their prevalence on the surface. An additional structure seen under ambient
conditions is shown in Figure 4.12. This structure is of interest as it appears to
incorporate the co-deposited nonanoic acid within the assembled structure. This
kind of behaviour has been observed previously in self assembled structures of
DPP based molecules. [108]

Many other structures were seen at the various concentrations, and on dif-
ferent surfaces, including an unusual hexagonal structure, shown in Figure 4.13.
While stable structures were obtained via liquid deposition, attempts at thermally
initiated polymerisation were unsuccessful. Following drop casting to previously
successful monolayer concentration (500 ug/ml), various attempts to anneal the
samples to polymerisation were unsuccessful. Methodologies involving heating to
250 °C within an inert gas (nitrogen) tube furnace, under vacuum, and under
ambient pressure were attempted. After each method, no resolvable monomer or
polymer systems could be identified; the results are shown in Figure 4.14. As
can be seen, in most instances material has agglomerated into large indiscernible

islands. In the instance of the open air hotplate, most of the material appears to
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Figure 4.11: a) STM image of a lattice seen at 2 mg/ml BroHex,; DPP solution

drop cast onto HOPG. Horizontal spacing = 1.49 + 0.13 nm, vertical spacing 1.07
+ 0.08 nm - (Sample bias = 1 V, Current = 0.05 nA). b) Proposed BroHex; DPP
structure overlaid on the structure from a). ¢) Shows a lattice seen at 500 pg/ml
BroHex;DPP solution drop cast onto Au without nonanoic acid present. Hor-
izontal spacing = 1.38 £ 0.09 nm, vertical spacing = 0.94 £+ 0.08 nm - (Sample
bias = 1 V, Current = 0.05 nA). d) Shows the proposed BroHexsDPP structure
overlaid on the structure from c). e) Shows the proposed structure isolated from
any background image. f) Shows a single unit cell of this lattice. Horizontal spac-
ing is measured at 1.5 nm, vertical spacing at 1 nm in this model. All overlays

created using LMAPper. [129]

have desorbed (Fig. 4.14c)).

In ambient conditions, self-assembled structures were successfully prepared
and characterised. Based on the STM images collected, these structures dis-
played a greater deal of variation than those seen in UHV, possibly impacted by
the differing deposition techniques and atmospheric influences. Attempts to ini-
tiate the on-surface coupling reaction witnessed in UHV were unsuccessful, with

no evidence of polymerisation following similar anneal temperatures to those ex-
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Figure 4.12: a) STM image of a lattice seen at 500 ug/ml BroHexsDPP solu-

tion drop cast onto drop deposited on Au, with nonanoic acid. The horizontal
separation is 2.5 £ 0.1 nm. (Sample bias = 1 V, Current= 0.05 nA) b) Shows a
lattice seen at 1 mg/ml BroHex;DPP solution drop cast onto Au, with nonanoic
acid. The larger line spacing is 2.60 £+ 0.08 nm, and the smaller line spacing is
1.75 £ 0.1 nm. (Sample bias = 1 V, Current = 0.05 nA). ¢) Shows a proposed
BryHex;DPP /Nonanoic Acid structure superimposed over the structure from
b). The separation between the larger spaced lines is as expected for two rows of
BroHex;DPP separated by a single molecule of nonanoic acid, and the separa-
tion of the two closer rows is what would be expected if no nonanoic acid were

involved. d) Shows the proposed structure.

perienced in STM. These issues are likely a product of the lack of control present

in ambient pressure preparation and measurement; contaminants such as water
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Figure 4.13: a-b) STM images showing structures seen on 500 pug/ml
BroHex;DPP solution drop cast onto HOPG. (Sample bias = 1 V, I(set-point) =
0.05 nA) c) Shows the structure from (a) with overlaid proposed BroHex,DPP
structure and lattice vectors. The blue arrow representing the horizontal vector
was measured to be 3.3 + 0.2 nm, and the vertical vector was measured to be 2.9
+ 0.1 nm. d) Shows a model of the molecular structure, where the blue length

was measured to be 3.1 nm and the red length was measured to be 2.9 nm.

and adventitious carbon are unavoidable in these circumstances, and the presence
of solvents and in particular nonanoic acid are necessitous with this preparation

technique.
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Figure 4.14: STM images of a 500 pug/ml BroHexs DPP solution drop cast onto

Au(111) following a variety of annealing techniques (Sample bias = 1 V, Current
= 0.05nA). a) Following a 120°C anneal in a vacuum bubble system. b) Following
a 250°C anneal in a vacuum tube. c) Following a 250°C anneal on an open air

hotplate. d) Following a 250°C anneal in nitrogen atmosphere tube furnace.

4.4 Conclusion

In conclusion, here I have demonstrated that the on-surface self-assembly and
polymerisation of functional DPP species is significantly influenced by specific
chemical groups. Here, alkyl chains are observed to influence both the close-
packing of the reactant molecules and the ordering of the polymeric product.

Similarly, the bromine moieties (selected to facilitate on-surface synthesis) also
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influence the stability of the close-packed precursor units, which in turn is likely
to affect the reaction pathway and ultimate alignment of the polymeric product.
I demonstrate that the alkyl chains play a key role in the alignment of the DPP
polymers and show how the thermal stability of these groups is key in maintaining
the long-range order of the polymers. In addition, it has been shown that pro-
chiral nature of the DPP-based monomers results in homochiral self-assembled
structures of the unreacted monomers and the polymer reaction product. It is
expected that the alignment of photo sensitive polymers is key to maximising
the efficiency of optoelectronic devices, and hence the role of molecular level
interactions driving the ordering of these polymers is an important step towards

development of such devices.

101



Chapter 5

Deposition and Characterisation
of Large Porphyrin-based

Nanorings

In this chapter, the technique of electrospray deposition is explored as a method
for allowing the on-surface STM characterisation of thermally unstable complex
molecules, in this case a selection of nanorings created via novel in-solution syn-

thesis.

5.1 Electrospray Deposition

In the previous experimental chapter, chapter 4, deposition of a target molecule
was achieved via thermal sublimation. This strategy is a common approach for in
vacuum deposition of molecules onto a supporting substrate. However, it is not
always possible. Larger, more complex molecules are often less stable and liable
to decompose before reaching sublimation temperature. The morphology and
conformation of these molecules on surfaces is of interest, and so an alternative
means of deposition is required. One route to successful deposition of thermally
labile molecules is electrospray ionisation. [138] Originally developed as a method
of creating ion beams for use within mass spectrometry, [139] the electrospray
method was more recently implemented as a method for molecular deposition

[140, 141] and has proven highly successful as a deposition method for a variety
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Figure 5.1: Diagram of the process of electrospray. A solution containing the
target molecule and a polar solvent passes through a positively biased needle,
ionising elements of the solution (most likely the polar solvent). These ions move
to the end of the needle forming a Taylor cone, and disperse into droplets as
charge build-up exceeds surface tension. These droplets then undergo repeated

fission during transit towards the oppositely biased capillary.

of large molecules with complex functionalities. [142-144]

5.1.1 Electrospray Methodology

Put simply, electrospray is the creation of charged droplets, which subsequently
undergo fission into smaller and smaller droplets as they move away from an
emitter. By creating a fine mist of molecules within a solvent, it is possible to
propel the target molecule towards the sample, without the need for sublima-
tion. By placing a sample down-stream of this flow of droplets, one can transfer
molecules from solution to a substrate. To achieve this, a solution containing the
molecule dissolved in an appropriate solvent /polar solvent mix is pushed through
a biased emitter needle of radius 25-50 pym by a syringe pump. The needle is
positioned approximately 1-3 mm away from a grounded capillary tube serving
as an entrance to the UHV system. The electrospray process occurs in ambient
conditions, as evaporation of solvent is a key part of the process, and thus for the
technique to apply to UHV science an opening to ambient pressure must be made
in the UHV system. The electric field drives the process of spray formation, as
will be described below. The setup is shown in Figure 5.1. A high bias of the

order of kV is applied to the needle to create an electric field between the needle
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and capillary. The magnitude of this electric field is described by: [145]

2V

where V' is the applied bias, r is the radius of the emitter needle and d is the
distance between the needle and capillary. In an example case, where a positive
bias is applied, the electric field causes positive ions to migrate away from the sides
of the needle towards the surface of the liquid. This build-up of positive charge
leads to a repulsion of the gathered ions into a Taylor cone (see Fig. 5.1). [146]
For a sufficiently high electric field, the repulsion between ions is large enough to
overcome the surface tension, ~, of the liquid and a spray of ionised droplets is

emitted from the end of the cone. The critical point at which the electric field

(which created the Taylor cone) is strong enough to cause this, E.;, is: [145]

2 0
Ecm't ~ 708 ’ (52)
€gT

where €, is vacuum permittivity and 6 is half the angle of the Taylor cone.
Immediately following emission, the droplets can be quite large, and reduce
a great deal in size as they travel towards the capillary. This is due to solvent
evaporation, increasing charge density and leading to further droplet fission. The
point at which the charge density overcomes the cohesive force is known as the

Rayleigh limit and is described by the following: [145]

Qry = 8m\/ gy RS, (5.3)

where Qg is the charge and R is the radius of the droplet. The droplets repeat
this process, becoming smaller and smaller. The end point of this process is
debated: Dole et al. [147] propose that the droplets undergo repeated fission
until a single molecule remains in the droplet, with the final solvent evaporating
and leaving a residual charge on the molecule. This is known as the charge
residual model. A second model, known as ion evaporation, proposes that once
droplets decrease below a certain size (approximately 10 nm), ions within the
solvent (including charged molecules) can be emitted into the gas phase from the
droplet in a process known as ion evaporation. [148]

The needle emitter is positioned external to the vacuum, at ambient pressure;

the spray is aimed towards a capillary leading to the UHV system. Of course,
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Figure 5.2: The setup of the progressive pumping system typically used to main-

tain good UHV pressure during electrospray.

the sample needs to remain at UHV pressures to maintain cleanliness. Hence,
a series of differentially pumped vacuum chambers are positioned behind the
capillary, leading to the sample stage. This setup is shown in Figure 5.2. As
can be seen, the ion spray is passed through several apertures, each leading to a
chamber with successively lower pressure. This technique, known as differential
pumping, allows for the UHV system to be exposed to atmosphere and thus the
molecular spray without suffering significant increase in pressure. The interior
apertures are so-called “skimmer cones”; and are cone-shaped to ensure that only
ions travelling straight through the chamber can pass through; in each new low
pressure chamber, the beam will expand, so selecting for ions travelling in a

straight line is beneficial.

5.1.2 Characterising the Deposition Profile of Electrospray

When performing electrospray deposition, one key difference in relation to de-
positions via thermal sublimation is the uniformity of deposition. Electrospray
depositions do not produce uniform coverage, in contrast to what is typically
obtained via thermal sublimation. Thermal sublimation depositions provide an
even coverage across a target sample, due to the distance d from the sample to
the sublimator typically being comfortably large enough to provide a deposition
spot size greater than the size of the sample. Given a divergence angle 6 (half the
angle of the emission cone from the central axis of the crucible), the relationship

between spot radius R, distance d and aperture radius r is given by the following:
R =r+dtand. (5.4)
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Hence, a sample of approximately 6.5 mm width will be completely covered in
the case where a crucible is with a distance d of 1.75 cm from the sample (in the
situation where the divergence angle is 12° and the emission aperture is 3 mm
in diameter). [149] Typically the sample-evaporator separation in a UHV setup
is around 10-20 cm, so full sample coverage is expected when utilising thermal
sublimation. The electrospray setup used in this thesis, has a much narrower
angle of divergence upon exiting the last aperture, due to the sequence of skimmer
cones. This is approximately 0.25°. The distance to the sample is also a very
short 3 cm, and final aperture size 1 mm. Given these values, the spot diameter

is calculated to be 2.3 mm.

Characterising a ‘Single-Spot’ Deposition

Because the deposition spot size of an electrospray deposition is so small, examin-
ing the coverage dependence as a function of sample position is of interest; in the
context of STM characterisation, electrospray deposition creating areas of differ-
ing coverage on one sample could be of use when considering coverage dependent
effects. In order to characterize the coverage-position dependence, we perform a
spot deposition in the centre of the sample, and acquire a series of STM mea-
surements taken at periodic intervals in a horizontal line across the centre of the
sample. As shown in Figure 5.3, it can be seen that deposition results in a large
amount of material within the central region, with a decreasing amount visible
when moving laterally away from the centre. The deposition pictured followed
a 40 min deposition in the centre of the sample at a pressure of 1 x 10~7 mbar.
The stepwise STM can be used to estimate the size of the deposition spot.

The images can be categorised into 4 rough regions. Beginning in the very
centre, the deposition is mostly too thick to perform STM, with great difficulty
imaging and large (apparent height ~4-5 nm) clumps of indiscernible material.
This area (dark red) has a diameter of approximately 0.5 mm, based on the STM
images taken. Extending beyond this is a further region where material density is
too high for consistent and high quality STM (light red), of approximately 1.3 mm
diameter. A sub-monolayer coverage appropriate for imaging individual species is

found in the green area, with a diameter of approximately 2.4 mm. While this is
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Figure 5.3: Stepwise STM images taken at different lateral positions across a
sample prepared with an electrospray spot deposition of c¢-P24b. All images
taken at room temperature with the following settings: -1.8V, 15pA.

slightly larger than the calculated spot size, it is possible that material migrates
across the surface at room temperature, which this sample was prepared and
imaged at, or that solvent dewetting can result in transport of material. The
final possibility is that the deposition spot may be larger than calculated, as
will be discussed later in this chapter and in chapter 6. The most revealing
implication of this coarse-grained analysis is that the electrospray spot itself is
non-uniform and gives rise to a significantly higher coverage at the centre. This
has significant implications for the potential use of X-ray spectroscopy studies
of electrosprayed materials, as the spot size of the X-ray beam could encompass
a variety of different levels of coverage. This would affect ‘ensemble averaging
techniques’, such as XPS, which may average over multiple different coverages,
providing an inaccurate picture of the experimental situation, depending on the
beam profile used at the time. At grazing incidence, for example, any x-ray spot

will cover most of a sample in whichever direction the beam is titled.
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Figure 5.4: a) Scale diagram of a sample plate with an Au(111)-on-mica sample of
dimensions 3x6 mm (central rectangle) featuring an electrospray spot deposition
(red circle of radius 2.3 mm, in line with expected calculated spot size), such as
that shown in Figure 5.3. b) Scale diagram of an electrospray raster deposition
(series of red circles of radius 2.3 mm) onto an 8 mm diameter Au (111) single
crystal sample (larger black circle). Blue circles mark the locations of the XPS
spots (diameter lmm) from c). ¢) Stepwise C 1s spectra taken across the elec-
trospray raster deposition strip in locations marked by Xs in b); +ve directions

are towards the eyelet, -ve is away from the eyelet.

Characterising a ‘Raster’ Deposition

As a route to obtaining a more uniform coverage, an alternative approach is
to perform a raster deposition, whereby the electrospray spot is moved across
the sample at regular intervals, creating a larger area of uniform coverage. A
schematic comparison of the two deposition approaches can be seen in Figure

5.4a-b). While the spot deposition shown in Figure 5.3 was performed at a
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single location for 40 mins, a raster deposition consists of several evenly spaced
deposition spots for a shorter time. In Figure 5.4b), the deposition consists of
10 spots 0.5 mm apart, each of which was deposited on for 5 minutes per raster,
with a total of three cycles. This means each spot received approximately 15
minutes, and towards the centre most regions overlap at least 3—4 times, albeit
at the edge of the deposition spot. This leads to a larger area of more consistent
deposition coverage, more appropriate for area-averaged techniques such as X-ray
spectroscopy.

As the RT STM used here can only move horizontally across the sample,
stepwise C 1s XP spectra were taken vertically across this strip, as displayed in
Figure 5.4c). The XPS spots were taken at 0.5 mm separation across the depo-
sition spot in the approximate centre of the raster, in order to gauge the width
of the strip. Each different colour spectra presented in Figure 5.4¢) represents
a C 1s spectra taken at one of these spots, with blue being the most extreme
position 1.5 mm towards the eyelet from the centre of the strip (top in figure
5.4b)), and pink being the most extreme position 1.5 mm away from the eyelet
from the centre of the strip. Each of these peaks is located at broadly the same
binding energy (284.1 eV), with the peaks taking uniform shape, but differing
intensity. The coverage is broadly uniform across the region covered by the cal-
culated 2.3mm deposition spot, with noticeable drop off beyond this limit. While
there is a decrease in coverage beyond this point, it is notable that the apparent
material dispersal under this method is wider than anticipated, indicating that
the deposition spot is larger than calculated. These results do indicate, however,
that the creation of a large deposition area of uniform coverage is possible using
this method, and hence is suitable for various X-ray spectroscopy techniques; this

method is utilised in chapter 6.

5.1.3 Co-deposition of Contaminant Material

When imaging electrosprayed material at room temperature, the deposited species
is often clearly visible on the substrate (provided the species itself is not too mo-
bile), allowing for high quality images such as those shown in fig 5.5a). However,

upon cooling to 4 K, unresolvable contaminant is visible across the sample, as
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Figure 5.5: a) Image of as deposited molecular precursors on Ag(111), taken at
room temperature. Taken from Ran et al.. [150] b) Image of toluene+methanol

40 minute spot deposition taken at 4 K. Bias = -1 V, Current set point = 50 pA.

shown in 5.5b). This image was taken following spot deposition of solvents,
toluene and methanol, as a control experiment. The contaminant is of unknown
origin, but appears to be very mobile on the surface, as it can be found across
the breadth of a sample, not just in the deposition area.

Upon annealing to 250 °C, the material appears to desorb. For molecule-
substrate systems this can be an issue, as measurements of certain reaction stages
triggered before contaminant desorption may not be measured accurately. The
relatively high desorption temperature seems to rule out the possibility of the
contaminant being the toluene or methanol themselves, as these should evaporate
at temperatures below 250°C. Possible sources of contaminant could be impurities
within the chosen solvents. It is also possible that the electrospray mechanism
itself is contaminated; perhaps inside the many differential pumping chambers,
the turbulent flow of solution can attach and remove chemical species from the
inside wall of the chambers before eventually depositing them.

While higher purity solvents, or decontamination of the e-spray setup, may
solve this issue, an alternative approach is mass-selective electrospray, using prin-
ciples from mass spectrometry in order to select for a mass associated with the
target molecule. This has been applied with success to large organic molecules
like proteins, [151] however it has not been broadly adopted in the field of on-
surface synthesis. While molecular species can still be imaged in the presence
of contaminant, and useful information about morphology can be obtained, the

packing of molecules may well be affected by contaminant material. Techniques
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like scanning tunnelling spectroscopy (STS) are hampered by a layer of contam-
inant material, as it is challenging to ascertain which states are from the target

molecule and which come from the contaminant.

