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Abstract

On-surface synthesis, where molecular building blocks react together to produce
covalently bonded products, offers the potential for the generation of structures via
alternative routes to those performed within traditional solution-phase chemistry.
However, a better understanding of the mechanistic process of on-surface reactions,
obtained through surface analysis techniques such as scanning probe microscopy,
is first required in order to develop these reactions.

Within this thesis, investigations into on-surface synthesis are primarily per-
formed using scanning tunnelling microscopy techniques under ultra high vacuum
conditions. These techniques are used to examine molecular structures formed on
coinage metal surfaces, obtained via the on-surface Ullmann-like coupling reaction.

The effects of surface topography upon the synthesis of surface-confined struc-
tures are initially investigated. Ullmann coupling reactions of 4,4”-diiodo-m-terphenyl
(DITP) on Ag(111) and Ag(110) are performed and the resulting structures char-
acterised at each phase of the reaction. The dimensions of these structures and
their adsorption geometries relative to the surface are then compared, finding that
intermediate and product structure geometries are driven by their alignment to
the surface.

Utilising a combination of normal incidence X-ray standing wave (NIXSW) tech-
nique and STM imaging, the adsorption of 1,3,5-tris(4-iodophenyl)benzene (TIPB)
and DITP on Ag(111) is studied. NIXSW measurements of molecular structures
in the metal organic and covalent phases of the Ullmann coupling reaction are
used to determine vertical positioning of molecules relative to the bulk surface.
Additionally, these results are used to determine the presence of metal adatoms
within metal-organic structures. Further NIXSW measurements combined with
STM imaging are then used to generate lateral adsorption models for molecular
structures.

Building upon the observations of reactions upon ’atomically flat’ surfaces, the
concept of a molecular template is introduced and used to demonstrate a method-
ology for confining on-surface reactions. Large porphyrin macrocycles, consisting
of 40 linked porphyrin units (c-P40) are used to confine the reaction of TIPB on
Au(111). Covalently bonded structures are successfully produced within templates
while exploring the limitations of this system, including thermal stability and the
presence of contaminant species.

Additionally, the electronic properties of c-P40 nanorings are characterised.
Quantum confinement effects are observed in stacks of porphyrin rings, includ-
ing quantised energy levels and localisation of electron states. Measurements are
supported by density functional theory (DFT) and extended tight binding (xTB)
calculations. These results act to demonstrate the potential for stacks of ¢-P40 to
act as molecular quantum rings.

The findings presented within this thesis offer additional understanding on the
role certain factors play within on-surface reactions and provide details of potential
methods which may be used to influence and control these reactions.
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Chapter 1

Introduction

This chapter introduces the concept of scanning probe microscopy and its imple-
mentation in generating and investigating surface confined structures. Manual as-
sembly, via atomic manipulation, and molecular self-assembly are discussed before
covering the topic of on-surface synthesis, and importantly, the characterisation
of such reactions on the single molecule level. Finally, a summary of the content

covered in each chapter is provided.

1.1 Probing surface structures

The progress of empirical science requires detailed observations of natural phenom-
ena. The development of the observation tools used is therefore coupled to our
understanding of the physical systems. An example of this is seen in microscopy,
where early optical microscopes allowed the visualisation of cells, a finding which
underpins much of modern biology. Optical microscopes however are fundamen-
tally limited in resolution by the wavelength of visible light (~500 nm), limiting
their use in investigating smaller systems. This constraint was reduced with the
invention of electron microscopy techniques, for example transmission electron
microscopy. Utilising the much smaller wavelengths achievable with electrons,
producing images with resolutions of less than 1 nm became possible. However,

instead of relying upon wavelength limitations, imaging techniques using measure-
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ments of different types of interaction are able to achieve even higher resolving
powers. One such technique is scanning probe microscopy, where an atomically
sharp tip is scanned across a 2D surface to generate an image. Examples of this in-
clude atomic force microscopy (AFM) and scanning tunnelling microscopy (STM),
both of which have led to significant advancements in imaging. Using AFM, it has
been shown that a tip terminated with a single C-O molecule can achieve achieve
submolecular resolution. An early example of this was demonstrated by Gross et
al. where they were able to resolve individual bonds within a pentacene molecule
(figure [1.1h).

In addition to its use as an imaging tool, SPM techniques have also shown
promise for use in bottom-up fabrication at the nanoscale. Using the tip of a
scanning probe as a tool, one can manipulate atoms and create structures. This
was first performed in 1990 to assemble Xe atoms into the IBM logo [I]. This
technique was later used to assemble Fe atoms into a quantum corral, providing
an image of the ‘wavefunction’ of confined electrons [2]. More recent work into
this technique has looked at its potential as a tool for reading and writing of high
density computer memory. Work by Kalff et al. demonstrated how a scanning
probe may be used to manipulate atoms on a chlorine terminated Cu(100) surface,
such that a single vacancy site can be used to encode a bit of information (figure
(top)) [3]. Through this method, a vacancy site (darker regions) is either in a
top or bottom position, to represent a 0 or 1 in binary. Combining eight of these
regions together represents a byte of data, which can be interpreted. For example,
in the case of figure (top), the ASCII code for the letter ‘¢’ is shown. The
STM tip can then be used to manipulate these vacancy sites in such a way to write
and rewrite information (figure (bottom)). This technique was used to store
a quote from Richard Feynman’s talk ‘There’s plenty of room at the bottom’ [4].
Expanding this has the potential to create memory with three orders of magnitude
greater storage density than current technology.