5.1.4 Applications of the Electrospray Methodology

Electrospray deposition is an extremely useful and versatile tool for the depo-
sition of large, thermally labile molecules into UHV conditions for STM. Due
to the non-uniform coverage of spot depositions, these are unsuitable for X-ray
spectroscopy; a raster deposition technique produces a larger area of uniform de-
position suitable for X-ray spectroscopy. Low temperature STM can be affected
by contaminant material, inhibiting techniques such as STS, however useful mor-
phological observations can be made. Within this thesis, electrospray deposition
is utilised to investigate two classes of porphyrin-based molecular species: cyclic
porphyrin nanorings, discussed below, and porphyrin-graphene nanoribbons, dis-

cussed in chapter 6.

5.2 c-P Series Nanorings

Electrospray facilitates the STM imaging and characterisation of the morphology
of large target molecules that are not suitable for thermal deposition. Synthetic
chemistry provides a route to create a wide array of functional molecules, such as
extended polymers hundreds of nanometers in length. [152] While these molecules
can be deposited via drop-casting or freeze-drying, electrospray allows for depo-
sition into UHV conditions, and thus allows for higher resolution STM imaging.
STM characterisation has one advantage over the range of in-solution measure-
ment techniques, which generally rely on averaging over many molecules, that
are frequently used to characterise the products of molecules synthesis (mass
spectrometry, nuclear magnetic resonance (NMR), gas-liquid chromatography
(GLC)). Crucially, the combination of STM and electrospray allows the mor-
phology of a single target molecule to be discerned, and by measuring a range of
single molecules, information about the distribution of molecular size and shapes

can be ascertained. A key issue, which appears trivial at first glance, is to deter-
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mine whether or not a polymer is linear or cyclic. For linear and cyclic polymers,
only the terminating monomer unit might be expected to display any chemical
difference from the monomers within the body of the polymer and, as such, trying
to distinguish between linear and cyclic species by considering the small number
of terminating groups can be non-trivial and often outside the scope over tech-
niques which average over many monomers. STM and SPM offer a real space
route to identifying the structure of novel molecular species.

One family of molecules that exhibit a cyclic structure are porphyrin nanor-
ings. In several naturally occurring biological systems, light capture is con-
ducted by rings of chlorophyll molecules, of which the central structure is an
aromatic porphyrin unit. [153] In order to replicate the exceptional charge trans-
port and light capture properties of these natural systems, porphyrin nanoring
structures have been synthesised and investigated. Previous porphyrin nanorings
have been unable to replicate the charge transport exhibited by their natural
counterparts. [154-156] The molecule shown in Figure 5.6a), labelled c¢-P24b,
is an attempt to explore systems which may exhibit novel charge transport be-
haviour. Synthesized via a novel vernier templating route (the process of which is
shown in Figure 5.6¢-d), as reported by O’Sullivan et al. on a similar porphyrin
nanoring [157]), this molecule represents the first time a cyclic porphyrin-based
structure mimicking the meso-meso linked porphyrin rings found in chlorophyll
molecules has been synthesized, and hence provides a route to further understand-
ing the light capture and energy transport properties of these molecules. [158]

The unique aspect of vernier templating is the use of several small template
sections, unevenly matched with the porphyrin oligomers in such a way as to add
to a coherent whole, allows for the in-solution synthesis of both ring and template,
rather than having to create a sometimes extremely large template separately. In
traditional template synthesis, the larger the target molecule, the larger the tem-
plate, until creating such a template becomes a limiting factor in and of itself.
This is not the case with vernier templating. In the example in Figure 5.6¢), each
template features 6 attachment points, and each oligomer features 4 porphyrins.
The combination of 2 templates and 3 oligomers forms the vernier complex as

shown in 5.6d), with a subsequent covalent coupling step facilitating the forma-
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Figure 5.6: a-b) Structures of porphyrin oligomers ¢-P24b, ¢-P18b and ¢-P36bb,
where ¢ refers to cyclic, PN is the number of porhpyrin units, and b represents the
number of butadiyne bridges in the molecule. c-d) Process of vernier templating,
taken from O’Sullivan et al.. [157] ¢) Shows the formation of a molecular 3:2
complex of oligomers and template sections. d) Shows the formation of the vernier

complex to create a 12 porphyrin macrocycle.

tion of a 12 porphyrin ring. Given that the cyclic structure of these molecules
is key to their function, ratifying the cyclic topography was of significant impor-
tance. Hence, a need arose for the unique structural characterisation abilities of
STM, and electrospray deposition. After the breakthrough synthesis of ¢-P24b,
c-P18b and ¢-P36bb were also synthesized via a similar template method; [159]
these structures are shown in Figure 5.6b). Much like ¢-P24b, the cyclic nature
of these other c-P series nanorings required verification via STM characterisa-
tion. Each species possesses unique characteristics rendering further investiga-
tion desirable: c¢-P18b was the smallest produced in this style, while ¢-P36bb
was an unexpected figure-of-8 by-product from the synthesis route. ¢-P18b was
of particular interest, as smaller cyclic molecules experience greater strain, and
tend towards conformations that favour electron delocalisation, to stabilise the
molecule, and thus a smaller molecule is a target for energy transport properties.

In this section, the ¢-P series nanorings are deposited onto an Au(111)-on-
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mica sample via electrospray deposition and characterised with STM. The initial
goal is to determine the cyclic nature of the target molecules, and subsequently

characterise structural and conformational motifs.

5.2.1 Experimental Method

All nanoring species were synthesized by the group of Harry L. Anderson, De-
partment of Chemistry, University of Oxford, Chemistry Research Laboratory,
Oxford, UK.

Structural characterisation was performed wvia STM. Au on mica samples
(Georg Albert PVD GmbH) were cleaned wvia cycles of Ar ion sputtering (20
minutes at 0.75 keV, 8.5x107% mbar) and annealing (300 °C for 20 minutes).
Sample cleanliness was determined via XPS prior to deposition. STM data was
acquired using an Omicron STM-1 system, with Nanonis control electronics, op-
erating at room temperature under ultra-high vacuum (UHV) conditions: base
pressure < 2x 107 mbar. Imaging was performed using electrochemically etched
tungsten tips, functionalised with gold during on-surface tip preparation (bias is
applied to the sample).

X-ray photoelectron spectroscopy (XPS) was acquired using a SPECS De-
viSim near ambient pressure XPS (NAP-XPS) instrument operating in ultra-high
vacuum (UHV) mode at a pressure < 1x107Y mbar. Spectra were measured using
a Phoibos 150 NAP hemispherical analyser with 20 eV pass energy and monochro-
matic Al Ko X-rays (1486.7 eV). The samples were transported between the STM
and XPS sites using a vacuum suitcase at a pressure <1x107!° mbar.

All nanorings were prepared in 50 pg/mL solutions in toluene/methanol (3:1
ratio). Electrospray deposition was conducted for all samples upon a clean
Au(111) substrate via electrospray ionization with a Molecularspray UHV4i de-
position source. Parameters for each sample are as follows: ¢-P18b was deposited
with a solution flow rate of 0.1 mL/hour for 40 minutes in a single spot using
a potential of 1.9 kV to initiate the electrospray event (base pressure during de-
position was 1 x10~7 mbar). ¢-P24b was deposited with a solution flow rate of
between 0.1 and 0.03 mL/hour for 30 minutes in a single spot using a poten-

tial of 1.2 kV to initiate the electrospray event (base pressure during deposition
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was 2.5x107" mbar). The ¢-P36bb was deposited with a solution flow rate of
between 0.1 and 0.03 mL/hour for 20 minutes in a single spot using a poten-
tial of 1.9 kV to initiate the electrospray event (base pressure during deposition
was 1x1077 mbar). ¢fP18MM was deposited with a solution flow rate of be-
tween 0.1 and 0.03 mL/hour for 20 minutes using a potential of 2 kV to initiate
the electrospray event (pressure during deposition was 2 x 10-7 mbar). P18MM
was deposited with a solution flow rate of between 0.1 and 0.03 mL/hour for
40 minutes using a potential of 2 kV to initiate the electrospray event (pressure
during deposition was 2 x 10-7 mbar). During the deposition of PISMM, the
electrospray spot was raster-scanned across the sample.

The c-P series rings are covered in the following section, with the P-18 series

rings described and covered in section 5.2.4.

5.2.2 Nanoring STM

Following deposition, I obtain morphological data of the various cyclic polymers
via STM characterisation. In all cases, areas of sub-monolayer coverage were
identified, where molecular species were numerous, but with enough separation
to allow individual species to be identified and imaged. As can be seen in Figure
5.7a-c), areas of approximately similar coverage were found on each sample. In
each case, the cyclic nature of the molecules is clearly visible. All of the c-P se-
ries rings exhibit an aperiodic fluctuation in apparent height, shown by the bright
features visible around the circumference of each ring. These display no appar-
ent pattern, and vary in both height and number seemingly at random; efforts
were made to ascertain whether differing surface adsorption sites affected this
characteristic, but no relationship could be established. They are attributed to
non-planar structures driven by competition between the preferential adsorption
of the plane of the porphyrin with the substrate and steric hindering between
neighbouring covalently coupled porphyrins. The steric hindrance between the
meso-meso linked porphyrins typically exhibit a rotational angle of between 70-
90° in solution, and hence facilitate the planar adsorption of all porphyrin cores
upon the substrate. I attribute the variation in appearance to the prevalence of a

number of quasi-energetically-degenerate conformational structures or kinetically

115



Figure 5.7: a~c) Overview STM images showing coverage of a) ¢-P18b, b) ¢-P24b,
and c¢) ¢-P36bb - this image has had a "polynomial background subtraction”
applied during post processing to flatten the image and make all steps visible,
causing some unusual brightness fluctuations. These are not representative of
the surface states. All images: Sample bias = -1.8 V, Set-point current = 20 pA.
d-f) Closer zoom STM images showing measurements of individual species, d)c-
P18b (-1.8 V, Set-point current = 15 pA), e) ¢-P24b (-1.8 V, Set-point current
= 20 pA), and f) ¢-P36bb (-1.8 V, Set-point current = 15 pA).

trapped arrangements.

We now focus on characterising the dimensions of individual cyclic polymers.
In Figure 5.7d-f), isolated examples of each species can be seen, with measure-
ments taken across the long and short axis. The dimensions are obtained from the
peak-to-peak separation of the features observed in line profiles. Line profiles are
taken across the full diameter of the rings, with the major and minor axes being
identified visually, as shown in Figure 5.8. Most rings are not perfectly circular;
for the purposes of measurement, they are considered ellipses, with a major axis
and minor axis. These are represented by a blue and red line, respectively, as
shown in inset Figure 5.8c) and applied in 5.8a-b). The line profiles have two

clear peaks associated with the ring; in this case, the peak-to-peak separation on
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Figure 5.8: a) Line profile across the long and short axis of ¢-P24b species, as
shown in associated STM image. (Sample bias = —1.8 V| Set-point current =
20 pA). b) Graph showing the experimentally measured long- and short-axis for
c-P18b, ¢-P24b and ¢-P36bb nanorings deposited onto Au(111).

the red and blue line profiles are 6.2 nm and 5.7 nm, respectively. By measuring
the long and short axis of the rings, information can be gained on the size of the
rings, as described below, and by comparing the ratio of the two axes inferences
can be made on the flexibility of the rings; greater deviation from circularity can
be seen as an indication of molecular flexibility. These measurements were col-
lected for a large number of species for each deposition (The number of individual
rings measured for the ¢-P18b, ¢-P24b and ¢-P36bb data sets consists of 41, 38
and 59 molecules, respectively), and the long and short axis plotted against one
another in Figure 5.8b). The solid black line represents a flattening ratio f of 0,
indicating a circular ring shape; flattening ratio is calculated as “T_b, where a is the

long axis and b is the short axis. The dotted lines represent increasing f values,
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meaning a more elliptical shape. The blue, orange, and green arcs correspond to
an ellipse of fixed circumference; equivalent to the average circumference obtained
for each nanoring deposition. As can be seen, the rings cluster into three groups,
corresponding to the three molecular species. As the size of the rings increases,
so too does the flexibility, as the flattening ratio of the larger rings expands be-
yond 0.6, whereas for the ¢-P18b species is almost entirely below 0.4. Also worth
noting is the apparent presence of smaller species within the ¢-P36bb deposition,
as indicated by some green data points appearing in clusters associated with the
smaller rings.

The circumference stated here is calculated by the Ramanujan approximation

for the circumference of an ellipse ¢: [160]

c~7[3(a+b) — /(3a + b)(a + 3b)]. (5.5)

This is a somewhat crude approximation of the circumference of the rings, as
(particularly the larger rings) are not particularly symmetrical, and the peak
to peak line profiles can be across either wider or narrower parts of the ring;
these fluctuations in width are ascribed to horizontally or vertically aligned por-
phyrins, and so any measurement across these could affect the perceived a and b
measurements and lead to inconsistent measurements. In addition, adsorption at
step-edge features can affect the perceived geometry of the rings. Primarily, the
function of these measurements is to ascertain the flexibility and general size of
the rings, and it serves that function well. Some key points stand out from this
data: firstly, the c-P36bb deposition seems to contain some c-P18b and c-P24b,
which makes some sense as that sample itself was an unintended by-product from
c-P18b synthesis. Secondly, the larger the rings become, the more flexible they
become, tending towards a more elliptical shape. This agrees with the findings
of Gotfredsen et al. that the smaller porphyrin rings would experience significant

tension, holding the rings in a rigid shape. [158]

5.2.3 Adsorption sites and Ring Mobility

Also of interest were the durability and mobility of the rings at room temperature.

In this case, when I refer to mobility, I describe the propensity of the molecule
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to move on the surface during the imaging process, either thermally induced or
pushed by the tip. Preferential adsorption at step edges is an indication that
the species may be mobile at this temperature, as they are only observed when
trapped in such a preferential adsorption site. Other evidence aside from step
edge adsorption can be ‘streaking’ on the image (scan artefact where part of a
single scan line exhibits anomalous apparent height compared to those before and
after, appearing as bright or sometimes dark horizontal lines across the image),
indicating a molecule moving as it is being scanned, ascribed to tip interaction,
or movement of rings between consecutive images. In order to investigate these
characteristics, the proportion of rings located on steps, and proportion of broken
rings, were recorded, as shown in Table 5.1. ¢-P18b demonstrates a high level of
mobility, as evidenced by constant streaking in STM images, examples of which
can be seen in Figure 5.7a). The ¢-P18b sample also features a high proportion of
rings on step edges. As the rings, like many adsorbates on coinage metals, seem
to more favourably adhere to step edges, [161-163] the highly mobile ¢-P18b
is unlikely to remain in a single location long enough to image without being
adsorbed on a step-edge, explaining this characteristic. The proportion of each
species adsorbed to step edges is lower for ¢-P24b than the other ¢-P series rings.
This may be due to ring mobility; it seems feasible that the moment of deposition
was the only period at which the ¢-P36bb species were able to diffuse across the
substrate, before preferentially adsorbing at step edges. Hence, it can be argued
that the much lower rate of step edge adsorption of ¢-P24b is due to two factors:

firstly, it is not so mobile that it cannot be imaged anywhere but step edges, as is

c-P18b | ¢-P24b | ¢-P36bb

Proportion of
rings adsorbed 87% 41% 70%

on step edges

Proportion of
23% 27% 44%

broken rings

Table 5.1: Proportion of broken rings and rings adsorbed onto step edges for c-P
series nanorings. ¢-P18b n=60, ¢-P24b n = 51, ¢-P36bb n =58.
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Figure 5.9: Sequential STM images showing apparent motion of individual ¢-P24b

species during imaging. Evidence of movement are highlighted by red arrows.

(Sample bias = -1.8 V, set point current = 20 pA).

the case with ¢-P18b, and secondly it is mobile enough to not become immobile
at room temperature, as is the case with ¢-P36bb. c¢-P24b images demonstrate
some characteristic streaking, and although it is not quantified, it seems to a
lesser extent than c-P18b.

Another piece of evidence for c-P24b mobility is seen in Figure 5.9. The c-
P24b can be imaged moving across the surface in between scans, indicating that
diffusion is occurring during imaging. When rings appear and disappear without
any streaking of the image or other artefacting, this is considered to be motion
without an obvious tip interaction. In some scans, streaks on the image appear,
indicating tip-molecule interactions could be causing some ring motion. In some
cases, rings move mid image, giving the appearance of a half-ring. These half-rings
are a strong indication of tip-ring interaction, as the ring has moved while the tip
passes over the molecule; given that the tip state remains consistent during these
events, it seems unlikely that the molecular species has completely transferred
onto the tip, and is instead simply moving in the presence of the tip. ¢-P36bb in
contrast, displays no evidence of motion, with very little observed streaking and
no images displaying other characteristics assigned to moving rings.

With respect to the proportion of broken rings, it seems clear that the c-P36bb
deposition contains a significantly greater preponderance of broken rings in chain
structure, with 44%, while the other two species are each at around 25%. A few
possible explanations for this phenomenon seem reasonable: firstly, the greater

flexibility of these rings could lead to conformational situations that produce
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Figure 5.10: Chemical structure of the ¢fP18MM and P18MM nanorings.

greater strain on the molecule. Secondly, it could be that the introduction of
the second butadiyne bridge significantly reduces the stability of the molecule,
or just the increased size in general. Given the previously discussed phenomenon
of greater internal strain leading to increased electron delocalisation, it seems
possible that the largest rings may suffer from reduced resilience. Alternatively,
it is possible that the sample itself contained a higher proportion of broken rings
prior to deposition, as the ¢-P36bb sample was itself a by-product.

Based on the trends in this data, I can draw the following conclusions: as the
size of ¢-P series rings increases, the species exhibit greater fragility, and lesser

mobility.

5.2.4 P18 Series Nanorings

A further set of nanorings originating from a novel synthesis is the P18 series,
namely P1ISMM and ¢fP18MM, the structures of which are shown in Figure 5.10.
Prior to the creation of these molecules, a macrocycle entirely constructed of 5,15-
linked porphyrins had never been synthesized. The fused version (¢fP18MM) is
of particular interest due to the theoretical possibility of exceptional electronic
delocalisation, leading to extremely high single molecule conductance that is al-
most independent of length. [164] Once again, their cyclic nature needed to be
verified with STM. As described in section 5.2.1, these new rings were deposited
via electrospray. Figure 5.11 shows that this was accomplished for both species.