Manual assembly of structures however is very time consuming and can be dif-
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Figure 1.1: (a) Pentacene molecule (top) resolved through AFM imaging (bottom).
Adapted from [5]. (b) Use of chlorine vacancies on Cu(100) to encode data. (Top)
Example of how vancancies can be used to store a byte of data. (Bottom) transition
from ordered set of vacancies to storing several bytes by manipulating atoms using an
STM tip. Adapted from [3]. (¢) STM images showing on-surface synthesis of graphene
nanoribbons. Adapted from [6].

ficult to scale up. An alternative approach is fabrication through self-assembly,
where a number of smaller building blocks form more complex structures without
external direction. This concept is often found in nature, whereby simple molec-
ular building blocks are combined to form much more complex structures, such
as in the assembly and folding of proteins. The concept of on-surface synthesis
of molecular structures builds upon these ideas. As with self-assembly, molecular
precursors are designed to form arrangements of structures without the need for
direction from external sources. However on-surface synthesis generates covalently
bonded structures, making products that are more thermally stable and so can be
used for a wider variety of applications. One of the first examples of this is the
generation of 2D molecular networks using the Ullmann coupling reaction [7]. It
has also been used in the synthesis of graphene nanoribbons (GNRs), which have
the potential for use in molecular electronics [6]. Molecular precursors deposited

onto a surface were found to form linear chains of graphene material after anneal-
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ing the sample (figure [1.1). STM imaging of this system revealed the reaction to
produce GNRs occurred through a two-step process; first a coupling step where
molecular precursors become covalently bonded, followed by a cyclodehydrogena-
tion step. Characterisation of this system using STM therefore was able to provide
a greater understanding for how the reaction progressed. STM characterisation
of on-surface reactions allows the initial, intermediate and product structures to
be studied. In addition, it provides a methodology for determining a mechanistic
understanding of on-surface synthesis reaction pathways.

The work within this thesis builds on these ideas and, by utilising a range of
on-surface analysis techniques, aims to further the understanding of on-surface
reactions. Specific focus is given to understanding the underlying mechanisms of

the Ullmann-like coupling reaction and the factors that influence it.

1.2 Thesis overview

Within this thesis the properties of various molecules adsorbed at metallic surfaces,
the mechanisms for how they react and form structures, and how these reactions
can be controlled are investigated. Chapter [2| acts as a review of the background
literature and begins with a discussion of self-assembly and the various methods
of on-surface synthesis. This is followed by a more detailed discussion of the
Ullmann-like coupling reaction; looking at the development of its use within on-
surface synthesis as well as current research into how to influence and control such
reactions.

Chapter (3| explains the theoretical concepts and experimental methods used
throughout this thesis. The underlying theory and basic operational details of STM
are explained, as well as its use in other techniques such as scanning tunnelling
spectroscopy (STS). Surface preparation and molecule deposition techniques of
sublimation and electrospray ionisation are then detailed. Finally, the principles
of X-ray analysis techniques, such as X-ray photoelectron spectroscopy (XPS) and

normal incidence X-ray standing wave (NIXSW), are outlined.
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Chapter 4| details the work carried out investigating the effect of surface to-
pography on the structures formed at different stages of the Ullmann-coupling
reaction. Molecular structures are formed through reactions of the molecule DITP
(4,4”-diiodo-m-terphenyl) on Ag(111) and Ag(110). These structures are analysed
using STM measurements and their adsorption geometries are compared. This
chapter acts to highlight one of the methods for influencing on-surface reactions.

Chapter [5| develops these ideas by further investigating structures formed using
the Ullmann coupling reaction. Two different molecules, DITP and a related
molecule, TIPB (1,3,5-tris(4-iodophenyl)benzene), are separately investigated. X-
ray techniques (XPS and NIXSW) are used to follow the progress of the Ullmann-
coupling reaction and determine the locations of chemical species within each
molecule, relative to the bulk surface, at each stage of the reaction. This is used
in conjunction with STM measurements to develop 3D structural arrangements of
molecules for intermediate and product structures.

A novel method for controlling on-surface reactions is developed in Chapter
[6] through the use of molecular templates. Large nanorings, made from cyclic
porphyrin polymers, are used to confine the Ullmann coupling reaction of TIPB
and limit access to reaction sites such as surface step edges and metal adatoms.
STM measurements are used to investigate the reaction products within nanorings,
as well as the limitations of nanoring templates.

Chapter [7] contains work investigating the electronic properties of porphyrin
nanorings and their potential to act as quantum rings. STS spectra were obtained
finding energies of resonant electronic states. Further to this, the localised elec-
tron densities within the rings are probed through use of conductance mapping
techniques. These results are supported by computational calculations using tight
binding and density functional theory.

Finally, Chapter |8 provides a summary of the work within this thesis and the

key findings.