Figure 5.11a-b) are overview images showing areas of broadly equivalent coverage
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Figure 5.11: STM overview images of the a) ¢f/P18MM (Sample bias = -2 V, set-
point current = 15 pA) and b) P18MM (Sample bias = -1 V, set-point current
= 20 pA) nanorings. Closer zoomed STM images of individual ¢) ¢fP18MM
(Sample bias = 2.0 V, set-point current = 15 pA) and d) PI8MM nanorings with

associated measurements. (Sample bias = —1.0 V, set-point current = 20 pA)

for each of these nanoring species, with Figure 5.11c-d) showing a closer zoom.
Once again, long and short axis measurements are taken, in order to establish
information on the size and flexibility of the molecular species; example measure-
ments are shown in Figure 5.11c-d) for each species.

Unfortunately, statistics on the P1ISMM species were small, with a measure-
ment sample of only 8 rings. Even with such a limited sample size, I can draw
some conclusions: an average circumference of 15.44+0.5 nm puts the non-fused
ring as significantly larger on surface than the closed-fused ¢fP18MM, with an
average circumference of 12.3+0.4 nm (n=60). This is probably due to the
porphyrin-porphyrin coupling being a key facet of the bunched up structure of
the porphyrin rings discussed in this chapter. Overall, the measurements are

quite similar to the similarly structured c-P18b, each being a cyclic polymer of
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Figure 5.12: STM images of a) ¢-P18b (-1.8 V, Set-point current = 15 pA) and b)
cfP18MM (-2 V, Set-point current = 15 pA) with associated line profiles marked
on the image with red lines. b) Graph showing the experimentally measured
long- and short-axis for ¢-P18b, ¢fP18MM and P18MM nanorings deposited onto
Au(111)

covalently bonded porphyrins.

As a point of comparison, line profiles across each of these species highlight
the manner in which the central template is still visible in STM; this is shown
in Figure 5.12. As indicated by the red arrow, a raised feature is present in the

centre of the ring, which is not present in the ¢-P18b species. This is attributed
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to the presence of the template.

Another aspect to note here is that the apparent height of the ring for ¢fP18MM
is generally higher than c-P18b, reaching approximately the same height as the
periodic raised sections of the ¢-P series nanorings (see Figure 5.8). This lends
credence to the suggestion that these bright features are sections of the ring
where the porphyrins are twisted upright, as this kind of conformation is likely
to be encouraged by the presence of the template, as we expect the rotational
flexibility of the monomer units to be curtailed by the template. Figure 5.12
shows the measured dimensions for the two PN series nanorings, with c-P18b
for comparison. Of note is that, while the measured circumference of ¢fP18MM
and ¢-P18b are very similar, the ¢fP18MM retains a more circular shape overall,
presumably due to the influence of the internal template. The non-fused P18MM
is of approximately similar circularity to ¢-P18b. the various measurements of all
porphyrin nanorings can be seen in Table 5.2. As can be seen from the table, the
presence of the internal template has less of an impact on apparent circumference
than the inter-porphyrin bonds of the monomers - ¢-P18b and ¢fP18MM are of
an effectively identical average circumference, whereas the unfused P18MM is
significantly larger. One area in which the templates do influence the structure
is that the most circular species is the closed-fused and templated 18-member

ring; it seems clear that both the fusion and the template have some influence on

Average Average
Number of Average Average

long axis short axis
Species measured circumfer- | flattening

measure- measure-

units (n) ence (nm) ratio

ment (nm) | ment (nm)
c-P18b 63 4.3+0.5 3.44+0.5 12.14£1.3 | 0.20£0.12
c-P24b 51 6.84+0.9 4.4+0.8 17.9+1.2 0.3440.18
c-P36bb 59 8.9+1.4 6.0+1.4 23.8+3.0 0.31+0.19
c¢fP18MM 60 4.1+0.3 3.7+0.3 12.3£0.7 | 0.0940.05
P18MM 8 5.540.3 4.34+0.2 15.440.5 | 0.2140.06

Table 5.2: Measured characteristics of each porphyrin nanoring species following

electrospray deposition.
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Figure 5.13: XP spectra of each of the electrosprayed nanorings species on
Au(111). a) C 1s region. b) N 1s region. ¢) Zn 2p 3/2 region. Brown dot-
ted line represents literature value for Zn-porphyrin on Au(111). [142] d) Ni 2p
Region. The green dotted line represents literature value for a thin film of Ni-

prophyrin on Cu. [165]

circularity:.

5.2.5 Chemical Characterisation via XPS

XPS was performed on each of these samples in order to determine a successful
deposition of intact molecules. These spectra are displayed in Figure 5.13. STM
offers real space information on molecular structure and dimensions. However,
it is non-trivial to robustly identify specific chemical groups within a molecular
species. Here, I use XPS to offer a characterisation of the chemical environments
present for the deposited molecular species. In our setup, electrospray deposition
is conducted in the same UHV system as the XPS; the samples are then trans-
ferred to an STM wvia a vacuum suitcase as described in section 5.2.1. XPS is an

excellent companion technique for electrospray, as it allows users to determine
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whether or not they have completed a successful deposition, more or less in real
time, as opposed to waiting to image the sample in STM, which in our experi-
mental setup has a significant associated time cost due to the need to transport
the samples.

The C 1s spectra, displayed in Figure 5.13a), are a useful tool for discerning
the coverage of deposited material, as the organic target molecules contain a
number of carbon atoms, leading to a relatively strong signal. The C 1s peak
can be normalised to the native surface peak, such as Au 4f, in a wide scan
for a more accurate approximation of coverage. While the coverage does vary
across the sample with a spot deposition, the XPS measurements for coverage
are always taken on the deposition spot itself, allowing for comparison between
samples. The broad environments shown here reveal little information on the
nature of the deposited material, but do appear in the expected 284-285.5 eV
region for porphyrins on metal surfaces. [166] The N 1s, Zn 2p and Ni 2p regions
provide information on the intact nature of the molecules on the surface. For
metalated porphyrins, such as those featured in the nanorings, we would expect
a single N 1s environment, which is found in each case; if the metal cores of
the porphyrins had become detached at some point in the deposition process,
we would expect to see 2-3 distinct environments depending on the frequency of
any de-metalating process. [166] The metal regions themselves would also display
multiple environments if the cores were in the process of losing the atoms, an on-
surface and an on-molecule region. In fact, the Zn 2p 3/2 region for each species
displays a binding energy in a similar region to that obtained from the literature
for a Zn-porphyrin on Au(111), represented with the brown dotted line. [142]
Similarly, the Ni 2p region displays peaks in the same region as those found for
a thin-film of Ni-Porphyrin on a Cu substrate, represented with the green dotted
line. [165]

The XPS measurements were performed with a lab source, producing monochro-
matic Al Ka X-rays (1486.7 €V). Unfortunately, at this photon energy, the cross-
section of many elements is quite small, making high resolution spectra extremely
time consuming. As such, the Zn 2p, Ni 2p and particularly the N 1s spectra are

poorly resolved. Lab-based XPS may not have the best resolution - that is where
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synchrotron radiation comes in, as will be explored in chapter 6. While these
limitations do prevent us obtaining high resolution XPS spectra (on a reasonable
timescale), we are still able to obtain insights into the nature of the as-deposited
molecule by looking for signs of molecular degradation, as described above, and

most importantly can do so without requiring synchrotron radiation.

5.2.6 Conclusion

The work detailed in this chapter highlights the unique morphological charac-
terisation properties of STM, often essential in understanding the structure of a
target molecule. Specifically, a series of porphyrin-based nanorings were charac-
terised, confirming the cyclic nature of the molecules, and measurements of the
size and shape of the molecules were also made. These observations lend cre-
dence to the notion that smaller porphyrin nanorings experience a much greater
structural tension, holding them in a less flexible and more circular shape. Be-
haviour of these molecules in relation to their motion, resilience, and preferential
site adsorption was also established wvia the collection of STM statistics, indicat-
ing a higher degree of on-surface diffusive mobility exhibited by smaller species,
alongside higher resilience.

The utility of the electrospray deposition technique is also explored, as an
unrivalled method of depositing larger, thermally labile molecules that are more
practically synthesized in solution. In combination with XPS, electrospray is
proven to be a highly reliable and consistent deposition method for the nanorings
studied within this chapter. XPS analysis reveals the technique deposits intact
molecules, and monitoring the coverage with XPS allows for a consistent and
repeatable coverage. Further to this, the distribution of material following elec-
trospray deposition was also investigated, revealing the concentration gradient
of material across the surface following an electrospray deposition and material

being deposited far outside the theoretically calculated spot size.
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Chapter 6

On-Surface Synthesis of
Porphyrin-Graphene

Nanoribbons

In this chapter, electrospray deposition is utilised to deposit large, complex molecules
synthesized in-solution. Here, polymeric precursor molecules are annealed on-
surface to produce a porphyrin-graphene nanoribbon, combining the atomic pre-
cision of solution-phase synthetic chemistry with on-surface protocols to enable
reaction steps that cannot yet be achieved in solution. Scanning tunnelling mi-
croscopy (STM) and photoelectron spectroscopy (PES) are used in concert to

characterise the novel porphyrin-fused graphene nanoribbon formed on-surface.

The work contained within this chapter was produced in collaboration with Dr
Matthew Edmondson, University of Nottingham Nanoscience group. Specifically,
the STM images (including dI/dV maps) taken following the 450 °C anneal were
taken by Dr Edmondson. Contributions from Dr Edmondson are indicated within

the figure captions where appropriate.

6.1 Porphyrin-graphene Nanoribbons

Graphene nanoribbons (GNRs) possess fascinating electronic properties with the

potential for applications within (opto-)electronic devices [167]. Studies of GNRs
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often focus upon the on-surface synthesis of extended graphitic polymers formed
from the Ullmann-type coupling of halogen functionalised precursors, such as
bianthracene units [3]. In common with many on-surface synthesis protocols, the
initial, intermediate and product states can be studied by scanning tunnelling
microscopy (STM) and atomic force microscopy (AFM) to provide sub-molecular
insights into reaction pathways and resultant structures [4]. Recently, the on-
surface synthesis of open-shell nanographenes which exhibit 7—magnetism [168]
has led to contemplation on their use within spintronic devices and quantum
computing architectures [169]. There is also significant interest in achieving doped
and heterostructured GNRs, with the aim of allowing tunable bandgap and Fermi-
level engineering. The chemical modification of the reactive precursor molecules,
which are the building blocks of GNRs, is a widely explored route to providing
functional groups at the periphery [170,171] and within the core of the GNR;
boron [172] or nitrogen [173-175] are frequently used as dopant species.

While an on-surface synthesis approach to the formation of GNRs has al-
lowed polymers with a range of structures to be fabricated, there are still sig-
nificant challenges relating to the selectivity and efficiency of such on-surface
reactions. My proposed methodology utilises the atomic precision of solution-
phase chemistry to form highly regular polymeric precursor species, and to em-
ploy on-surface protocols to enable reaction steps which are not facile in solution
(e.g. the dehydrogenative-cyclisation reaction step required to produce conju-
gated graphitic materials).

Our focus is on the inclusion of porphyrin species within the graphene nanorib-
bons, giving rise to porphyrin-fused graphene nanoribbons (PGNRs). Porphyrins
are robust molecular species, amenable to functionalistaion by pendant chemical
groups at the periphery and metalation of the macrocyclic core. Porphyrin species
have been well-studied by a number of surface science approaches, including pho-
toelectron spectroscopies (PES) [176] and scanning probe microscopies (includ-
ing STM and AFM) [177]. The functionalisation of graphene structures has been
demonstrated by fusion of tetrapyrroles (free base porphyrins, 2H-P) to the edges
of extended graphene structures [178] and by the on-surface synthesis of GNRs

with porphyrin units fused at regular distances along the edge of the nanorib-
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bon, [179] while the inclusion of porphyrin groups within GNRs has been achieved
by on-surface methods, but frequently results in short oligomers [180,181] exhibit-
ing a high defect density [182]. Importantly, the inclusion of metal functionalised
porphyrins provides a scheme for doping these graphitic species [181], allowing
access to spin states [182,183] and for the incorporation of the catalytic properties
of such species [177].

A challenge for a combined solution-phase and on-surface approach is the
transfer of large (over 100 nm in length in the case of the polymers used in this
work [184]), thermally labile, polymers from solution to the ultra-high vacuum
(UHV) environments required for precision PES and STM measurements. Over
the last decades, electrospray-based deposition (ESD) procedures have been used
to deposit a range of fragile, functional, and polymeric species onto substrates
held under UHV conditions [123,140-142,151, 157, 185-189]; including graphene
nanoribbons [190]. This has provided a route to the characterisation of molec-
ular structure and properties, by combining the spatial resolution of STM and
AFM with the chemical and structural sensitivity of PES techniques (e.g. X-
ray photoelectron spectroscopy (XPS), near-edge X-ray adsorption fine-structure

(NEXAFS) and X-ray standing wave (XSW) techniques) [158,164, 184, 191].

6.2 Experiments

In this chapter, I employ a combination of ESD, STM, XPS, NEXAFS, and XSW
to characterise a novel porphyrin-fused graphene nanoribbon, PGNR, formed
from the on-surface synthesis of a linear polymer consisting of regularly spaced
Ni-porphyrin units linked by sections of aryl rings, nickel(IT) porphyrin polymer
(NiPP - synthesised and characterised as reported previously [184]); designed to
fuse together to form graphitic regions between neighbouring Ni-porphyrin units
- see Figure 6.1a-b) for proposed reaction scheme. In solution, this final step in

synthesis was not possible.
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Figure 6.1: Overview of the on-surface synthesis of a porphyrin-fused graphene
nanoribbon (PGNR). a) Chemical structure of NiPP. b) Proposed structure of
the reaction product following on-surface synthesis to form PGNR (degree of
polymerisation is expected to be up to N = 54). ¢) Chemical structure of molec-
ular precursor 1-Niy. d) STM image showing surface of Au(111) sample following
electrospray deposition of 1-Niy (Bias = 0.5 V, Current set point = 100 pA). e)
STM image showing surface of Au(111)/1-Ni, sample following anneal to 500 °C
(Bias = 1.8 V, Current set point = 50 pA). f) XP spectra of the Ni 2p region
of an NiPP sample showing the presence of unchanged Ni 2p signal following

anneal to 400 °C.
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6.2.1 Experimental Details
Synthesis

All nanoribbon precursor species were synthesized by the group of Harry L. An-
derson, Department of Chemistry, University of Oxford, Chemistry Research Lab-
oratory, Oxford, UK.

Scanning Tunnelling Microscopy - STM

Scanning tunnelling microscopy (STM) experiments were performed using a Sci-
enta Omicron POLAR low-temperature STM system operating under ultra-high
vacuum (UHV) conditions with a base pressure of better than 3x107!Y mbar. All
samples were prepared by the ‘single spot’” ESD procedure described in section
5.1.2 (electrospray deposition in a single spot for 40 mins) and transferred to the
UHV-STM system using a vacuum suitcase (NextGeneration UHV Suitcase, Fer-
rovac AG). The STM was cooled to liquid helium temperatures, with a sample
temperature of 4.7 K. All STM measurements were performed in constant cur-
rent mode using electrochemically etched tungsten tips optimised by controlled
indentation into the Au(111) single crystal substrate [bias applied relative to the
sample|. Differential conductance maps were measured in constant current mode
and were generated using a lock-in amplifier output that applied a 20 mV signal

at 2153 Hz in addition to the sample bias.

XPS, NEXAFS, and NIXSW

Synchrotron-based XPS, as well as NEXAFS and NIXSW measurements, were
performed at the 109 beamline [192] at Diamond Light Source. NiPP/Au(111)
samples were prepared in Nottingham (as described above) and transferred to 109
via a Vacuum Suitcase (NextGeneration UHV Suitcase, Ferrovac AG). The 109
beamline utilises two undulator sources allowing access to ‘soft’ X-rays (100-2000 eV)
and ‘hard’ X-rays (2100-18000 eV). The ‘hard’ X-rays were monochromated by a
Si double crystal monochromator, and the ‘soft” X-ray beam by a plane grating
monochromator. The XP spectra were acquired using a VG Scienta EW4000
HAXPES analyser mounted perpendicular to the incoming light (light is linearly
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polarised in the horizontal plane). The binding energies were defined relative to
the Fermi level of the substrate. Reflectivity curves were obtained from a fluores-
cent plate mounted in the port through which the synchrotron light is incident.
The curves were then acquired using a CCD camera mounted on a window oppo-
site the port. Reflectivity curves were fitted to determine the phase of the X-ray
standing wave in addition to modelling peak broadening due to experimental
uncertainties. Non-dipolar effects in the photoelectron yield were modelled us-
ing a backward-forward asymmetry parameter, Q, derived from the calculations
of Nefedov et al. [193,194]. Due to the large acceptance angle of the EW4000
analyser (£30 °) an effective emission angle of 15 © was used for the (111) reflec-
tion, with respect to the surface plane. The hard X-ray had a beam spot size of
0.02 mm? and the soft X-ray beam spot size was 0.16 mm?. The sample used in
synchrotron analysis was prepared via an electrospray raster deposition, in order
to create a larger area of even coverage, as described in section 5.1.2. In this
instance, 10 deposition spots 0.5 mm apart were deposited on for 5 mins each, a
total of 3 times.

N 1s, C 1s and Ni 2p core level XP spectra were obtained using photon ener-
gies of 550 eV, 450 eV, and 1160 eV, respectively. NEXAFS measurements were
acquired at the nitrogen K-edge using photon energies in the range 395-420 eV,
whilst detecting the photoelectron yield via the hemispherical analyser. Angu-
lar measurements were acquired at angles of 0° (normal incidence), 85° (grazing
incidence), and 55° (‘magic angle’). NIXSW measurements were performed us-
ing the (111) Bragg plane of the crystal (‘hard’ X-ray undulator on 109, with
a nominal Bragg energy of 2630 eV). Each NIXSW measurement was repeated
multiple times (10 times for the C 1s region, and > 8 times for the Ni 2p), with
each new measurement performed at a different sample location to avoid beam
damage. Before and after each XSW measurement, core level spectra for the
C 1s (hv = 2620 eV) were obtained in order to monitor possible beam damage,
with no significant changes observed. The sample was cooled using liquid nitro-
gen to reduce the effects of beam damage during data acquisition. A reflectivity
curve was measured prior to each X-ray standing wave measurement to check

the quality of the new areas of the surface and ensure that the energy range of
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each spectrum is the same with respect to the Bragg energy. The XP spectra
acquired during the XSW measurement are fit with a combination of Gaussian
and Doniach-Sunji¢ line shapes [195], a single chemical environment is fit for both
carbon and nitrogen species. The sample was characterised in the as-deposited
state, and following annealing to 450°C and 575°C in order to assess the outcome

of the on-surface reaction.

6.2.2 STM Characterisation

Prior to the deposition of the complete porphyrin polymer NiPP, attempts were
made to deposit and conduct on-surface synthesis of a molecular precursor, shown
in Figure 6.1c). Unfortunately, the monomer sample featured large islands of
unresolvable material often oriented along the herringbone, indistinguishable from
contaminant material (as discussed in section 5.1.3, see Figure 6.1d)). Annealing
to 500 °C did not result in the intended polymerisation reaction, instead clumps
of amorphous material were observed (Figure 6.1e)). XPS confirms that the
precursor does not desorb up to temperatures of 400 °C. As can be seen in Figure
6.1f), the Ni 2p region displays characteristic peaks of expected binding energy
for nickel porphyrin, [165] and remains unchanged in both intensity and binding
energy following this anneal.

Focussing now on STM of NiPP, it can be seen that following ESD of NiPP
on to an Au(111) substrate, STM characterisation reveals the presence of long
chain-like structures (see Figure 6.2a) - several chains indicated by arrows). The
chains exhibit significant flexibility and are observed to run continuously across
step-edges and over other chains; similar to the appearance of previously charac-
terised porphyrin-based polymers. [142] The average degree of polymerisation for
the deposited material is expected to be about N = 34 (based upon GPC and
MS analysis for a related polymer); equivalent to a polymer length of ~85 nm
(DFT calculations indicate the Ni-Ni separation of neighbouring porphyrins is
~ 2.5 nm) [184]. The deposited chains are observed as continuous polymers which
frequently cross; continuous chain lengths of up to 55 nm were observed within
the acquired STM data. Between the chains are domains of material that cover

the Au(111) surface (highlighted by white-dashed box and inset in Figure 6.2a).
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Figure 6.2: Overview of the on-surface synthesis of a porphyrin-fused graphene
nanoribbon (PGNR). a) as deposited, b) following annealing to 350°C and c)
following annealing to 450°C. Image parameters: a) —1.5 V, 50 pA, T' = 78 K
(inset —2.0 V, 50 pA, T' =78 K), b) —2.0 V, 50 pA, T' = 4.7 K, and ¢) —2.0 V,
20 pA, T = 4.7 K.

I assign the material between the chains to the previously discussed co-deposited
contaminant. This is attributed to silicon-grease, polydimethylsiloxane, PDMS,
although the presence of solvent species, methanol and toluene, is not excluded,
due to the previously discussed electrospray contamination. The contaminant is
removed after annealing at 350°C (see Figure 6.2b), where clean areas on the
Au(111) terraces can now be resolved along with the characteristic herringbone
reconstruction [196]. Along the chains, a periodic sequence of bright features are
visible, which I assign to the alternating regions of the polycyclic aromatic hydro-
carbon and porpyhrin sections of the polymer chain (see Figure 6.1a). To initiate
the on-surface ring-closing reaction which facilitates the formation of PGNR,
the sample is annealed at 450°C (see Figure 6.2c)). Based on previous studies of
on-surface ring-closing reactions [166, 180, 197-199], dehydrocyclisation of NiPP
is expected to occur at this temperature. It is clear that regions of the chains
now have a reduced corrugation (i.e. ‘flatter’ appearance in STM topographs -
see regions highlighted by arrows in Figure 6.2c). However, STM characterisation
of the surface reveals bright protrusions along the chains, which I assign to the
presence of non ring-closed material [198] and tertiary butyl (¢Bu) groups.

Additional details of the chains can be obtained by measuring the periodicity
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along the length of the polymer chains. Figures 6.3a) and 6.3b) show overview
STM images of NiPP on Au(111) following annealing to 250°C and 450°C, re-
spectively. The corrugation along the chain can be visualised as a line-profile
(the path that the STM tip would follow along the polymer chain) and is shown
in Figure 6.3c for NiPP and PGNR materials. The periodicity of the chains is
measured to be as 2.32 nm, for the as deposited material, and 2.40 nm post anneal
(see Figure 6.3d), which is in excellent agreement with the expected periodicity
of NiPP (~ 2.5 nm [184]). Additionally, close-up STM topographs (Figure 6.3¢)
reveal the position of the periodic depressions to be at the centre of the porphyrin
macrocycle; indicated by red arrows. While the topographs show the cores to ap-
pear as depressions, differential conductance maps (dI/dV maps) acquired over
the range +2 V to —2 V reveal that at negative sample biases in the range —2 V
to —1.2 V, the cores appear bright (Figure 6.3f) which I assign to a contribution
from a highest occupied molecular orbital-derived (HOMO-derived) valence band
with a significant contribution from the Ni-porphyrin subunit of the nanoribbon.
We note that dI/dV spectroscopy measurements of Ni-porphyrin species [200] ex-
hibit a resonant feature over a similar energy range, suggesting that the molecular

HOMO may contribute to the HOMO-derived valence band for the PGNR.

6.2.3 Photoelectron Spectroscopy

XPS

To facilitate further chemical and structural analysis of the on-surface synthesis of
porphyrin-graphene nanoribbons, synchrotron-based XPS, NEXAFS, and XSW
measurements were performed. As the NiPP/Au(111) sample is prepared by
ESD (see experimental section for details) a non-uniform molecular coverage is
obtained. Figure 6.4a) shows the variation in XPS signal for the C 1s region as
a function of sample position. The intensity of the C 1s signal increases from
the edge to the middle of the sample. At the edge of the sample the broad
carbon peak is centred at ~ 284.0 eV binding energy (BE) which shifts to higher
BE, ~ 284.6 ¢V, at the centre of the sample (Figure 6.4b) - acquired following
annealing to 450°C). The shift to lower BE for lower coverage, at the sample edge,

is assigned to increased screening via a molecule-substrate interaction. A similar
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Figure 6.3: Details of periodicity and on-surface synthesis of PGNR. STM to-
pographs of (a) NiPP following annealing to 250°C, and (b) PGNR formed
by on-surface synthesis following annealing to 450°C [panels below STM data
show topography along the line profiles for the chains indicated within the im-
agel. (c¢) Line profiles along the NiPP and PGNR chains; line profiles presented
are segments containing two repeat units, acquired along the chains indicated in
STM images (a) and (b). (d) Histogram showing the separation between peri-
odic features along NiPP and PGNR. (e) STM topograph showing a close-up
of a PGNR section; red arrows indicate features assigned to the centre of the
porphyrin macrocycles. (f) dI/dV map of the PGNR chain in (e); under these
conditions, the Ni atoms at the core of the porphyrin species appear as bright
features (assigned to the HOMO of the Ni-Porphyrin subunit). STM image pa-
rameters: (a) —2.0 V, 50 pA. (b) —2.0 V, 100 pA. (e,f) —1.9 V and Vps =
20 mV, 100 pA. All images acquired at 4.7 K. Images e-f) collected by Dr Ed-

mondson. Figures c-d) created by Dr Edmondson.

shift is observed for the Ni 2p;/, signal (Figure 6.4c), indicating that at the edge

of the sample the Ni atoms at the core of the porphyrin units are interacting
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Figure 6.4: XPS characterisation of NiPP on Au(111). a) Normal incidence
XPS, C 1s region, as a function of sample position. Coverage is seen to increase
from edge to centre of sample. Inset below shows the Au(111) surface, with the
blue overlapping 2 mm deposition spots raster scanned across 10 positions on
the surface (acquired after annealing at 575°C). The black circles indicate the
location of beam incidence. XP spectra for the b) C 1s and c) Ni 2p3/, regions
(acquired after annealing at 450°C); the position of the C 1s peak shifts to lower
BE in the lower coverage regions at the edge of the sample. d), e), and f) show
XPS of the C 1s, Ni 2p3/, and N 1s regions for as deposited NiPP on Au(111)
and following annealing to 450°C and 575°C (acquired at positions > 2.0 mm
from the sample centre). The red arrow in d) indicates a shoulder, attributed to
contaminant material, which is removed following annealing. Figure a) created

by Dr Edmondson.

with the substrate, while towards the centre some Ni species are interacting less
strongly with the surface which I assign to some sections of the polymer lying

either atop contaminant material or regions of polymer.
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Figure 6.5: Scale diagram showing the position and size of XPS spots on the
NiPP on Au(111) raster deposition. The theoretical deposition is crudely mod-
elled with the green rectangle, the pre anneal XPS spot (blue/grey) is marked
with a 1, the 450 °C spot (red/orange) marked with a 2, and the 575 °C spot
(cyan) marked with a 3. The 450 °C normal incidence stepped spots are marked

with blue circles.

A Note on XPS Location and Electrospray Raster Deposition

The XP spectra shown in Figure 6.4a-c) were taken at normal incidence, making
determining the position of the X-ray spot on the sample fairly trivial; these
stepped normal incidence XPS were taken following the 450 °C anneal and above
only, and thus cannot be compared to pre-anneal XPS. The high resolution XPS
shown in Figure 6.4d-f) were taken at an incidence angle of 70°, as this is the
optimal angle for the hemispherical analyser in this system and thus produces the
strongest signal. The high resolution spectra were taken in a variety of locations
across the sample, so as to avoid beam damage, and at each stage of the anneal.
However, due to the manner in which the sample rotates, the relative centre of the
sample shifts for each rotation angle, as shown in Figure 6.5. As can be seen, the Y

axis position of all three high resolution spots lies off of the theoretical deposition
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size (spot size 2.4 mm diameter). Yet in each of these positions, material was
found, with Ni 2p signal visible to the dashed line, at a distance of roughly twice
that expected. This implies that the deposition spot size could be significantly
wider than calculated, particularly in the case of a raster deposition, where each
motor step could lead to a slight deviation in the position of the deposition spot.
In this particular instance, over 30 steps were taken (one for each deposition
spot) and any non-linearity in sample motion between depositions would lead to
a significant deviation from the expected deposition profile.

With respect to determining the true location of the XPS spots, for future use
it should be noted that the centre of the sample spot should be calibrated at each
angle at which measurements are taken. A simple geometric model (estimating
spot location deviation due to the finite displacement of the sample surface from
the axis of rotation) was implemented to obtain relative position of the XPS
NEXAFS and XSW measurements. It should also be noted that this calibration
needs to be done each time the sample is taken and reinserted into the sample
stage, as this can result in a slightly different sample location, with respect to

the manipulator axis of rotation, each time.

NEXAFS

Angle-resolved NEXAFS data acquired at the nitrogen K-edge provides infor-
mation on the structural changes occurring within NiPP during the on-surface
synthesis of PGNR and supports the ring-closing and flattening reaction pro-
posed based upon the STM and XPS data. In common with nitrogen K-edge
NEXAFS for metalloporphyrins [201-204], resonances for as-deposited NiPP are
observed at 398.8 eV (7}), 401.2 eV (73) and 401.9 eV (7}): see Figure 6.6. Prior
to annealing, the polymer shows limited dichroism and the reduction in inten-
sity of the 7}, 75, and 75 peaks from grazing to normal-incidence indicates an
average tilt angle of ~43° (which may correspond to a random ordering) for the
core of the porphyrin relative to the plane of the surface (tilt angles obtained via
the ‘ratio method’ detailed in reference 103). The 7} resonance has previously
been assigned to the LUMO (lowest unoccupied molecular orbital) for porphyrin

species and DFT studies indicate that this m-type orbital is located exclusively
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Figure 6.6: Angle-resolved NEXAFS spectra acquired at the nitrogen K-edge for
NiPP on Au(111) as a function of annealing temperature: as deposited, 450°C
anneal, and 575°C anneal. Resonances are labelled and discussed within the main

text.

at the porphyrin core, including the nitrogen atoms [202]. The angle of the por-
phyrin core to the substrate is in agreement with a model where the flexibility
of the precursor allows the porphyrin units (containing nitrogen environments)
to rotate around the C-C axis connecting them to the ‘graphitic precursor-unit’
along the length of the polymer (see Figure 6.2a) : similar to the canting of an-
thracene units within the intermediate reaction step of the on-surface synthesis
of a graphene nanoribbon. [3]

Following each of the sequential annealing steps, the NEXAFS data reveals
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an increase in dichroism (Figure 6.6) corresponding to a reduction in the angle
of the porphyrin core relative to the (111) surface plane. The 7} and 75 peaks
are seen to broaden and merge (labelled as 73 3, 400.5 eV), while the position
of the 7} resonance is constant around 398.8 eV. After annealing to 450°C the
average tilt angle is calculated, from the 7} resonance, to be ~ 28°, which further
reduces to ~ 22° following annealing to 575°C. This confirms that the change
in structure observed in STM is linked to flattening (and on-surface ring-closing
reaction) where porphyrin species within PGNR are roughly parallel to the sur-
face plane. Interestingly, the reduction in intensity of the 7} resonance, relative
to 7 /73 and 73 3, following annealing, indicates an increased interaction with
the substrate due to the partial filling of the 77 molecular orbital. [203,205] This
reduction in intensity is therefore attributed to a flattening of the nanoribbon
and a corresponding enhanced interaction between porphyrin core and metallic
substrate (as indicated by the observed shift in BE within the XPS data).

The NEXAFS data here has been curtailed due to the interference of core-level
derived photo-electron peaks (as described in section 3.2.3); this issue is shown
in Figure 6.7. The presence of these peaks indicates the presence of valence band
transitions of comparable energy to that of the auger electrons, at the photon
energies used here. These provide no information on unoccupied 7* states and
thus must be disregarded. All photon energies below the appearance of the Auger
peak can be considered, but those after the appearance of the peak are to be
disregarded; the range of photon energies at which this occurs varies with angle

of incidence.

NIXSW

Normal incidence X-ray standing wave (NIXSW) analysis was performed upon
NiPP/Au(111) using the (111) Bragg reflection (nominally 2630 eV). NIXSW is a
chemically sensitive technique which allows the structure and adsorption positions
of specific chemical elements in specific environments to be addressed. [106]
With NIXSW, the angle of the incident X-ray is held constant, and pho-
ton energy instead varied. As described in section 3.2.4, moving through Bragg

condition photon energies at normal incidence shifts the nodes of the standing
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Figure 6.7: Heatmap showing the counts for electrons at different kinetic energies
at specific photon energies during the spectra acquisition. A roaming peak is

marked with a red circle. This spectrum is for the 70 ° angle on the 575 °C

annealed sample.

wave perpendicularly between the targeted crystallographic planes. In a practical
sense, this means that once the Bragg condition photon energies of the specific
area of the sample is identified, a series of XP spectra are taken in small incre-
ments across the range of appropriate photon energies. As the anti-node of the
standing wave moves spatially through the position of the target species, the in-
tensity of these XP spectra will increase; hence, a measurement of the intensity
of these peaks as the photon energy changes can provide the information required
for an XSW measurement. This will provide information on the position of the
atomic species relative to the planes the standing wave is reflected from. In this
instance, the (111) plane has been chosen, as this lies parallel to the surface plane,
and means the XSW should provide us with information relating to the position
of the target species relative to their adsorption height on the surface. The XSW
absorption profiles for the regions measured in this experiment are shown in Fig-
ure 6.8. Each plot contains three elements: the measured reflectivity of the crystal

at that specific point (the black line with blue points), the intensity data from
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Figure 6.8: XSW adsorption data and fit for: a) the C 1s region pre-anneal, b)
the C 1s region post 450 °C anneal, c¢) the N 1s region post 450 °C anneal, d)

the C 1s region post 575 °C anneal, and e) the N 1s region post 575 °C anneal.

the XPS fits taken at different photon energies (the green points), and the XSW
fit created by varying the C'y and C), values with the reflectivity measurement to
best fit the green points data (the red line). Hence, in this example, most of the
XSW fits closely resemble the reflectivity curve; this is due to the low coherent
fraction, as shown in Table 6.1.

Here, I obtain experimental values of C'y and C), for the nitrogen species within
the core of the porphyrin (from the single chemical environment identified within

N 1s XPS data) and values for the ensemble of carbon environments. Information

LGNiPNR  Element Cy Cp
As deposited  Carbon  0.084+0.02 0.0140.03
450°C anneal Carbon  0.1940.02 0.73+0.03
450°C anneal Nitrogen  0.24+0.1 0.340.1
575°C anneal Carbon 0.2540.02 0.4540.02
575°C anneal Nitrogen 0.6+0.1  0.36+0.07

Table 6.1: Values for coherent fraction (Cy) and coherent position (C),) obtained
from NIXSW analysis for NiPP on Au(111) for the as deposited material, and
following sequential annealing to 450°C and 575°C to form PGNR.
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on the degree of order, coherent fraction (Cf), and the ‘average height’, coherent
position (C,), of the specific chemical species relative to the projection of the bulk
planes (i.e. in the case where no reconstruction, or relaxation, of the substrate
occurs, C, would define the height above the topmost surface layer) are obtained.
Conceptually, C; ~ 1 would indicate a single adsorption site for the atomic species
probed, while C; ~ 0 suggests adsorption at multiple sites or a random ordering.
The coherent position can generally be considered in relation to a mean adsorption
height (dj k) expressed as a function of the separation of the (h.,k,1) planes, Dy, .,
such that: dp, x; = (n+ Cp)Dp k., where n is an integer. The as deposited NiPP
material exhibits a low value of C} for carbon species (0.0840.02), which implies
no vertical ordering relative to the surface; i.e. a disordered polymer (note that
as the value of Cy is effectively zero no inference can be made from the value
of C,). Following sequential annealing to 450°C and 575°C an increase in the
value of C is observed (0.19£0.02 to 0.2540.02), indicating that there is an
increase in order but that the carbon species present occupy multiple heights
(again, the low coherent fraction means that it is not possible to meaningfully
interpret the coherent position). The increase in C; is in agreement with the
expected outcome of forming graphitic material (i.e. an overall flattening of the
polymers). In agreement with the STM data presented in Figures 6.2 and 6.3, the
relatively low value of C'y indicates incomplete ring-closing within the polymer,
which is expected to result in a range of carbon adsorption heights.