Chapter 2

Studying 2D Molecular
Self-Assembly and On-Surface

Synthesis

This chapter serves as an overview of the literature which provides the foundation
for the work presented within this thesis. The concept of molecular self-assembly
s introduced, starting with structures driven by mon-covalent interactions and is
supported by several examples. The focus here is on characterisation by scanning
probe microscopy techniques, facilitating molecular and sub-molecular resolution.
Building upon studies of molecular assembly, on-surface synthesis reactions are
introduced here with examples of some of the unique structures generated by this
methodology. Particular focus is given to Ullmann-type coupling, explaining the
development and current research into this type of reaction. Finally, the known
factors which influence on-surface molecular synthesis and methods to control these

reactions are discussed.

2.1 Molecular self-assembly in two-dimensions

Self-assembly is a process where a series of disordered components come together

to form an organised structure driven by local interactions between component
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Figure 2.1: Examples of on-surface supramolecular assemblies, driven by various
molecule-molecule bonding schemes. These include: (a) van der Waals interactions,
(b) hydrogen bonding, and (c) metal-organic bonding. Top figures show STM images
of assembled structures and bottom figures show molecular models for these structures.
Adapted from [8-I0] respectively.

parts. Molecular self-assembly was studied by Lehn in the context of supramolec-
ular chemistry [II], where, through self-assembly, several molecular species can
form complex structures held together by non-covalent intermolecular interac-
tions. These processes are commonly observed in nature, for example, proteins
self-assembling from amino acid chains into complex folded structures.

These ideas have been applied to surface science, where molecules with tailored
geometries and chemical functionality have been used to self-assemble into a di-
verse range of surface structures. In order to fully understand self-assembly on
surfaces, it is necessary to understand the roles of the various intermolecular in-
teractions involved. Because of the on-surface nature of these structures, scanning
probe microscopy (SPM) techniques, in particular scanning tunnelling microscopy
(STM), has been utilised to offer local spatial information on structures formed.
Three examples of structures formed through self-assembly are given in figure [2.1]
Each of the examples is driven by a different intermolecular interaction, detailed

in the following sections



Chapter 2.  Molecular self-assembly in two-dimensions 8

2.1.1 Van der Waals mediated structures

Van der Waals forces occur between all molecules and arise from a combination
of London, Debye and Keesom intermolecular interactions. Each of these cor-
respond to a different type of dipole interaction: instantaneous-induced dipole,
permanent-induced dipole and permanent-permanent dipole interactions for Lon-
don, Debye and Keesom interactions respectively. Most self-assembly of molecules
on surfaces into close-packed island structures are driven by these types of in-
teractions. However, van der Waals interactions exhibits very weak interaction
energies that decrease rapidly with increasing separation. This can be modelled
using the Lennard-Jones potential which shows attractive interaction energy varies
with (1/r)% [I2]. Weak interaction strength and lack of directionality limits the
use of van der Waals as a driving force for self-assembly. However, this can be
overcome using molecules with large surface areas, allowing for ‘multiple’ van der
Waals interactions, in order to maintain a stable structure. One example of this
is the use of long hydrocarbon chains, which have been shown to assemble into a
series of stable parallel lines [I3]. Many groups have utilised this feature by using
interweaving hydrocarbon chains to produce various stable structures |8, [14-HI7].
An example of this is shown in figure 2.1, where precursor molecules, consisting
of six hydrocarbon chains connected to a central core, were found to self-assemble

into 2D hexagonal porous structures on the surface.

2.1.2 Hydrogen-bonded supramolecular self-assembly

Hydrogen bonding occurs in molecules where partial positive charges (01) are in-
duced in H atoms due to their proximity to an electronegative chemical species
(e.g. O or N atoms). The partially charged hydrogen then electrostatically inter-
acts with lone pair electrons of another electronegative atom. This effect produces
an interaction that is significantly stronger than van der Waals (see table [2.1)).
Additionally, unlike van der Waals interactions, hydrogen bonding is directional.

This characteristic has been utilised within molecular self-assembly, using specific
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molecular geometries with directional hydrogen bonds to produce structures on
surfaces [0, 18-26]. One important example of surface structures formed from
hydrogen-bonds was by Theobald et al. [9]. The group exploited a triple hydro-
gen bond between PTCDI (3,4,9,10-perylene tetracarboxylic acid diimide) and
melamine such that molecules self-assemble into a stable two dimensional porous
network (figure ) The hydrogen bonded template was then used to confine
up to seven Cgg molecules within the pores. This use of surface templating will be

explored in further detail in section [2.4.4]

2.1.3 Two dimensional metal-organic structures

An alternative way to stabilise 2D molecular systems is by metal-organic interac-
tions. These types of interactions often occur between metal adatoms and lone pair
electrons, in atoms such as O and N, within organic molecules. Similar to hydrogen
bonding, metal-organic interactions are highly directional, allowing for their use
in the self-assembly of specific structural geometries. For metal organic structures
on substrates, the metal atoms involved in the bond can either be obtained by se-
lecting a metal substrate where adatoms are present [27-29] or from co-deposition
onto a surface of metal atoms with precursor molecules [30-32]. An example of this
is the work by Schlickum et al. who deposited Co atoms onto a Ag(111) surface
with nitrogen terminated polyphenyl molecules [10]. Nitrogen moieties formed di-
rectional metal coordination bonds with Co adatoms, with molecules assembling
into an extended porous hexagonal network (figure ) The pore sizes within
the network were found to be scalable by increasing the number of phenyl groups
in the precursor molecules, demonstrating the flexibility of this bonding motif.
Similarly, through the use of different precursor molecules, it has been shown that
various shaped structures can be formed such as square or rectangular lattices