Analysis of the nitrogen species by NIXSW reveal that a significant level of
order (C; = 0.6%0.1) is achieved following annealing to 575°C. This increase
in order following annealing (compare with C; = 0.2£0.1 prior to annealing)
supports the interpretation that the on-surface reaction results in flattening of
the porphyrin-graphene nanoribbons. Although this value of C'y does not indicate
a high degree of order, it is comparable with studies of tetraphenylporphyrin
(TPP) on Au(111) [197] and zinc-porphine (ZnP) on Ag(111) [206] where quasi-

2D structures are observed, and as such supports the formation of PGNR.
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Figure 6.9: Chemical structure of a) NiPP ;s and b)NiPP ;. sci05ed-

6.2.4 Functionalisation With Alkyl Chains

In addition to NiPP, a second, similar pair of species (referred to here as NiPP 4,5
and NiPP ,,.sc0sea) Were prepared with alkyl side chains, as shown in Figure 6.9.
As can be seen in the Figure, the NiPP ,,,,sc0seq Species is further towards the
fully graphenated middle section, although the reaction is not yet complete. This
species was not soluble in toluene, and so in this section the focus is on NiPP s,
which was successfully deposited via electrospray, much like NiPP. The interest
in functionalisation with alkyl side chains derives from the capacity of such chains

to steer on-surface self-assembly, as discussed in detail in chapter 4.

STM

Two preparations of the NiPP,,.,,.s were made, one spot deposition and one raster
deposition. Each deposition displayed evidence of ribbons prior to annealing, but
individual ribbons displaying measurable periodicity (as was the case with NiPP,
see Figure 6.2) were not discernible; this can be seen in Figure 6.10a-b). The dif-
ferent contrasts found in the spot deposition shown in Figure 6.10a) and raster
deposition in Figure 6.10b) are attributed to higher coverage on the raster sample;
a greater density of ribbon-like structures and no indication of the herringbone

structure implies a coverage of at least one monolayer, whereas the area imaged
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Figure 6.10: STM images of the NiPP,,,,s species on Au(111). a) Electrospray

spot deposition of NiPP,,.,,, as deposited. Red arrows highlight possible chains
(Bias = -2 V, Set point current = 100 pA). b) Electrospray raster deposition of
NiPP,, s as deposited (Bias = -1.5 V, Set point current = 50 pA) c¢) NiPP ;.5
on Au(111) following anneal to 150°C (Bias = -2 V, Set point current = 50 pA). d)
NiPP,.s on Au(111) following anneal to 350°C (Bias = -2 V, Set point current
= 100 pA). e) NiPP,,,s on Au(111) following anneal to 450°C (Bias = -2 V, Set
point current = 100 pA). f) Close zoom on NiPP,,,,s on Au(111) following anneal
to 450°C, with visible herringbone (Bias = -2 V, Set point current = 100 pA).

on the spot deposition appears to be sub-monolayer (of ribbons at least, not of
contaminant). Following the anneal to 150 °C, a series of chain-like apparently re-
cessed areas is visible on the sample (Figure 6.10c)). In some instances, the raised
areas feature a thickness approximately similar to that expected of the ribbons,
as shown in Figure 6.11. The approximate length of the alkyl chains is 1.4 nm,
so it is feasible that the measured interspatial gap of 1.3 nm could be accommo-
dated via the flexibility of the alkyl side chains. Unfortunately, this phenomenon
is not consistent across large areas of the sample, and as the “chain” material ex-

hibits no intra-molecular resolution, it is not possible to draw conclusions about
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Figure 6.11: a-b) STM image and cutout zoom of apparent ribbon material from
NiPP,,,s on Au(111) deposition following anneal to 150 °C, with b) scale overlay
of model of single unit of NiPP,,,,s (Bias = 2 V, Set point current = 100 pA).
¢) Model of single unit cell of NiPP,,,,s with approximate dimensions based on
universal force field model. d) Line profile taken from STM image shown in b)

(location indicated by red line), with labelled measurements.

the nature of these unusual structures. Following anneal to 350 °C, much of the
contaminant material appears to have desorbed, as shown in Figure 6.10d). A
high coverage of close-packed ribbon-like material is visible, with little inter-chain
separation and once again no resolvable intramolecular detail. The lack of inter-
chain separation and regular packing arrangements perhaps suggests the loss of
the alkyl side chains. This can be seen in even greater detail in Figures 6.10e-
f), following anneal to 450 °C. The material in these images, while occasionally
chain-like, appears to have undergone cross-linking reactions and in some cases
(Figure 6.10f)) agglomerated into an entirely unresolvable mass. While this ma-

terial does exhibit flattening expected from the formation of a graphitic polymer
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Figure 6.12: XP spectra for the NiPP,,,,s species on Au(111). a) C 1s region
normal incidence spectra moving away from the centre of the sample. b) Ni 2p
region normal incidence spectra moving away from the centre of the sample. c)
Si 2s region for NiPP following 450 °C anneal (blue) and NiPP,,,,s following
deposition (orange). d) O 1s region for NiPP following 450 °C anneal (blue) and
NiPP,,,s following deposition (orange).

in line with NiPP (apparent height in the order of 0.5-1 A), due to the complete
lack of intramolecular resolution it is once again not possible to determine the

character of the system.

XPS

In addition to STM, the NiPP,,,,, raster deposition was also subject to XPS
analysis following deposition. Some valuable insight was provided wvia compar-
ison with NiPP (Figure 6.12). The spatially resolved C 1s and Ni 2p spectra

exhibit the same downward shift in binding energy towards the edge of the sample
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as NiPP, again attributed to decreasing coverage resulting in an increased sur-
face screening effect. Also of interest is the presence of a significant silicon peak,
as shown in Figure 6.12c). This peak is attributed to silicon-grease, as previously
discussed in section 6.2.2, as is the strong Ols peak shown in 6.12d). The con-
trasting NiPP spectra in each of these regions is taken following a 450 °C anneal
of the sample, indicating that the silicon contaminant has desorbed at these tem-
peratures, matching the observed desorption at around this temperature in the
STM. This is assuming that the silicon grease is present in both samples, as the Si
2s region was not measured on the NiPP until after annealing to 450 °C. Silicone
grease is used within the experimental synthesis of these molecules, introducing
a clear source of contaminant.

While not as successful as the experiments with NiPP, the deposition and
analysis of NiPP,,.,,s provided interesting insight into the issues relating to con-
tamination during the electrospray process, and allowed insight into the differing
on-surface evolution of a structurally similar molecule, hinting at the generally

applicable nature of this approach.

6.3 Conclusion

We have demonstrated that porphyrin doped graphene nanoribbons can be formed
via a combination of atomically precise solution-based synthesis and on-surface
reaction pathways. The conversion of a Ni-porphyrin polymer to a porphyrin-
graphene nanoribbon has been characterised by STM, XPS, NEXAFS, and NIXSW
providing confirmation that: (i) The conversion of the NiPP polymer precursor
to PGINR proceeds via a ring-closing reaction resulting in the ‘flattening’ of the
PGNR. (ii) The nitrogen and nickel chemical environments within the porphyrin
core, as well as the morphology of the porphyrin macrocycle, remain unchanged
during formation of PGNR indicating that Ni-porphyrin units are incorporated
into the nanoribbon. The combination of solution chemistry with bottom-up

synthesis provides routes inaccessible to either method alone.
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Chapter 7

At Which Temperature Does a

Reaction Occur?

In this chapter, the properties of Ullmann-type coupling reactions of brominated
tetraphenylporphyrin (Br, TPP) on Au(111) and Cu(111) are investigated using
a variety of spectroscopic methods, including temperature programmed measure-
ments to provide temporal insights, paired with low temperature STM. Temperature
programmed XPS (TP-XPS) is utilised to obtain temporal resolution of reaction
progression, and Arrhenius analysis of TP-XPS is employed in a novel method
to determine the kinetic properties of these reactions. The role of entropy in
this system is also considered. The research highlights the mutability of oft-cited

“reaction temperatures” when different rates of heating are applied.

7.1 Temperature Programmed Measurements

By measuring the temporal evolution of a system, significant insight can be ob-
tained into the mechanisms underlying an on-surface process. SPM has been
used to monitor evolving systems in real time, such as in the case of porphyrin
diffusion, [166,207,208] but chemical reactions typically occur at higher temper-
atures than those at which STM achieves greatest resolution. Hence, a common
technique when examining reactions with SPM is heating to a temperature at
which a reaction step is expected to occur, cooling back down, and imaging the

system at cryogenic temperatures (as has been seen in prior chapters). This route
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provides a snap-shot of the system at the initial, final, and intermediate stages of
the reaction, but ‘real time’ monitoring of the reaction progress is precluded. An
alternative approach is to utilise XPS to monitor the reaction. Here, the upper
limit on temperature for these measurements is determined by factors such as
melting point of the substrate material, and hence a much larger temperature
range is accessible. Therefore, the system can be continuously monitored over
the course of a reaction as the temperature of a sample is increased.

Observing the development of reactions as a function of temperature has been
a focus of much work in the field of mass spectrometry (MS). This is achieved
via a technique known as temperature-programmed desorption (TPD). Here, the
chemical species desorbing from the substrate are characterised using MS and
the reaction is investigated by measuring the reaction products which leave the
surface. Key to this approach is a well defined ramp rate, where the temperature
is increased until the reaction progresses to completion. The ramp rate is then
changed, and the system measured again, at a few different rates. TPD has
previously been utilised to investigate the progression of on-surface Ullmann-
type coupling, [209,210] and has also been used to determine kinetic properties

of species desorption via varying ramp rates. [16]

7.1.1 Arrhenius Analysis

Arrhenius analysis has previously been used to determine the kinetic properties of
desorbing molecules in temperature programmed desorption (TPD) experiments.
[16] Considering the desorption of a species as a first order reaction process, the
Arrhenius equation for the desorption of species X, with concentration [X] is as
shown below, where A is the Arrhenius prefactor, F, is the activation energy, T

is the temperature and kp is the Boltzmann constant:

diX] _ =
e —A[X]e*sT. (7.1)

If the sample is heated with a linear rate, 3 Ks™!, starting with an initial tem-

perature of Ty, the temperature after ¢ seconds is given by:

T ="1T,+ pt. (7.2)
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Combining Eqns. 7.1 and 7.2:

—— = —[X]eFsT . (7.3)

In a TPD context, the % is considered proportional to the mass spectrometry

signal. In TP-XPS, the signal we use is the area under an XPS peak (Py) assigned

to the particular chemical environment (in the case of this investigation, a Br 3d

region peak assigned to the Br-TPP environment), as below:

AP, = x — . (7.4)

Within a temperature ramp, the maximum reaction rate occurs at T,,. This

occurs when the rate of change of peak area is 0, like so:

dAP, d A —Eq
— - | — kpTm
T = 0= (5 Xle, (7.5)

differentiating and rearranging to a linear form:

T2 E, E
Inim 1y 2o ° 7.6
"5 T A T, (7.6)

In this form, In % plotted against Tim to produce a straight line with gradient kE—Bf
FEq
kpA’

and intercept thereby allowing calculation of activation energy.

In the context of a TPD experiment, this can be applied in the following man-
ner: firstly, a signature for the reaction must be identified. In this case, it will be a
reaction product of a certain mass. Then, a series of ramp rates must be applied,
with the reaction signature being continuously measured. The temperature at
which the rate of change of reaction signature peaks can be identified from this

data at each rate, and this information can be used in the form of equation 7.6

to acquire E, and A for the desorption of the molecule in question.

7.1.2 Temperature-Programmed XPS

In the context of TP-XPS, the reaction signature would be the changing inten-
sity of an XPS peak relating to the targeted chemical reaction. Ullmann-type
coupling has been examined with a combination of STM and TP-XPS on several
occasions; [74,75,211] and in the example shown in Figure 7.1, on two surfaces, in-

vestigated by Fritton et al.. [95] In this case, the tri-brominated organic molecule

153



a)

Br- Br 100
O O "2 T

£ U RmITRN 80 =
: J 5 LY ® €
molecule r ® 60 2
s . H
z . ® Jao &
® s L

£ % 120

Br 5o
surface : . s 2
72 70 68 66 100 200 300 400 500 600
b) C) e) bindingenergy (eV) temperature (K)
molecule surface . . .
VL PeeeeQ0000 100
i N S
) £ = el 180 __
S s R G s
2 B ® 140 §
qE, molecule g 2
- £ ® {20 &
) z i
surface looooe® "ses@®9s0
72 70 68 66 300 400 500
binding energy (eV) temperature (K)

Figure 7.1: a) Chemical structure of TBB. b-¢) Diagram showing the bromine
environments labelled as on-molecule and on-surface. Br 3d TP-XPS Data of
brominated molecule TBB on d) Ag(111) and e) Au(111). Accompanying graphs
show the relative intensities of peaks assigned to molecule-bound (black) and
surface-bound (red) Br. The clear markers indicate total Br intensity. Taken

from Fritton et al. [95]

deposited on Ag(111) and Au(111) is being investigated in a typical Ullmann-type
coupling reaction. As is shown in Figure 7.1, TP-XPS of the Br 3d region shows
in clear temporal detail the debromination of the molecule and the subsequent Br
desorption. Given a clear reaction indicator exists in the XPS, the temperature
at which the reaction can be said to occur can be discerned from this data. In this
case, a clear shift in binding energy in the Br 3d region occurs when the bromine
detaches from the molecule and is adsorbed on the surface. On Au(111), the Br
3d 3/ shifts from 70.4 eV to 68.6 eV, and on Ag(111) from 71.4 eV to 68.7 eV;
these match literature values for a transition from an organo-halide species to a
chemisorbed bromine. [131,212,213] This technique has previously been applied

for Ullmann-type coupling reactions. [214]

At Which Temperature Does a Reaction Occur?

An overlooked aspect of reaction temperature is that the rate of heating influences

the temperature at which the peak reaction rate occurs. In experiments such as
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those covering Ullmann-type coupling reactions, a reaction temperature is often
cited. This can be derived from TP-XPS, or stepwise heating of the sample;
such measurements are reported in Table 2.2 in section 2.2.2. Of course, as can
be seen from the Arrhenius rate analysis described above, this statement of a
reaction temperature alone is entirely inadequate to fully describe a system. The
changing peak rate of reaction temperature with ramp rate has also been observed
with Ullmann-type reactions, as Di Giovannantonio et al. observed significant
shifting (=~ 10 K) noted from a ramp rate difference of just 0.5 °Cs~1. [211]

The varying rate of heating in different experimental setups could explain the
disparate dehalogenation temperatures discussed in section 2.2.2, Figure 2.6; it is
clear from the Arrhenius analysis that ramp rate information should also be listed
to provide a more complete picture of the conditions in which a reaction has taken
place. Ideally, an experimental technique should provide kinetic parameters of
the reaction, such as F, and A to more completely describe the system.

In this chapter, an understanding of the morphological and chemical devel-
opment of the target system, Br,TPP on Au(111) and Cu(111), is developed
through the application of stepwise STM, NEXAFS and XPS at different tem-
peratures. Following this, the kinetic properties of the dehalogenation reaction
are examined wvia Arrhenius analysis of temporally resolved TP-XPS, allowing
for a more accurate characterisation of reaction steps than a simple statement
of reaction temperature. Entropy and enthalpy are identified as key parameters
for comparing reactions, and this novel technique allows these parameters to be
determined, opening up new avenues for potential molecule/substrate tailoring

towards specific on-surface processes, increasing both efficiency and selectivity.

7.2 Experimental Methods

7.2.1 Sample Preparation

Br, TPP was synthesized by the group of Neil Champness, The University of
Birmingham, School of Chemistry, University Rd W, Birmingham, UK, B15 2TT.
Cu(111) and Au(111) surfaces were both prepared in ultra-high vacuum (UHV)

conditions, base pressure 7.7x1071° mbar, by cycles of sputtering and annealing
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(sputter 1 keV for 20 minutes, anneal to 550 °C and held for 5 minutes before
returning to room temperature.) For spectroscopy, the Cu(111) was annealed
in 2x107% mbar of Oy, and the resultant clean surfaces were characterised with
XPS to show no contaminant species present. Thermal depositions of Br, TPP
onto nitrogen cooled single crystal Cu(111) surface (approx. sample temperature
of -180 °C) was performed with a Knudsen-type evaporator (250°C, 5-15 mins).
Nominally identical coverages (sub-monolayer) were obtained by comparing the
relative intensities of metal and adsorbate (C 1s) features. On Au(111), the same
deposition parameters were used, albeit with the crystal held at room tempera-
ture. Assignment of sub-monolayer coverage was supported by STM characteri-

zation.

7.2.2 Details of the FlexPES Beamline

All spectroscopy experiments were performed at MAX IV in Lund, Sweden, at
the Surface and Materials Science (SMS) Branch of the FlexPES beamline. [215]
FlexPES is situated on the 1 GeV storage ring and used a planar undulator and
collimated plane-grating monochromator to deliver photons with energy range
40-1500 eV. The beam spot on the SMS branch was defocused to produce a spot
of 1 x 0.4 mm?. The defocused beam was used for all measurements reported, to
limit any radiation damage to the samples. No radiation damage was detected
on either of the samples (this was determined via continuous C 1s measurement
under photon flux, with no variation in spectra intensity or shape). Base pressure
did not exceed 1 x 10~ mbar in the experimental chamber during the experiment.

The experimental station at FlexPES features a Scienta SES-2002 hemispher-
ical analyser (Scienta Omicron) positioned 40° from the incident photon beam,
which was used for the photoelectron spectroscopy. PES measurements were
taken at normal emission. A home-built partial electron yield (PEY) microchan-
nel plate (MCP) detector was used for X-ray absorption measurements. NEXAFS
measurements were taken in partial electron yield (PEY) mode using the MCP
detector. For the N K-edge a retardation potential of 300 V was used and for
C K-edge a potential of 220 V was used to suppress the contributions of low

energy electrons in the background. On the Au(111) system all measurements
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aside from the TP-XPS were carried out at RT, while on the Cu(111) system all

measurements aside from the TP-XPS, were carried out at -180°C.

7.3 Stages of Ullmann-type Coupling on Cu(111)
and Au(111)

7.3.1 Introduction

In this section, TP-XPS is used in concert with sequential NEXAFS and STM to
gain insight into the evolution of the Ullmann-type coupling reaction exhibited
by Br,TPP (structure shown in Figure 7.2) on Au(111) and Cu(111) surfaces.
These techniques allow temporal chemical characterisation, paired with high-
resolution topographical and conformational information. The on-surface reac-
tions of porphyrins are of great interest as molecular building blocks in bottom-
up on-surface assembly, due to their interesting chemical properties. [15,84,177]
Alongside the various stages of Ullmann-type coupling reactions, as described
in section 2.2.2; electrocyclic ring-closing [198,216,217] has often been reported
with phenyl-functionalised porphyrin species, and self or trans metallation is also
commonly observed. [197,218,219] Here, I look at a complex multi-step system,
where several intra- and inter-molecular reaction steps are initiated (as summa-
rized in Figure 7.2 and discussed in detail below). I investigate these multi-step
reactions on Au(111) and Cu(111) and identify the effects of the two substrates

on the progression of this on-surface reaction, utilising STM and TP-XPS.

7.3.2 STM Characterisation

STM images acquired following deposition Br,TPP onto Au(111) and Cu(111)
show that species with 0,1,2,3 and 4 bromine atoms are visible, indicating that
all species (x=0-4) are present. This is expected as the synthesis route will yield
a mixture of species. BroTPP is the most frequently observed molecular species;
within solution-phase synthesis, Bro TPP is expected to be the majority product,
[220] and it is therefore unsurprising that this is the most frequently observed

species within the STM measurements. This can be seen in Figure 7.2a+e).
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trans-Br,TPP
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Covalently-coupled TPP Covalently-coupled, 'Ring-closed’, Covalently-coupled,
v y-coup TPP 'Ring-closed', Metallated TPP
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Figure 7.2: Summary of the reactions of Br,TPP on Cu(111) (a-d) and Au(111)
(e-h), with accompanying STM. STM parameters: a) Bias = -1 V, Current =
50 pA.b) Bias = -1 V, Current = 150 pA.c) Bias = 1 V, Current = 250 pA.d)
Bias = -1.6 V, Current = 300 pA.e) Bias = 0.5 V, Current = 100 pA.f) Bias =
0.5 V, Current = 300 pA.g) Bias = -0.1 V, Current = 100 pA.h) Bias =-14 V,
Current = 100 pA. STM images on Au(111) acquired by Matt Edmondson [223]

In agreement with previous studies, the bright protrusions can be assigned to
the location of bromine atoms on the molecule. [15, 84,221, 222] On Cu(111),
the porphyrins are predominantly isolated, or in small clusters, with no visible
aggregation into island formations. This behaviour has been observed previously,
and is attributed to a strong molecule-substrate interaction and dipole formation.

[224] These individual porphyrins adopt two conformations on surface: a “saddle”
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Figure 7.3: Two conformational geometries of 2HTPP on Cu(111), derived from
DFT calculations by Lepper et al., with Figure also produced by Lepper et al.
[227] a) Shows a conventional “saddle-shape” adsorption geometry and (b) an

“inverted” adsorption geometry with two pyrrole rings in “upright” configuration.

shape (as shown in the red circle Figure 7.2a)), [225] and an “inverted” structure
which predominates, at a ratio of 3:1 (N=233; these statistics acquired by Ailish
Gray). [72,226]. These two conformations are shown in Figure 7.3, as reported
by Lepper et al. [227]

On Au(111), the porphyrins more readily aggregate into islands, with a small
proportion instead becoming trapped in energetically preferable elbow sites. [6]
This is attributed to the higher sample temperature during deposition and the
weaker surface-molecule interaction expected on Au(111). The stabilisation of
non-halogenated TPP species has previously been assigned to 7m-H interactions.
[166] Here the presence of halogen atoms may provide additional stabilisation via

a halogen-binding motif. [40,128] Individual molecules are pinned at “elbow” sites
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in the characteristic herringbone reconstruction, [196] exhibiting the aforemen-
tioned “saddle” shape. The close-packed islands reside in the face-centred cubic
(fcc) regions of the surface; this is a known phenomenon, and has been described
in terms of the difference in diffusion barriers between fcc and hep regions. [6]

Following annealing of the Au(111) and Cu(111) surfaces (to 523 K and 300 K,
respectively - as expected all reaction steps occur at a lower temperature on Cu
as compared to Au [8]) the debromination step of the Ullmann-type coupling re-
action is initiated. On Cu(111), this results in the formation of an organometallic
intermediate (supported by XPS as shown in section 7.3.3) predominantly con-
sisting of short chains, as shown in Figure 7.2b); this result is in agreement with
the literature. [70,77] At this temperature, the “saddle” shape is entirely absent,
indicating a preference for the “inverted” conformation once dehalogenated. On
Au(111), the molecule exhibits covalent coupling at the same temperature at
which dehalogenation is first observed; as in the literature, the MOF appears less
stable on Au than Cu. [15,64] Bright features observed within the close-packed
islands (Figure 7.2f)) are attributed to still-attached Br atoms, indicating incom-
plete dehalogenation at this temperature. Further annealing results in longer
covalently bonded polymers and further dehalogenation.

After the formation of MOFs or covalently linked polymers, further annealing
(473K on Cu(111), 598K on Au(111)) results in ring-closing reactions on both
surfaces, as shown in Figure 7.2c&g). A variety of ring closed isomers are formed,
of the same form as those reported by Cirera et al.. [216] Ring-closing reactions are
cyclodehyrdogenation reactions, whereby the porphyrin planarizes; schematics
of two example species are shown in Figure 7.4. On Au(111), the porphyrins
within covalently linked polymer chains exhibit ring-closing, showing the relative
stability of the recently formed C-C coupling between neighbouring porphyrins
compared to the barrier for cyclodehydrogenation, which gives rise to the ring-
closed porphyrinoids. These staggered energy barriers allow for the sequential
nature of the on-surface reaction.

Additionally, following further heating, partial metallation occurs, as shown
by the ringed molecules in Figure 7.2h) - the bright cores are attributed to the

incorporation of a surface Au atom into the central macrocycle (this phenomenon
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Figure 7.4: Schematics of ring-closed and ring-opened metalated tetraphenyl por-

phyrins.

is also shown in Figure 7.4). Metallation is a process whereby a tetraphenylpor-
phyrin species takes a metal atom from the substrate into the macrocycle core of
the molecule and results in a metalated species. On Cu(111), the MOF structures
are observed to break up, and individual porphyrins begin the intramolecular
ring-closing reaction at 473K (Figure 7.2¢)); the bright features are attributed to
incomplete ring-closing. [166] Upon further annealing, the “ring-opened” species,
mediated by a surface adatom and circled in Figure 7.2d), predominates. A
schematic of the ring-opened structure is shown in Figure 7.4. Once again, met-
allation is indicated by a bright protrusion in the centre of the molecule; this is
supported by XPS, as reported below. These ring-opened structures have been
previously reported on Cu(111). [217]

Also observed on Cu(111) following the 573 K anneal were molecular chains,
such as seen in Figure 7.5a). At this temperature, the MOF has broken down,
and individual ring-closed species predominate, but short molecular chains are
occasionally seen. The lack of order in these chains indicates that the coupling is
not Ullmann-type, as the bonding seems non-site-specific, as opposed to at the
brominated sites on the pendant aryl rings as expected for Ullmann-type coupling.
In order to ascertain the nature of these features, manipulation was performed
using the STM ‘tip’. This was achieved by reducing the tip-sample separation,

disabling the feedback, and manually directing tip motion across the chain. As
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Figure 7.5: STM images showing molecular chain a) before and b) after tip
manipulation. STM parameters: Bias = -1.6 V, Current = 300 pA.

can be seen in Figure 7.5b), the chain was damaged by the tip manipulation, but
no individual units were detached. This resilience is a strong indicator of covalent

bonding, alongside the XPS discussed below.

7.3.3 Stepwise Spectroscopy: snapshots of an on-surface

reaction
Chemical evolution of a reaction: XPS characterisation

XPS and NEXAFS spectra were taken at different annealing stages to provide ad-
ditional chemical and orientational information on the developing system. Specif-
ically targeted temperatures were used to trigger the desired reaction stages, in
much the same manner as the previously discussed STM. Beginning with the C 1s
region, several key stages in the reaction can be seen, as shown in Figure 7.6. The
C 1s region contains information on the chemistry and thus the structure of the
carbon in the target molecule; as the molecule is organic, this is the overwhelming
proportion of constituent atoms, and hence this region is of great interest. The
C 1s spectra for as deposited Br,TPP, on both Au(111) and Cu(111), exhibit a
broad asymmetric peak arising from the multitude of carbon environments (Fig.
7.6a and d). Here I initially list the expected carbon environments and go on to
interpret the experimental data in light of these expected spectroscopic features.
Six distinct chemical environments are assigned (highlighted within the chemical
structures in Fig. 7.6), they can be described as follows: atoms in the phenyl

rings (PhC, blue), atoms in aromatic sections of the core (ArC, cyan), atoms
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Figure 7.6: XP spectra in the C 1s region for Br,TPP on Au(111) (a-c) and
Cu(111) (d-f).

284 283 282

bonded with nitrogens (aminic C-NH, iminic C-N, both green), atoms bonded
with bromine (C-Br, purple) and carbon-carbon bonded atoms (C-C, yellow).
In accordance with the literature, a high binding energy shoulder is assigned to
the C-Br environment, and a low binding energy shoulder to the organometallic
environment. [95, 166, 191, 228] The methodology behind the assignment of the
peaks is described by Nardi et al., including the notable lower binding energy C-C
peak. [229] Using the number of atoms in each environment to define peak areas
relative to one another, a convincing model of the C 1s region can be assembled;
these environments can be seen labelled in Figure 7.6a+e). In addition, I note
that carbon atoms adjacent to the two different nitrogen environments (—N= and
—N—H) are expected to exhibit different BEs when there is a significant difference
between the chemical environment of the nitrogen species (e.g. strong interaction
with substrate atoms) [229].

On Cu(111), where a strong interaction between —N= and the substrate has
previously been observed, ( [72,226,227]) T assign the carbon species adjacent to
nitrogen atoms (labelled here as Cy and Cnp) to different BEs (285.1 eV and
285.3 eV respectively). On Au(111), where a strong interaction between —N= and
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substrate is not expected, a single peak at 284.8 eV is assigned. This distinction
between C'y and Cyg is an important feature and provides details of the progress
of the on-surface reaction following annealing.

As the reaction progresses, I look for evidence of covalent bonding or MOF
formation; as previously mentioned, the signals for these changes are shoulders ap-
pearing at high or low binding energy respectively. On Au(111), the organometal-
lic region is not visible, due to either the relative instability of the MOF or poor
peak separation from the main body of the C 1s. What can be seen is the elim-
ination of the C-Br peak upon annealing to 523 K; also notable in this step is
the separation of the two C-N environments, possibly caused by distortion of the
saddle shape (at this temperature, ring-closing is not expected to have occurred,
but the shift in the C-N environments indicates a less extreme positional change
for these environments) during covalent bonding as the molecule moves out of
the saddle shape. Subsequent annealing to 773 K results in the elimination of
the C-C peak (Figure 7.6¢)), indicating a ring-closing reaction as the intensity
shifts to the aromatic carbon peak ArC, in good agreement with the previously
discussed STM.

On Cu(111), a similar picture emerges: after annealing to 273 K, the C-Br
peak diminishes (shown in Figure 7.6b&e) by a purple arrow), and after further
annealing (in this case 573 K) the C-C peak also reduces (shown in Figure 7.6c&f)
by a yellow arrow). Notable differences begin in Figure 7.6d), where the C-N
peaks can be seen to be separate, caused by the inverted conformation of the
porphyrins on Cu(111). One key difference between Cu(111) and Au(111) can
be seen in Figure 7.6e), where the organometallic peak C-Cu can be clearly seen
at the low binding energy position as expected (pink arrow). The final state
shown in Figure 7.6f) is very similar to that on Au(111), as the system consists
predominantly of ring-closed covalently-coupled polymer chains.

The C 1s region undergoes various changes for each surface as the reaction
progresses; these changes are listed in Table 7.1. In both cases, a decrease in
the high binding energy C-Br peak indicates a dehalogenation has occurred. On
Cu(111), clear evidence of MOF formation is seen, with the prominent C-Cu peak

arising; this is absent on Au(111). Ring-closing can be observed via the decreasing
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Figure 7.7: XP spectra in the N 1s region for Br, TPP on Au(111) a) and Cu(111)
b).

C-C peak, common to both surfaces, and further conformational changes can be
derived from changing C-N environments.

In order to monitor the metallation of the porphyrin species, the N 1s region
was also measured, both before and after the anneal, as shown in Figure 7.7.
This merging of two N 1s peaks into one is highly characteristic of porphyrin
metallation and supports the possible metalation indicators visible in the STM.
On Au(111), the N 1s spectra exhibits a 4 environment split (attributed to TPP
located on and off the top of adatoms) transitioning to a single, clearly defined
peak associated with a self-metalated porphyrin found in the literature. [197] The
four environments can be seen in Figure 7.7a) as two large peaks, representing
the iminic (lower binding energy) and aminic (higher binding energy) positions,

each with a smaller shoulder on the higher binding energy side caused by ad-

Surface | Reaction stage | Temp (K) C 1s signature

Decrease in Br-C peak, splitting of
Au(111) | Debromination 523

C-N peaks

Au(111) Ring-closing 773 Decrease in C-C peak

Decrease in Br-C peak, widening
Cu(111) | Debromination 273

of gap between C-N peaks

Cu(111) | MOF formation 273 Increase in C-Cu peak
Cu(111) Ring-closing 573 Decrease in C-C peak

Table 7.1: Changes in C 1s XPS region for Br,TPP on Cu(111) and Au(111) at

various stages of anneal.
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sorption atop adatoms. On Cu(111), the pre anneal N 1s split is more uneven,
favouring the higher binding energy peak associated with pyrrolic nitrogen. This
is ascribed in the literature to an electron diffraction effect caused by the in-
verted porphyrin confirmation; as the lone pair on the iminic nitrogen atoms are
pointed towards the surface, they suffer significant scattering. [203] After anneal-
ing, a single peak with a significant shoulder is formed, again in accordance with
the literature. [203] The lopsided nature of this metalated peak could be due to
the aforementioned ring-opened porphyrins creating a different environment to a

fully metalated porphyrin.

Structural characterisation: NEXAFS

In addition to the XPS, angle resolved NEXAFS were acquired at various stages
of the on-surface reaction (i.e. following step-wise annealing of the sample). NEX-
AF'S provide information on the energy levels of 7 and ¢* orbitals; angle resolved
NEXAFS provides specific information on the orientation of the bonds related
to the 7 and o* orbitals relative to the surface, as described in section 3.2.3.
For porphyrin species, C K-edge measurements may be used to probe unoccupied
7 states associated with the macrocyclic core, or phenyl legs and therefore may
provide details on the average orientation of the core or legs relative to the sur-
face. Figure 7.8 details the C K-edge NEXAFS spectra taken at various stages
of anneal on both surfaces. It is non-trivial to definitively assign resonances to
specific structural moieties within Br, TPP, however it is common for the first 7*
resonance to be associated with the anti-bonding orbitals in the macrocyclic core
of the porphyrin. [202,230] Here the focus is on the use of angle-resolved NEXAFS
to determine conformational information during the reaction. On Au(111), the C
1s NEXAFS spectra (Figure 7.8a-c) display clear changes in 7* orbital structure,
indicating chemical reactions have indeed taken place. Angle-resolved NEXAFS
may provide information on the orientation of molecular bonds with respect to
the surface by considering the variation in intensity of a specific resonance as a
function of the angle of incidence for the X-ray source.

For any molecular orientation one may plot the expected variation in intensity

as a function of angle of incidence (see Figure 7.8d)), and by plotting the measured
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Figure 7.8: NEXAFS spectra in the C K-edge region for Br, TPP on Au(111) a-c)
and Cu(111) e-h). Also included are plots of normalised resonance intensity with

calculated bond angle plot for d) Au(111) and e) Cu(111).

data one can identify the optimal fit. Figure 7.8d) shows a plot of intensities for
the 7*1 peak at different anneal temperatures, showing a clear reduction in angle
to surface normal # with increasing anneal temperature. As the 7* orbitals are
perpendicular to the molecular plane we therefore deduce that the molecule aligns
more closely to the surface plane following each annealing step. This pattern
presents itself across the various identifiable C K-edge resonance peaks, as shown
in Table 7.2.

This pattern of the molecule progressively flattening over the course of the
anneals matches both the STM and XPS descriptions, with covalent coupling and
particularly ring-closing expected to flatten the molecule. The initially adopted
saddle shape (as assigned by STM and supported by the NEXAFS result of a
20-40° angles) is no longer physically possible once the phenyl appendages are
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bonded in plane with the central macrocycle.

On Cu(111), the resonance peaks are less clearly distinguished, with signif-
icant changes to the number and appearance of resonant peaks as the anneal
temperature is increased. The dominant 7*1 resonance feature becomes broader
at each of the three annealing stages (indicating significant changes in the elec-
tronic structure at the core of the molecule). At 273 K, the molecule displays
some flattening; this is ascribed to the shift from saddle to inverted conformation,
which results in planarisation of the molecule. At 573 K the calculated angle is
55°. A 55° angle can occur if the bond is at 55°, or if the bond angles are entirely
disordered, meaning the molecule is disordered on the surface. This behaviour is
ascribed to the molecule agglomerating onto step edges at high temperatures, a
phenomenon observed on Cu(111) in STM when the coverage is low (<0.5 ML).
This phenomenon is shown in Figure 7.9.

The N K-edge NEXAFS follow a similar pattern on Cu(111), but differs on
Au(111), as shown in Table 7.2 and Figure 7.10. In porphyrin species, nitrogen

atoms are found only in the core. In the saddle shape, these atoms are roughly

Region | Surface | Temp (K) | 7*1 6° T2 6° T3 0° w4 6°
C K-edge | Au(111) 300 23.3+2.7 | 37.8+£0.6 | 35.2+1.1 | 39.1+0.8
C K-edge | Au(111) 5923 16.7£5.5 | 33.1£0.9 | 28.7£1.75 | 35.4£1
C K-edge | Au(111) 773 3.8+4.2 | 8.94+5.5 | 252422 | 31.2+1.3
N K-edge | Au(111) 300 21.7£0.1 | 24+0.2 n/a n/a
N K-edge | Au(111) 523 23.440.2 | 26.7+0.5 n/a n/a
N Keedge | Au(111) | 773 | 29.320.9 | 255404 | n/a n/a
C K-edge | Cu(111) 100 37.940.3 n/a n/a n/a
C K-edge | Cu(111) 273 26.440.1 n/a n/a n/a
C K-edge | Cu(111) 573 55.8+0.1 n/a n/a n/a
N K-edge | Cu(111) | 100 49402 | 557403 | n/a n/a
N K-edge | Cu(111) | 273 | 55.940.2 | 57.1£02 | n/a n/a
N K-edge | Cu(111) 573 55.740.2 | 55.940.5 n/a n/a

Table 7.2: Calculated angles of 7* orbitals to the surface normal for different

NEXAFS resonance peaks.
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100K 300K 473K

Figure 7.9: STM images of Br, TPP on Cu(111) at various stages of anneal and the
gradual migration towards step edges on a low coverage (<0.5ML) preparation.
Highlighted with the arrows are porphyrin species adsorbed onto the step edges.
Highlighted with the red circle is a single porphyrin species adsorbed onto a
terrace site in the overview scan. a) Bias = -1.0 V, Set point current = 50 pA. b)
Bias = -1.0 V, Set point current = 150 pA. c¢) Bias = -1.0 V, Set point current
= 250 pA.
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Figure 7.10: NEXAFS spectra in the N K-edge for Br, TPP on Au(111) a-c) and
Cu(111) d-f).

planar, albeit with the iminic and aminic species tilted slightly differently. On
Au(111), while showing clear changes in electronic structure, demonstrates no sig-
nificant change in bond orientation over the course of the anneal is observed; this

implies that the nitrogen bonds are not in plane with the porphyrin macrocycle,
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remaining in the saddle shape throughout, until ring closing occurs, which also
does not lead to homogenous nitrogen orbital tilt. The XPS for the sample these
NEXAFS were taken from displayed incomplete ring closing at the time the final
NEXAFS was taken, so this data is not representative of a metalated system.
The inverted structure features huge variation in bond angle between the iminic
and aminic nitrogens, which seems likely to cause the disordered signal seen at
all stages of the Cu(111) annealing process. The N K edge NEXAFS arrives at a
uniform 55° position following anneal, perhaps indicative of the evolution of all

species into the inverted position, in agreement with the STM.