3336,
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Interaction Type Interaction Strength (eV)
Van der Waals 0.02-0.1
Hydrogen bonding 0.05-04
Metal-Organic bonding 0.5-2.0
Covalent bonding ~3.0

Table 2.1: Typical bond strength energies for common types of on-surface intermolecular
interactions. [37]

2.1.4 Comparison of non-covalent interactions

Each of the above bonding types have relatively low interaction strengths when
compared to thermal energy available at room temperature (see table . When
the requisite amount of energy is provided (often raising the temperature above
room temperature), molecules are able to diffuse on the surface, forming then
breaking these lower energy bonds, until self-assembling into a low energy state.
This allows islands of molecules to form long range extended structures containing
very few defects. The reversible nature of these types of bonds are therefore of
great advantage for self-assembly. However, due to their weak interaction strength,
structures formed in this way have low thermal stability, making them unsuitable

for many applications at elevated temperatures.

2.2 On-surface synthesis

The use of covalently bonded structures offers an alternative route to forming well
ordered molecular structures. Covalent bonds typically have a higher interaction
strength when compared to the non-covalent interactions discussed above. This
means that they are stable over a larger temperature range, making structures
formed using covalent bonds better suited to higher than room temperature appli-
cations. This higher interaction strength however can lead to structures becoming
kinetically trapped in local energy minima, producing structures with a higher de-
fect density when compared to non-covalently assemblies. Additionally, on-surface
covalent coupling offers the potential of new reaction pathways when compared to

solution-phase chemistry.
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a) Metal Catalyst
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b) Mechanism 1 © Corbon
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Figure 2.2: (a) Simplified reaction scheme for Ullmann coupling, showing the covalent
coupling of two aryl-halides. (b) On-surface Ullmann-like coupling reaction for aryl-
halides on a metal substrate, progressing from initial reactant to metal-organic interme-
diate structure, then to covalently bonded structure after annealing. The metal-organic
intermediate forms through one of two different mechanisms: either bonding to an atom
in the metal surface (Mechanism 1) or to a surface adatom (Mechanism 2).

2.2.1 Ullmann Coupling

One of the most studied on-surface covalent coupling reactions is the Ullmann-like
coupling reaction. The solution based Ullmann reaction, originally discovered in
1901, is a cross-coupling reaction performed with a copper catalyst where aryl-
halides are coupled via the removal of halogen groups [38]. A schematic of the
on-surface Ullmann reaction is shown in figure 2.2 Here, aryl-halides deposited
onto a metal surface undergo dissociation of their halide groups in a reaction
catalysed by the metal substrate. This is caused by partial filling of the 7* orbital
upon deposition of the molecule. Subsequent charge transfer between 7* and o*
orbitals destabilises the C-X (carbon-halogen) bond, leading to homolysis. The
resulting surface-stabilised radicals are then joined via substrate metal atoms,
creating an intermediate metal-organic state. The addition of thermal energy
leads to the reductive elimination of the metal atoms, resulting in the formation
of covalent bonds between molecular units [39]. The exact process involved in the
formation of the metal-organic intermediate is still debated however, with aryl-

radicals forming metal-organic bonds to either bulk surface atoms (Mechanism
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Figure 2.3: (a) Simplified reaction scheme for Glaser coupling of terminal alkynes. (b-
d) Example alternative products for the Glaser reaction shown in (a), resulting in defect
(b,c) and branching (d) structures.

1) [40] or with diffusing adatoms (Mechanism 2)[41H44]. The mechanism of the
Ullmann coupling reaction and the factors that influence structures formed in this

way are explored in detail in this thesis.

2.2.2 Glaser Coupling

An alternative but still frequently used on-surface covalent reaction is the homo-
coupling of terminal alkynes, or Glaser coupling. Similar to Ullmann coupling,
Glaser coupling was originally used in solution chemistry [45]. In this reaction,
terminal alkyne groups of precursor molecules are joined through dehydrogena-
tion, resulting in the formation of a covalent bond between initial reactants (see
figure ) In recent years, this reaction has been used for the synthesis of a
range of products including linear chains [46-51], 2D extended networks [52], 53]
and is progressing towards the synthesis of graphyne structures [54, [55].

One of the main advantages Glaser coupling has over similar reactions is that
the only byproduct it produces is Hy. This is likely to desorb from the surface after
reacting and so keeps the surface clean from contaminants that could otherwise
influence the reaction. A limitation to the Glaser coupling reaction however is
its tendency for poor chemo- and regioselectivity. This leads to unwanted side

reactions and results in the formation of defects in final products [47, [56]. Figure
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Vi
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Figure 2.4: (a) Initial precursor for on-surface Glaser coupling, producing highly
branched structures on Au(111) (b) with greater order observed for structures of Ag(111)
(c). (d) Secondary precursor for Glaser coupling reaction, producing significantly greater
ordered chain structures on Au(111) (e) and Ag(111) (f). Adapted from [47].

[2.3p-d shows several examples of possible side reactions including kink defects
found in chains and the formation of branching structures.

Despite these problems, several methods for controlling the Glaser reaction have
been investigated, such as the effect of precursor design and role of surface chem-
istry. Gao et al. [47] investigated the structures formed through Glaser coupling
of an initial precursor molecule (2.4h) deposited onto Au(111) (2.4p) and Ag(111)
(2.4c) surfaces. They found that structures formed on the Au(111) surface had
a significant number of defects and branches, accounting for ~75% of coupling
reactions. Whereas on Ag(111), structures were much more ordered, although de-
fects were still present (~35% of reactions). A second precursor molecule (2.4(d)

containing fewer phenyl groups was then investigated. On both surfaces, signifi-
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cantly fewer defects were observed than with the initial precursor, with molecules
on Ag(111) forming long range chains up to 59 units long. The differences ob-
served between the two precursors was attributed to steric hinderance in the sec-
ond precursor reducing the formation of defects. Similar results have been achieved
through the use of the highly stepped Ag(877) surface to confine the Glaser cou-
pling reaction to step-edges, resulting in the formation of low defect chains [48].
Differing surface topographies have also been investigated and were found to pro-
duce different products from the same precursor. Liu et al. compared the forma-
tion of molecular wires on different surface facets of silver. They found that on
Ag(111) the Glaser coupling reaction dominated, resulting in covalently bonded
chains, whereas on Ag(110) and Ag(100) the majority of chains were found to
be metal-organically linked. This effect was attributed to the dimensions of each

product matching better to different substrate lattice constants [51].

2.2.3 Other Coupling

In addition to those previously mentioned, there are a great number of other on-
surface covalent reactions being investigated by the surface-science community.
Examples of this include dehydration reactions, with particular interest going to
reactions involving boronic acid or the schiff-base coupling reaction (figure
and b respectively) and have been shown to produce a diverse range of product
structures [10, 57H62]. In addition to this, dehydrogenation reactions (figure [2.5¢)
have been shown to be possible on metal surfaces [63H66]. Finally, similar to the

Ullmann coupling reaction, general dehalogenation reactions have been explored

(figure [2.5d) [67, [68].

2.2.4 Summary of on-surface synthesis protocols

This section has highlighted the vast range of different reaction schemes that have
been explored for on-surface synthesis. For each reaction examples have been

given that demonstrate the variety of structures that can be produced from these
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Figure 2.5: Schemes for other common on-surface reactions. (a) Dehydration reaction.
(b) Schiff-Base coupling reaction. (c) Dehydrogenation reaction. (d) Dehalogenation
reaction.

reactions. The following sections will build on this while focusing primarily on the
Ullmann-coupling reaction (due to the scope of this thesis). The development of
the Ullmann-coupling reaction will be shown as well as current research into how

it can be influenced or controlled.

2.3 Development of on-surface synthesis via Ull-
mann Coupling

The first investigation into the Ullmann coupling reaction through scanning probe
microscopy was performed by Hla et al. [69]. Here, iodobenzene is confined to a
step-edge on a Cu(111) surface and the tip of an STM is used to induce the Ullmann
coupling reaction. First, tunnelling electrons are injected into the molecule to
break the C-I bond by applying a 1.5 V bias at a fixed height relative to the
surface. This is repeated for a second iodobenzene molecule. The tip is then used
to laterally translate one of the resulting benzene radicals next to the other, where
further tunnelling electrons are injected using a 0.5 V bias to form a covalent bond
between the constituent molecules. This is shown in figure [2.6]

Grill et al. were the first to use the Ullmann coupling reaction in the formation
of covalently bonded molecular frameworks [70]. Various bromo-tetraphenyl por-

phyrin (BrTPP) molecules were deposited onto Au(111), where thermal annealing
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Figure 2.6: Schematic for the process of inducing the Ullmann coupling reaction of
iodobenzene to biphenyl using an STM tip. Adapted from [69)].

of the surface was found to break the C-Br bond, inducing the Ullmann reaction
to create covalently coupled products. The group used various forms of TPP,
containing 1, 2 or 4 terminal bromine atoms -c). Selection of the precursor
in this way allowed for the formation of different structures, with monobromo-
TPP forming dimers, dibromo-TPP forming linear chains and tetrabromo-TPP
forming disordered 2D networks. This work was expanded on by investigating
the possibility of hierarchical growth using TPP with two bromine and two iodine
substituents in trans positions [71]. Due to the lower bond energy of C-I relative
to C-Br, an initial annealing step led to the dissociation of iodine and the for-
mation of linear chains through the Ullmann coupling reaction, while leaving the
bromine groups intact. A subsequent annealing step removed the bromine groups,
resulting in the formation of 2D networks, with significantly greater order than
seen in tetrabromo-TPP (figure 2.7d). This work has also led to the development
of coupling of heteromolecules [72], allowing for more complicated structures to be
formed on surfaces. Overall, these works demonstrate the importance of careful

precursor selection for building structures through on-surface synthesis.
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Figure 2.7: (a)-(c) Chemical structures for Br-TPP with 1, 2 and 4 bromine sub-
stituents, forming dimers, chains and 2D networks respectively. Adapted from [70]. (d)
Two step hierarchical growth of ordered 2D network from Bralo TPP. Chemical structures
overlaid on STM images. Initial annealing leads to removal of iodine atoms (orange) and
the formation of linear chains. Further annealing removes bromine atoms (blue) and the
formation of extended 2D covalent networks. Adapted from [71].