7.3.4 TP-XPS

Temperature programmed measurements allow observation of a targeted reaction
in real time. In the case of XPS, these measurements enable temporal insight
into the evolution of core level spectra over the course of a reaction, rather than
stopping the reaction at predetermined temperatures to capture snapshot, as is
the case with the stepwise XPS described previously. The temperature range over
which the measurements on the Cu(111) samples were taken was chosen to include
the dehalogenation reaction of the Br, TPP, shown graphically in Figure 7.11a),
approximately 173-273 K. The characteristic carbon-bromine spin-orbit doublet
at binding energies of 71.4 eV and 70.5 eV is observed, and transitions to a lower
set of binding energies over the course of the reaction, at 69.7 eV and 68.7 eV
(as seen in Figure 7.11c), with the C-Br environment labelled “Br-TPP” and the
bromine-copper environment labelled Br-Cu). This shift to a lower binding energy
is associated with breaking of the C-Br bonds, as the higher energy environment
is typically associated with a C-Br environment. [70] This indicates successful
deposition of the intact molecule and subsequent dehalogenation reaction. Other
regions of interest for TP-XPS investigation in this system include the N 1s
region, due to the metalation expected on both Cu(111) and Au(111), and any
potential shift caused by the transition from saddle to inverted conformations.
Additionally, the C 1s region contains higher and lower binding energy shoulders
associated with the MOF and Br-C bond (as described in section 7.3.3 whose
progress could be tracked via TP-XPS.
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Figure 7.11: a) Reaction scheme showing the dehalogenation of Br,TPP on
Cu(111) following anneal to 273 K, and subsequent metal-organic formation. b)
A TP-XPS heat map diagram and XPS peaks fit before and after, showing the
change in intensity of XPS peaks in the Br 3d region associated with Br on
molecule (Orange) and on Cu(111) (Blue). ¢) Intensity plot for fitted peaks for

Br 3d signal on and off molecule, against temperature.

For each ramp, the TP-XPS Br 3d region is fitted with peaks associated
with both Br on the molecule and Br on the surface. Figure 7.11c) features an
example heat map, with appended single spectra from the start and end of the
ramp. The shift associated with dehalogenation is clearly seen, and the intensity
of the respective doublets (measured as area under the fitted peaks) is plotted
against temperature, as shown in Figure 7.11b).

An example map for the Br 3d and N 1s regions on Au(111) and Cu(111)
can be seen in Figure 7.12. From these heat maps, it is possible to discern a
reaction temperature at which certain changes occur, such as dehalogenation or
Br desorption. As mentioned in the introduction to this chapter, this temperature
varies with rate of heating; for the remainder of the chapter, I discuss how kinetic
parameters can be obtained via an Arrhenius analysis of the Br 3d and C 1d

signals.
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Figure 7.12: Heat maps showing TP-XPS for various regions on both surfaces.a)
Br 3d Au(111). b) Br 3d Cu(111). ¢) C 1s Au(111). d) C 1s Cu(111). e) N 1s
Au(111). f) N 1s Cu(111).

7.4 Dehalogenation of Br,TPP on Cu(111)

7.4.1 Introduction

Building on section 7.1.1, here a novel application of Arrhenius analysis to investi-
gate the kinetic properties of reactions is applied to the dehalogenation of Br, TPP
on Cu(111), establishing the viability of the use of TP-XPS Arrhenius analysis
as a companion technique for TPD and DFT. Lackinger recently proposed a sim-
ilar approach to TP-XPS in a theoretical analysis [231], using simulated data
to discern the viability of determining kinetic properties by least squares fitting
decay curves of the form shown in equation 7.3, varying £ and A. While the
paper concludes that a large number of experiments would be required in order
to reduce the error on such a fit, the methodology within this chapter provides a
route by which the TPD-inspired multiple ramp rate Arrhenius analysis can be

used to narrow the window for possible fitting parameters for E, and A.

7.4.2 Analysis of a 1st order reaction

As previously described in section 7.2, the Br 3d region is fitted with doublet
peaks relating to bromine attached to the molecule (Br-TPP) and bromine on-
surface (Cu-Br) (Figure 7.11). The intensity of the peaks assigned to these two

environments can be plotted as a function of temperature, as shown in 7.13a). By
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Figure 7.13: a) Intensity plots for Br-TPP intensity decrease for f = 5 K/min.
b) A fit of the form shown in equation 7.3 is fit to the data. c) Fitted curve is
differentiated and T\, extracted from the peak position. d) Arrhenius plot for the
Br-TPP signal decrease on Cu(111).

considering the dehalogenation of Br,TPP on Cu(111) as a first order Arrhenius
process, the decrease in intensity of the C-Br peaks can be modeled using the
relationship between activation energy of the reaction step and the temperature
ramp rate (Eqn.7.3). A decay of this form is fitted to the data. The temperature
at which the rate of reaction is maximised, 7,,, is found when the curve is nu-
merically differentiated with respect to temperature, as shown in Figure 7.13a-c).
Once T, is acquired for a single ramp rate (3, this can be repeated for several
different ramp rates and information on the variation of 7}, with 3. As expected,
T,, increases with (3, and subsequently a straight line plot of In % against ﬁ can
be made, as shown in Figure 7.13d). As discussed in section 7.1.1, the gradient
of this curve contains F,, and the intercept A. Minimum and maximum values
are calculated from best fit lines through the data points in their most extreme
positions, given the associated error, as shown, resulting in a range of values for
E, and A.

Here I focus on the debromination step of the Ullmann-type coupling reaction

of Br,TPP on Cu(111). We may consider this process via three correlated XPS
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Figure 7.14: a) Intensity plots for Br-TPP intensity decrease for f = 0.5K/min,
2K /min, 5K/min, 25K/min and subsequent shift in T,,. b) Arrhenius plot for
the Br-TPP signal decrease on Cu(111).

signatures: in the Br 3d region, Br-TPP decreasing, indicating the scission of the
C-Br bond, and Br-Cu signal increasing, indicating the formation of a surface
bound bromine species (regions defined in section 7.3.4 Figure 7.11), and within
the C 1s region, the loss of the higher binding energy shoulder assigned to C-Br
may also be considered.

Firstly, I will consider the Br 3d region. Table 7.3 shows the resulting F,
and A values obtained from the fitting procedure outlined above (using [ of
0.5 Kmin™!, 2 Kmin™!, 5 Kmin~!, 25 Kmin™!) for the Br 3d region.

The values for £, and A obtained for the Br-TPP and Cu-Br TP-XPS mea-
surements are shown in Table 7.3. As shown in Figure 7.11b), it is apparent that

the Br-TPP and Cu-Br signals are correlated. It is therefore reasonable to propose

Br-Cu Br-TPP Br-TPP A
Br-Cu A (Hz)
E.(eV) E.(eV) (Hz)
Min 0.73 1.4 x 104 0.80 5.7 x 10%°
Mid 0.89 4.2 x 107 0.92 1.6 x 108
Max 1.12 2.1 x 10?2 0.98 2.5 x 1019

Table 7.3: Values for E, and A for Br 3d dehalogenation signals. Minimum and
maximum values from best fits through points in the most extreme positions

allowed by error in 7,,.
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that the reaction steps of Br leaving the TPP molecule and forming a new Cu-Br
bond are simultaneous. This is further supported by the fact that the calculated
activation energies, obtained from the change in these two signals, yield similar
activation energies (in the range 0.73-1.12 eV). These experimental values are
close to agreement with DFT derived values in the literature (~0.7 eV). [93,232]

One could consider an alternative approach to acquiring FE, and A by fitting
the TP-XPS data, detailing the change in peak intensity, with the equation of the
form in Eqn. 7.3 and allowing E, and A to vary. This is the approach described
by Lackinger, [231] however in this chapter the method differs. I apply such an
approach while limiting the parameter space to only allow for values of F, and
A permitted by the Arrhenius analysis. A grid search algorithm where F, and A
were varied independently, within the range calculated in the Arrhenius plot, was
applied and value for the ‘goodness of fit’ (root mean squared deviation (RMSD))
obtained. The RMSD of each of these combinations is plotted in a 2D map of
the form shown in Figure 7.15a). In these heat maps, the x-axis is a range of A
values and the y-axis is a range of F, values. Each point on the grid represents
the RMSD fit quality of a curve of the form shown in Eqn.7.3 with the data,
with a combination of F, and A values indicated by the X-Y coordinates of that
position in the grid. A smaller value represents a better fit and the limit has been
capped at 1. It is therefore apparent that there exists a wide range of pairs of E,,
and A which provide reasonable fits to the TP-XPS data.

Let us consider the consequences of performing a least squares fit of the form
shown in Eqn.7.3 to the data, applying no constraints to the range of values for
E, and A. This would result in an infinite range of combinations of F, and A
values that would provide acceptable fits to the data. Hence, we can initially
consider a range of reasonable values; 0-2 eV for E, (positive, in line with DFT
calculations) and 10'-10?° Hz (positive, ranging from =~ 0 to significantly above
the standard value of 10'* Hz).

While a minimum can be identified from these large grids, the value of the
“best fit” alone in identifying the kinetic properties of the reaction is tenuous
as good fits can be obtained from a wide range of possible combinations. This

was noted by Lackinger in his theoretical examination of the technique [231], but
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Figure 7.15: a) 2D map showing the RMSD for fits created by different combina-
tions of values of E, and A (with the range 0-2e¢V and 10'-10% Hz respectively),
and the resulting best fit, for the Br-TPP Br 3d signal with 8 = 2 Kmin~'. b) As
for a), but with a limited range of F, and A as determined from the Arrhenius

analysis (F, = 0.8-0.98 eV and A = 5.7 x 10%5-2.5 x 10'9)

by using the narrower range of values produced by the Arrhenius analysis, the
quality of this range can be assessed - simplistically, if there are no good fits
within the range predicted by Arrhenius analysis, then the model does not fit
the data. Figure 7.15b) demonstrates that the narrower parameter windows can
provide a fit of extremely high quality, closely comparable to the best found in a
wider range; the RMSD value of the ‘best fit’ for the full range and the ‘Arrhenus
range’ can be compared and seen to be very similar. Crucially, fits within an
Arrhenius range yield average values of £, (0.9240.02 eV) and A (5x 101+! Hz)

which are in good agreement with expected values.

7.4.3 2nd Order Reaction Steps

For the majority of cases discussed above, the TP-XPS data showing the debromi-

nation step of the Ullmann-type coupling reaction is in good agreement with a

176



B = 0.5Kmin?

a) b) o)
Ea=0.375eV E,=0.84eV E,=0.82eV
A=3x10°Hz 08 A=5.7x10%"Hz| °* A=5.7x10%"Hz
RMSD = 0.14 RMSD = 1.16 RMSD = 0.39

Intensity (arb units)

o
Y

Intensity (arb units)
o
=

Intensity (arb units)

o
Y

o
=

o
o
o
o

o
o
o
o

200 240

Temp (K)

260 280 200 220 240

Temp (K)

260 280 200 220 240 260 280

Temp (K)

Figure 7.16: Fits to the 3 = 0.5 Kmin~! Br,TPP dehalogenation signal using
different models and parameters. a) Uses a first order Arrhenius model, with
a broad range of possible values. b) Also uses the first order Arrhenius model,
albeit with the narrower range of values provided by the Arrhenius plot. ¢) Uses

the same narrow window, but using the second order Arrhenius model.

first-order reaction process. The change in intensity of the Br 3d peaks is well
modelled by equation Eqn.7.3 - indicating that the reaction step being consid-
ered appears to only depend upon the concentration of the unreacted Br,TPP
molecule. For the 8 = 2,5,25 Kmin~! rates, the form looks good, but in the
instance of the 3 = 0.5 Kmin~! rate, however, the slope of the decay is too steep
when utilising the first-order Arrhenius model within the narrower range of val-
ues. As shown in Figure 7.16a), the 1st order model works well when E, and A
can vary freely, but when restricted to the narrower range provided by the Ar-

rhenius analysis, the model cannot account for the shallow slope. While the 1st

1st order 1st order 2nd order
B(Kmin™') | wide range Arrhenius narrow range
RMSD range RMSD RMSD
0.5 0.13 1.17 0.39
2 0.33 0.36 0.35
5 0.10 0.10 0.09
25 0.02 0.03 0.03

Table 7.4: RMSD values for best fits using different models and fitting parameter

windows for the Br-TPP decrease from the Br 3d region.
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order model can indeed fit the data, the E, value being so much lower than other
cases and the A value being far below that expected at even room temperature
indicates that this model is inadequate to describe the system. Grossman et al.,
having performed a similar experiment, suggest treating the process of dehalo-
genation as a second order process whereby diffusing surface adatoms act as the
second reaction species. [92] Taking the second order Eqn. from Lord et al. : [16]

d[X] B n,=Ea
Tk —A[X]"erT (7.7)

where n is reaction order, we can apply this model to the § = 0.5 Kmin™!
data, as shown in Figure 7.16¢). As can be seen, this results in a significantly
better fit, and the fit is better or equal at all values of 5 (table 7.4). It should
be noted that a second order process that occurs in the presence of sufficient
quantities of one of the two rate limiting elements will appear as a first-order
reaction; it is possible that the ‘faster’ ramp rates lead to an abundance of one
of the two species (in effect leading to a ‘steady state’ of the concentration of
this reactant). If the second participant in the dehalogenation reaction is indeed
metal adatoms, this would imply that for ramp rates 8 = 2, 5, 25 Kmin~!, metal
adatoms are available in such abundance that the second order reaction becomes
a pseudo-first order reaction. Conversely, this means for the 3 = 0.5 Kmin™!
ramp, this is not the case. The most likely reason for this is that because at
lower ramp rates, the temperature at which the maximum reaction rate occurs
is lower, causing lower adatom availability. It is also possible that non-uniform
sample preparation could be the cause; while the depositions were very similar,

! ramp is higher than the rest (see Figure

the coverage on the f = 0.5 Kmin~
7.17). The number of available adatoms could also be affected by the stochastic
nature of sputter/anneal cycles, with individual preparations creating a surface
with more or less step-edges (as step-edges are the most likely source of adatoms,
a reduction in step-edge features is expected to correlate with a reduction in
adatom availability).

Changing to the second order model has implications for the Arrhenius plot as

the coverage now features in the linearised form the Arrhenius derived relationship

Th

8
This alteration does not affect the value of the gradient (in

(obtained from Eqn. 7.7); while values for T,, do not change, the term In

becomes In %

178



—— 0.5k/min
2k/min
B —— 5k/min
—— 20k/min

Ratios with Cu 3p3/2:
0.5 Kmin™:0.136

5 Kmin™ : 0.085
25 Kmin™ : 0.068

Normalised Intensity (Arb. Units)

295.0 2925 290.0 287.5 285.0 282.5 280.0 277.5
Binding Energy (eV)

Figure 7.17: The C 1s region of overview XP spectra, normalised with respect to

the Cu 3p split peak on the same overview, for each ramp rate.

the cases where all initial concentrations are equal), leading to identical values
of E,, the position of the line is shifted in y, affecting the intercept (and thus
A). Figure 7.18a) showcases the impact of varying the coverage on the Arrhenius
plot. Changing the coverage from 1 to 0.1 increases the A value by one order
of magnitude, perhaps unsurprising given that the coverage term is included
multiplicatively. If each of the samples were prepared at a significantly different
initial coverage, the points would lie on a different line, affecting the gradient
and therefore the calculated values of E, and A. These samples were prepared
uniformly (as seen in Figure 7.18), with an expected coverage of around 0.3-
0.6 ML based on STM data, shifting the range of A values from 5.7 x 10%5-2.5 x
10" Hz to a maximum of 9.6 x 10%-4.2 x 10" Hz for the Br, TPP decrease
signal, for these purposes considered negligible. Another consideration relating
to coverage when utilising a second order model is the influence of the initial
coverage on the shape of the decay. In order to determine the impact of this
feature on values of F,, a grid search algorithm was established to vary both E,
and initial coverage at a set value of A. Example heat maps for three different
A values are shown in Figure 7.18b). As can be seen, varying coverage between
0.1 and 1 results in very little variation in E,, with each A value producing an
E, variation of 0.05 eV. Given these effects have negligible impact, I will use the
range provided by the rate plots for first and second order models.