2.3.1 Implementations of on-surface Ullmann coupling

Over the past decade, there has been great progress in the development in the
use of Ullmann coupling for on-surface synthesis of 1D and 2D covalently bonded
structures. Planar aromatic molecules functionalised with two halide groups have
been shown to form linear molecular chains |41} [7T3H76] as well as zigzag chain
structures [42], [77, [78] via the on-surface Ullmann reaction. Further to this, exper-
iments using molecules with three and four-fold symmetries facilitate the synthesis

of 2D molecular networks [79H84]. Finally, molecular precursors with more tailored
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geometries have led to the on-surface synthesis of more unique structures such as
hyperbenzene macrocycles [42, [85].

One developing application of Ullmann coupling is its use in the synthesis of
graphene-like materials. Graphene has shown potential as a material for use in
electronic devices, due in particular to its carrier transport properties [86]. How-
ever, graphene’s applications in semiconductor devices are limited, partially due
to its zero bandgap. Because of this, other graphene-like materials are being
investigated to determine their feasibility as a substitute for graphene. One limit-
ing factor for this is synthesising these materials. Ullmann coupling however has
shown potential in this area, so far having been utilised in the fabrication of porous
graphene networks of varying size [81], [82], synthesis of individual nanographenes
[87] as well as functionalising existing graphene structures with different molecular
species [8§].

Of particular interest are graphene nanoribbons (GNR), where theory has pre-
dicted that introducing boundary conditions to graphene will induce a bandgap
within the material [90]. The first synthesis of GNRs through Ullmann coupling
was performed by Cai et al. [6]. Here they deposited a bromine functionalised
bianthryl precursor monomer (figure and b) onto a Au(111) surface, where
the Ullmann coupling reaction was utilised to form linear polymers on the surface.
Further heating of the sample induced intramolecular cyclodehydrogenation of the
chains, forming armchair GNRs, 7 atoms wide. Band structure calculations found
that these GNRs are expected to exhibit a bandgap of 1.6 ¢V, with further cal-
culations finding that the bandgap decreased with increasing width of the GNR.
Further investigation into using Ullmann coupling to form GNRs has facilitated
synthesis of GNRs of varying thickness [91], formation of different GNR structures
[6] and study the effects of substrate on the reaction [92].

An additional potential application for GNRs is as molecular wires. The charge
transport effects for GNRs have been previously investigated [93], comparing the

effects of various GNR lengths and geometries. Two main structural geometries
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Figure 2.8: (a) Reaction scheme showing the two stage process for synthesis of graphene
nanoribbons (GNR). Bianthryl precursors on Au(111) are heated initiating Ullmann cou-
pling reaction to form linear polymers. Further heating leads to intramolecular cylcode-
hydrogenation of the chain and the formation of GNRs. (b) STM images (top) of syn-
thesised structures with molecules overlaid. Molecular models (bottom) show progress
at each reaction step, with new bonds formed at each stage of the reaction highlighted.
Adapted from [0]. (c) Model showing structural differences between armchair (blue)
and zigzag (orange) GNRs. (d) high resolution AFM image showing surface synthesised
zigzag GNR, with molecular model overlaid. Adapted from [89].

were compared: armchair edge and zigzag edge (see figure ) From these
investigations, it was found that conductance in armchair GNRs decayed rapidly
with distance at low electron energies whereas zigzag GNRs did not, making zigzag
GNRs preferable for use as molecular wires. The synthesis of zigzag GNRs is non-
trivial, however this was first demonstrated by Ruffieux et al. where, using a novel
precursor design, they synthesised atomically precise zigzag GNRs on Au(111)
using an Ullmann-coupling reaction (figure [2.8) [89).
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2.4 Controlling and influencing on-surface reactions

In the last few years, research into Ullmann coupling has focused on what fac-
tors influence the reaction. This approach has the potential to provide a better
understanding into how to control the reaction, allowing for the synthesis of struc-
tures displaying characteristics such as high spatial ordering or bespoke geometry.
Within this field the emphasis has been on furthering understanding in two main
areas: selection of precursor molecules and the influence this has on how structures
form (bulding upon the early work of Ullmann coupling) and the choice and effect

of substrate.