Applying the grid search technique with the second order model, and selecting
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Figure 7.18: a) Shows the influence of changing initial coverage on Arrhenius plot
y position. b) Heat maps showing RMSD values for different initial coverages and
values of E, at different values of A. The black crosses mark value combinations

providing an RMSD value within +10% of best fit.

for value combinations providing an RMSD value within +10% of best fit, as
shown in Figure 7.19, we can narrow our range of possible parameters yet further:
each ramp rate has a very similar window of acceptable results. These results,
displayed in Table 7.5, demonstrate remarkable consistency. Averaging the results
gives these values: 0.91 eV with +0.03 eV as the error on the mean, with A of
4.1x10'%*! Hz. This calculated value is slightly higher than the literature value
of 0.7 eV, but overall the technique is able to provide a precise result with small

errors, albeit at a large time cost. [93,232]

B(Kmin™!) FEa(eV) A range (Hz)
0.5 0.84 £0.02 5.7x10%-3.8x1016
2 0.93 £0.06 5.7x10%-8.1x 1017
) 0.93 +0.06 5.7x10%-1.0x 10"
25 0.94 +0.05 1.7x10%-8.1x10'7

Table 7.5: E, and A value ranges from grid search using 2nd order Arrhenius
model within parameters of Arrhenius plot, for the Br-TPP decrease from the Br

3d region.
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Figure 7.19: Grid search heat maps showing the RMSD for fits of the second order
Arrhenius model to the Br-TPP decrease in the Br 3d region, within the value
range provided by the Arrhenius plot. The black crosses mark value combinations
providing an RMSD value within +10% of best fit. a) § = 0.5 Kmin™! b)
f=2Kmin"!c)=>5Kmin™'d) S =25Kmin '

7.4.4 A Consideration of Enthalpy and Entropy: The Eyring
Model

As previously described in section 7.3.3, the C 1s region contains a higher bind-
ing energy shoulder associated with the C-Br bond, and a lower binding energy
shoulder associated with the C-Cu MOF formation. Hence, isolating and mon-
itoring the behaviour of these elements could provide further insight into the
dehalogenation reaction. The C 1s environment for Br,TPP peak assignment is
as shown in Figure 7.20a-b). The development of the C 1s region over the course
of a full ramp can be seen in Figure 7.20c). Changes in the position and inten-
sity of the different peaks during the course of the ramp means that fitting is a
complex and multi-stage process. During the full ramp, several reaction stages
are expected, changing the intensities of the different peaks. Based on STM data

previously discussed in section 7.3, the expected changes to the molecule are as
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Figure 7.20: a) XP spectra for the C 1s region of Br, TPP on Cu, as deposited and
following 273K anneal. b) Molecular diagram of Br,TPP with labelled regions
associated with different peaks in the C 1s XPS region. c¢) Shows the intensity of
different peaks in the C 1s region varying with temperature for the 3 = 2 Kmin™!

ramp.

follows: dehalogenation, formation of organometallic intermediate, ring-closing,
Ullmann-type coupling, and metallation. Having fit high resolution XPS, as de-
scribed in section 7.3, at different stages of the anneal, peak assignments need to
be adjusted in stages in order to fit the data and adjust to the changing environ-
ments. In order to accurately model the system, peak areas are locked relative
to the number of carbon atoms in each environment, and assigned a binding
energy range. As over the course of the ramp, the peaks change, the areas are
selectively unlocked as fitting parameters, allowing the peaks to shift in line with
the data. When these changes are made is at the discretion of the investigator,
however with an understanding of the system and monitoring of fit quality with
each stage it becomes clear when the model needs to be adjusted. While this
technique may seem overly prescriptive, with well justified peak assignments and
sufficiently distinct peaks, it is possible to discern reaction signals from even as
complicated a system as this.

Decreasing intensity of the C-Br signal, and conversely increasing intensity of
the C-Cu signal, are both signatures of dehalogenation in much the same way
as the Br 3d signals, albeit more challenging to extract. The dehalogenation

and organometallic formation are relatively straightforward to assign, with the
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Figure 7.21: Different models and grid search windows for the decreasing intensity
of the C 1s Br-C signal for the § = 5 Kmin~! ramp. a) 1st order Arrhenius model
with “reasonable” values for A. b) 1st order Arrhenius model with wide range of
values for A. ¢) 2nd order Arrhenius model with wide range of values for A. d)

2nd order Eyring model with calculated A and range of S values.

aforementioned low and high binding energy shoulders increasing and decreasing
respectively. Another possible reaction signal in the C 1s data is the increase
in the peak assigned to aromatic carbon, and accompanying decrease in C-C
peak intensity at around 400K. This behaviour could be associated with ring
closing, as a homogenisation of these environments would be expected. In future
experiments, with higher resolution XPS or perhaps a target molecule with a less
complex C 1s environment, it should be possible to utilise these measurements
to discern reaction steps like ring closing. For this section, I will look at the
declining Br-C signal, as it is the most obvious change and pairs well with the Br
3d dehalogenation signals.

To extract the variation in intensity for this peak, the same technique was
utilised as described in section 7.4.2. Figure 7.21 shows the intensity data cap-
tured for the decreasing C 1s Br-C signal intensity for the 3 = 5 Kmin~! ramp.
Firstly, I attempt to fit such curves as a first order reaction. Running a grid search

algorithm with reasonable parameters (E,:0-2 eV, A: 1x10'°—10?? Hz) for a first
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order reaction results in the poor fit shown in Figure 7.21a), indicating that this
is not a first order reaction. Expanding the search parameters such that I include
“unreasonable” A values (1'° the lower limit) improves the fit (Figure 7.21b)),
but results in an exceptionally low attempt frequency, which is non-trivial to in-
terpret. Considering a second order model improves the fit, (Figure 7.21c)) but
still suffers the same issue with low attempt frequency. Hence, we now consider
if there is a realistic origin for such a low attempt frequency.

One approach is to consider the influence of entropy. The Arrhenius equa-
tion is an empirical relationship, developed through observation. As such, pre-
exponential factor A, often referred to as the attempt frequency, is an empirical
relationship between the temperature and rate coefficient. In essence, it de-
scribes the physical reality that increasing the temperature of a system increases
the rate of reaction, and has been calculated to be roughly 1 x 10'2 Hz at room
temperature. The Eyring equation is of similar form to the Arrhenius equation,
albeit based on statistical thermodynamics rather than empirical observation.

The Eyring equation is as follows:

kT -aH as

k= Te kBT ekp N (78)

where k is the reaction rate constant, S is the entropy of activation, and AH
is enthalpy change, for our purposes closely analogous to the activation energy
E,. Put into a similar format as described earlier, for a TP-XPS rate equation,

it takes this form:

dX]  VkgT. ., -an as

Previously, Ullmann-type coupling has been described with the Eyring equation
when explaining the difference in dehalogenation rate on Au(111) and Ag(111);
Fritton et al. utilise a form of the Eyring equation at thermodynamic equilibrium
to explain a slower rate of dehalogenation on Au(111). [95]

Figure 7.21d) demonstrates the increased fit quality possible when implement-
ing an Eyring model. Using the Eyring model, two parameters are varied, AH
and AS, in much the same way as E, and A could be varied with the Arrhe-
nius model. Given a broad value window for AH (0-2 eV, chosen to mirror E,

values from Arrhenius analysis) and AS (£ 5 meVK™!, chosen as Fritton et al.
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found the entropy contribution in the order of meV [95]), a grid search was con-
ducted for combinations of values creating the best fit with the data, using the
RMSD as described in section 7.4.2. The fit gains a better RMSD value than
any Arrhenius model, and provides an explanation for the low A value; compar-
ing equations 7.7 and 7.9, we can discern that A = ;ﬁ—fe%. When S = 0, we
regain the standard value for A; however, when this is not the case, the value of
prefactor A can be affected. In the case of the C 1s Br-C signal, the best fits
were obtained with an exceptionally low prefactor. This is only possible with the
incorporation of the e%g term, and only for negative values of AS. For this ramp,

BT __

factor % 2 4.8 x 10'2 Hz, in line with expectations for the A value, and factor

e% = 2.4 x 1071 Hz. When considered within the context of transition state
theory, a negative change in entropy indicates that there is a reduced number
of degrees of freedom when moving from the initial to transition state. Such a
reduction could come from the confinement of an adatom species, forming a com-
plex with a molecule prior to debromination. Previously, entropic effects have
been observed to alter the rate of diffusion for coupled porphyrins, and has been
attributed to a reduction in flexibility at the transition state (a negative change
in entropy). [233]

Returning to the Br 3d TP-XPS data, we can replace the Arrhenius fits with
the Eyring fits. In all cases, the entropy term obtained is ‘small’ (<0.1 meV)
and positive (which would have the effect of increasing the perceived attempt
frequency), as shown in Table 7.6. The results from this table clearly demonstrate
the difference in entropy change between the C 1s and Br 3d signal in the Eyring
model. In all cases for Br 3d signals, the entropy term is smaller and positive,
having the effect of increasing the apparent attempt frequency. In the case of the
C 1s signals, the entropy term is larger and negative. The f = 0.5 Kmin~! ramp
is not included in these fits, as the data does not capture the pre-change constant
intensity region necessary for appropriate modelling. Initially, the change in C
1s and Br 3d signals was attributed to a single reaction step, this step being
the cleavage of the C-Br bond. However, it is well established that Ullmann-
type coupling reactions progress via a MOF intermediate. The intermediate is

known to be stable on Ag(111) and Cu(111), and less experimental examples on
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Au(111) (further information in section 2.2.2). It is also generally accepted that
these structures contain adatom species. [191] Therefore, I postulate that the
cleavage of the C-Br bond is a two-step process. Firstly involving the interaction
of an adatom with the C-Br bond, and a second step which involves the breaking
of the bond and subsequent removal of the Br from the molecule and onto the
surface. A similar process has been suggested by Grossman et al.(see Figure
2.8). [92] My model of this process is shown in Figure 7.22.

We can see this two-step process by considering the TP-XPS data for the
intensity change in C 1s (C-Br bond) and Br 3d (B-TPP and Cu-Br) for BrxTPP
on Cu(111): Figure 7.23. This figure shows the Br 3d Br-TPP and Br-Cu and
C 1s Br-C signal intensity changing for 8 = 0.5, 2, 5, 25 Kmin~!. In each of
these, the C 1s Br-C signal begins to decrease at a lower temperature than the
Br 3d signals, or in the case of the 0.5 ramp is progressing at a greater rate at
an earlier temperature. For the Br 3d signal, I observe that the decrease in Br-
TPP (orange) and increase in Cu-Br (green) mirror each other and are therefore
describe the same process (analysis above shows that we get the same activation
parameters when we analyse the Br-TPP and Cu-Br signals). The C 1s C-Br
signal clearly differs in form. The clear drop in C 1s C-Br intensity in the § = 2

2nd order 2nd order AS

B(Kmin™'), region | Arrhenius Eyring A 8o o
(eV) | (meVK™') | (Hz)

RMSD RMSD

0.5, Br 3d Br,TPP 0.39 0.35 0.80 0.03 10
2, Br 3d Br, TPP 0.35 0.35 0.80 0.02 101
5, Br 3d Br,TPP 0.09 0.08 0.82 0.04 102
25, Br 3d Br, TPP 0.03 0.03 0.94 0.09 10°
2, C 1s BrC 0.007 0.005 0.02 -0.26 101
5, C 1s BrC 0.98 0.76 0.05 -0.29 101

Table 7.6: RMSD and AS values for best fits from 2nd order Arrhenius and
Eyring equations. The quoted AH and AS values are taken from the mid-point
of the range of value combinations providing a fit within 10% of the lowest RMSD

value.
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Figure 7.22: Diagram of the proposed model for dehalogenation of Br,TPP on
Cu(111), with idealised XPS spectra showcasing characteristic changes expected
at each reaction stage. a) Shows the intact molecule as deposited on the surface.
b) Shows the Bromine atom forming a metal-organic coordination with a surface
adatom, causing the Br-C shoulder to decrease, and Br-Cu shoulder to increase
in the C 1s region. c¢) Shows the dehalogenated molecule forming a metal-organic
coordination with the surface adatom, and the bromine atom separately adsorbed
onto the Cu(111) surface. This change is seen in the Br 3d region as the split

peak shifts to a lower binding energy following removal from the molecule.
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Figure 7.23: C 1s and Br 3d dehalogenation signals overlaid for different .

and 5 Kmin~! ramps occurs at a lower temperature than the decrease in the Br
3d Br-TPP signal, supporting the assertion that the changes in the C 1s signal
relate to the first step in a two-step process. At these rates, this change occurring
before the Br 3d change aligns well with the observed 1st order behaviours of these

two ramp rates. For the 0.5 Kmin™! rate, we see an overlap between the change

187



in intensity for C 1s and Br 3d, which potentially explains why for this slower
ramp rate, the Br 3d data only achieves a satisfactory fit with 2nd order reaction
kinetics.

This information supports the following model: that the dehalogenation of
Br,TPP on Cu(111) is indeed a two-step reaction. The initial step in this pro-
cess is the capture of Cu adatoms, as indicated by the decreasing C-Br peak
intensity in the C 1s region : AH = 0.02-0.05 eV, AS=-0.26-0.29 meVK~!. This
extremely low enthalpic barrier and negative change in entropy (linked to adatom
capture and subsequent loss of freedom) clearly distinguish this stage from the
subsequent stage witnessed in the Br 3d region. The cleavage of the C-Br bond,
as evidenced by the Br 3d signals, is this second stage : AH = 0.84+0.03 eV,
AS=0.05£0.02 meVK~!. The very small, positive entropic contribution clearly
differentiates from the initial stage, and the energy barrier is similar to that seen
in DFT models in the literature. [93,232]

The relationship between these two reaction steps can be observed for the
different ramp rates investigated. At faster rates (8 > 0.5 Kmin™!), adatom cap-
ture occurs before Br-C cleavage, causing the reaction to behave as a pseudo-first
order process. At slower rates, the two processes overlap, causing the reaction
to change in character to a second order reaction. Crucially, the role of entropy
in the first reaction step is indicated by a low attempt frequency (as compared
to expected values). By considering the Eyring formulation of an activated pro-
cess we may understand this reduced attempt frequency in terms of a significant
reduction in entropy at the transition state: the reduction in entropy is driven
by the loss of conformational flexibility and degrees of freedom during adatom

capture.

7.5 Conclusion

This chapter shows that the simplistic, but often posed, question “at which tem-
perature does a reaction occur?” is unhelpful (despite the fact that this is often
the only parameter reported in on-surface studies of reactions). Reaction progress

is significantly affected by the rate of heating, shifting maximum rate of reaction
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temperature T},. A more suitable way to define reaction barriers for on-surface
processes is therefore required. I propose that characterisation in terms of the
Arrhenius parameters A and E,, or the entropic and enthalpic parameters from
the Eyring formulation of transition state theory is required.

Here, I present proof of concept for adaptation of TPD Arrhenius analysis to
enable TP-XPS characterisation of systems. By capturing temporally resolved
XPS data, and assigning changes in specific peak intensities to particular chem-
ical reactions, we can apply Arrhenius-based analysis and acquire data on the
pre-factor A and activation energy F,. Specifically, we propose that the dehalo-
genation of Br, TPP on Cu(111) is a two-stage reaction. I propose a mechanism of
adatom capture as the rate limiting step, affecting the rate of decay in instances
where the ramp rate 3 is too low. Ultimately, this technique provides a spectro-
scopic doorway into elusive kinetic properties of on-surface reactions, and as in
the case described here, can reveal previously unknown multi-stage elements to
reactions. Currently, most activation energies for on-surface reactions are mod-
elled with DFT, rather than based on experimental observation; this technique
can be used to confirm or disprove such models and provide insight into new

reaction pathways.

189



Chapter 8

Conclusions

The work detailed in this thesis builds upon the state-of-the-art, and expands,
scientific understanding within the field of on-surface synthesis. Primarily, the
work aims to develop a better understanding of the synthetic pathways, allowing
efficient and effective creation of target molecules, either on-surface or in combi-
nation with in-solution chemistry.

The first experimental chapter, chapter 4, focussed on the polymerisation of a
DPP based precursor monomer functionalised with aryl halide groups and hexyl
chains. The influence of surface-induced chirality and aklyl side chains of the
molecule on the as-deposited self-assembled structure was characterised through
STM, with a model created to fit the measured lattice dimensions whilst follow-
ing typical self-assembly motifs and obeying steric limitations. Upon annealing,
an Ullmann-type coupling reaction was observed, and the influence of the self-
assembled structure on the extended polymer network was considered. Further
annealing resulted in degradation of the molecule, resulting in a degeneration of
the ordered surface state and eventual cross-linking. A key aspect of this chapter
is that useful conclusions on the structure of a molecular system can be inferred
from details of the molecular lattice and molecular modelling, without relying on
sub-molecular resolution.

In the second experimental chapter, chapter 5, the electrospray deposition
method is explored as a route towards using surface analysis techniques on larger,
more complex molecules too thermally labile to be deposited via thermal subli-

mation. The character and size of the deposition spot is examined, with spectro-
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scopic and STM data combining to provide insight on the spread of material. Fol-
lowing this, the STM characterisation of several uniquely synthesized porphyrin
nanorings is described, with information on the flexibility of these molecules es-
timated based on morphological distortion.

In chapter 6, electrospray deposition is once again utilised, this time in or-
der to facilitate the combination of in-solution and on-surface reactions to create
novel synthetic pathways. A porphyrin nanoribbon precursor, synthesised in so-
lution, was transferred to a surface and subsequently annealed; this allowed intra-
porphyrin graphitic sections to form, creating the targeted porphyrin-graphene
nanoribbon. This step was not possible in solution, nor was the formation of
the porphyrin nanoribbon via on-surface coupling of monomer units, proving the
unique versatility of combining the two techniques, with the assistance of elec-
trospray deposition. The nanoribbon species were also interrogated with spectro-
scopic techniques such as X-ray standing wave (XSW) and near-edge X-ray ab-
sorption fine spectroscopy (NEXAFS). These studies informed our understanding
of the adsorption of the molecule and evolution of the system during the graphene
formation.

Finally, the last experimental chapter, chapter 7, covered a novel experi-
mental approach towards determining the kinetic properties of a prototypical
on-surface chemical reaction, namely the Ullmann-type coupling of Br function-
alised tetraphenyl porphyrin (TPP) on Cu(111). wia the use of temperature
programmed XPS (TP-XPS), Arrhenius analysis was performed in order to ex-
tract activation energy FE, and attempt frequency. By developing this approach
to consider the Eyring formulation of transition state theory parameters for the
entropic and enthalpic barriers were ascertained. The investigation led to the
consideration of the Ullmann-type coupling reaction on Cu(111) as a second or-
der reaction, with Cu(111) adatoms performing the role of a rate limiting reac-
tant species. This aspect of Ullmann-type coupling is oft-debated, and the novel
method described in this chapter provides an avenue of insight into this common
question. Alongside this, a comparison of the reaction progress on Cu(111) and
Au(111) was presented, comparing the stepwise XPS and NEXAFS for the species

on each surface.
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Overall, the work contained in this thesis furthers the understanding of on-
surface reactions, from the topological characterisation of individual species at
different stages of a reaction, to the marriage of in-solution and on-surface reaction
pathways, concluding with a novel method for obtaining experimental insight
into bond enthalpy, a potentially more useful metric for application in the field of
molecular synthesis than the oft-cited reaction temperatures that permeate the
literature.

On-surface synthesis is an area of burgeoning importance, and the techniques
applied in combination as described in this thesis can be implemented to augment
our understanding of processes key to controlling the efficiency and selectivity of

a range of on-surface processes.
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