2.4.1 Role of Halogen Chemistry

It is tempting to consider the halogen atoms left on the surface as part of Ull-
mann coupling simply as byproducts, however one may expect the presence of
an electronegative species on the surface to influence the reaction through charge
effects or simply as steric hindrance. Recent research by Galeotti et al. into this
problem separately investigated the structures formed from five derivatives of 1,4-
dihalobenzene, each terminated with a different combination of halogen atoms
(see figure [94]. Initial deposition of molecules onto Cu(110) held at room
temperature resulted in the dissociation of halogens and molecules formed various
metal-organic chain structures on the surface. Of note is that molecules containing
chlorine did not not have their halogens fully dissociate upon deposition. Instead,
for each molecule, one chlorine atom remained bonded with molecules forming
metal-organic dimers. Annealing the samples to 150°C then resulted in the full
dissociation of all chlorine atoms and molecules formed extended metal-organic
structures, similar to other halogen terminated molecules.

The transition of molecules from metal-organic to covalent phase was then ex-
amined using fast-XPS spectra, measuring changes in the C 1s core level as a
function of temperature (figure . In these experiments, the activation temper-

ature for transition between organometallic and covalent phase (Tgu) and the
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Figure 2.9: Fast XPS measurements of Cls during annealing (0.2°C/s) showing tran-
sition from metal-organic to covalent phases for five precursor molecules. Tt (green
line) and Te,q (vellow line) represent when 10% and 90% of the covalent coupling re-
action has occurred respectively. White arrow indicates temperature C-Cl dissociation
occurs. Adapted from [94].

temperature range of transition was found to differ for each halogen type. This is
seen in the XPS spectra in figure 2.9 as a shift in the main peak to a higher binding
energy. The temperatures in which the transition begins and ends are indicated
with green and yellow lines respectively. Iodine containing compounds begin the
transition at lower temperatures and have a higher temperature range, whereas
the opposite was found to be true for chlorine precursors. Finally, STM measure-
ments highlighted the differences between reaction products on the surface for the
different precursors, with halogen type found to influence structural arrangements.
Precursors containing halogens with higher bond dissociation energy were found
to form longer metal-organic chains. Further to this, the orientation of structures
relative to the (110) surface in both organometallic and covalent phases were found
to differ between halogen type.

A related study comparing the effects of halogen choice for precursors found
that iodine containing molecules produce longer GNRs when compared to similar
brominated molecules [95]. This effect was attributed to the lower dissociation

temperature for iodine compared to bromine. As iodine dissociates from molecules
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at a lower temperature, there is less overlap between the Ullmann coupling and
cyclodehydrogenation reaction steps. This allows more time for the formation of

long chains before growth is stopped by cyclodehydrogenation.

2.4.2 Role of Substrate Chemistry

The role of the substrate in the Ullmann reaction has been widely studied. Bieri
et al. investigated this by comparing structures formed by cyclohexa-m-phenylene
(CHP, see figure 2.10p) on three different surfaces: Cu(111), Au(111) and Ag(111)
[82]. This molecular precursor was expected to form extended 2D covalent net-
works across the surface. Immediately following deposition of CHP at room tem-
perature, it was found that iodine would dissociate from the molecules and form
surface stabilised radicals on each of the different substrates. Further annealing
was required to initiate covalent bonding in the molecules. Each substrate required
a different annealing temperature to induce the covalent coupling: 475 K, 525 K
and 575 K for Cu, Au and Ag respectively. Other studies comparing Ullmann
reactions on various surfaces have found similar results, with different substrates
requiring differing activation energies to initiate both halogen dissociation and
covalent coupling [83], 06].

Further to this, Bieri et al. found that the polyphenylene networks differed sig-
nificantly in the density of structures produced depending on the substrate. STM
imaging of the structures (figure [2.10p) revealed CHP to form branched, low den-
sity structures on Cu(111) surface, whereas on Ag(111) highly ordered, compact
islands were observed. A mixture of dense and branching structures were seen on
Au(111). To investigate this further, they performed Monte Carlo simulations in
an attempt to qualitatively reproduce the structures observed. By varying a cou-
pling probability, P, defined as a ratio of coupling and diffusion rates of molecules,
molecular structures resembling those observed in experiments were produced (fig-
ure ) From these results they found that on the Cu surface, coupling rates

dominate over diffusion such that molecules react forming irreversible covalent
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Figure 2.10: (a) Reaction scheme for Ullmann coupling of cyclohexa-m-phenylene
(CHP) to produce extended polyphenylene networks. (b) Comparison of STM images of
CHP after undergoing Ullmann coupling on different coinage metal surfaces. (¢) Monte
Carlo simulations comparing effects of different coupling probabilities (P) on the struc-
tures formed by CHP. Adapted from [82].

bonds before being able to pack efficiently. This is in contrast to the Ag sur-
face where diffusion rates dominate and molecules are able to rearrange to form
close packed networks before bonding. This shows control over the coupling and
diffusion rates are important in structure formation and can prevent structures
becoming kinetically trapped in low density arrangements. Overall, these studies
show the importance of substrate choice for Ullmann coupling in both its effect on
activation temperature for the reaction but also the type of structures that form

as a result.
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Figure 2.11: (a) Reaction scheme showing two pathways for DMTP on Cu(110) versus
Cu(111) resulting in oligophenylene zigzag chains (b) and hyperbenzene (c) structures
respectively. Adapted from [78] and [77].

2.4.3 Role of Substrate Topography

In addition to the type of surface, the surface topography can also be used to influ-
ence the Ullmann reaction. Dai et al. compared the effects of performing Ullmann
coupling on two different surface facets of copper. Depositing 4,4"-dibromo-m-
terphenyl (DMPT) onto Cu(110) 78] and Cu(111) [77] results in the dissociation
of bromine and the formation of metal-organic zigzag structures on both surfaces.
Annealing then leads to the covalent coupling of molecules on each surface. How-
ever, on Cu(110), only short oligophenylene zigzag chains were observed (figure
2.11p), whereas on Cu(111) the majority of structures formed are hyperbenzene
macrocycles with a small number of zigzag polyphenylene chains (figure 2.11f).
This effect was assigned to the three-fold symmetry of the (111) surface being more
energetically favourable to the formation of hexagonal structures, as opposed to
the two-fold symmetry of the (110) surface. Additionally, the oligophenylene on
Cu(110) was noticeably stretched, with zigzag angle increased to 125° and the lat-

tice constant for the chains increase by 2 A when compared to chains on Cu(111).
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This stretching was assigned to the need for the chains to achieve commensura-
bility with the surface. Further to this, an investigation by Saywell et al. on the
highly stepped Au(10,7,7) surface showed the importance of kink defect sites on
step-edges for initiating the dissociation of halogens from molecules, allowing for

the easier formation of polymer chains [97].

2.4.4 Use of templates to control reactions

Disordered and irregular sized structures are commonly produced through on-
surface Ullmann-coupling reactions. This presents problems in producing struc-
tures of a consistent size and geometry. One solution for controlling reactions is
by using a templated surface. Confining reactions within a template can act to
limit space available to molecules and with the potential of using this to control
the reaction.

This concept has been explored by Fan et al. where reactions were confined using
a Cu(110)-(2x1)O nanotemplate [98]. Through a controlled oxidation process,
surfaces were produced consisting of alternating stripes of bare Cu and Cu-O with
varying widths. Within this template, the Ullmann reaction was found only to
proceed on areas of bare Cu due to availability of Cu atoms necessary to catalyse
the reaction. This acts to confine any reaction processes to within the Cu stripes
of the template. Figure shows an example STM image of this surface with
Cu-O areas (blue arrow) appearing brighter than bare Cu (green) arrow.

The precursor molecule DMPT (see figure for details) was deposited onto
the surface, and was found to form islands of parallel zigzag chains within tem-
plated areas, as observed previously [78]. However, within the template, zigzag
chains were found to be of uniform length, with chain growth limited by the
width of the stripe. Further to this, within sufficiently narrow stripes (<5.6 nm)
DMTP was found to consistently produce macrocycle structures. The size and
shape of synthesised macrocycles varied depending on stripe width, with examples

of this shown in figure 2.11b. Interestingly, a number of these structures were
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Figure 2.12: (a) STM image of Cu(110) surface templated with Cu-O, Green arrow
shows bare Cu surface, blue arrow shows Cu-O template. (b) STM images (top) and
molecular models (bottom) showing various structures formed within templated Cu-O
stripes of different widths. Adapted from [9§].

only observed within the template and had not been produced previously on non-
templated surfaces. Overall, this experiment demonstrates the use of templated
surfaces in controlling the size and structure of reaction products.

In addition to limiting the space available for reacting molecules, templates can
also be used to limit availability of reaction sites, such as surface adatoms and step-
edges. This concept has been previously employed, using a PTCDI melamine self
assembled network ) to produce a hexagonal porous molecular template on a
Ag(111) surface [44]. An iodine terminated reactant molecule, TIPB (1,3,5-tris(4-
iodophenyl)benzene), was deposited onto the templated surface, and molecules
within templated areas were compared to molecular islands on clean areas of the
surface. Cleavage of iodine from TIPB was observed immediately following depo-
sition. TIPB was found to form metal-organic structures as part of the Ullmann
reaction on clean areas of the surface. However, within the templated pores, no
metal-organic structures were observed. This offers insight into the reaction path-
way of the Ullmann coupling reaction, suggesting the presence of step-edges or

metal adatoms is necessary for the formation of metal-organic intermediate struc-

tures.
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Figure 2.13: (a) STM image showing TIPB confined within porous PTCDI melamine
template. Pore regions highlighted with hexagons. (b) Molecular model showing TIPB
reactant molecule with iodine (purple) dissociated within a molecular template, without
forming a metal-organic intermediate structure. Adapted from [44].

2.5 Summary

In summary, a number of factors influencing on-surface synthesis have been ex-
plored within the current literature, with particular focus give to the Ullmann-
coupling reaction. Previous works have shown the importance of molecule chem-
istry and geometry, as well as surface chemistry and topography. These factors
have been shown to significantly influence the structures formed on surfaces, af-
fecting the overall size, shape and geometry of structures as well as defect density
within them. In the remainder of this thesis, I will expand upon these ideas, inves-
tigating the influence of surface topography on an Ullmann-coupling reaction in
chapter[d] and then building on this in chapter [5|by exploring the adsorption geom-
etry of molecules throughout the different stages of the Ullmann-coupling reaction.
The use of templated surfaces will also be explored in chapter [0 investigating the

role the surface plays within the Ullmann reaction.



Chapter 3

Theory and Methods

This chapter details all of the theoretical concepts and experimental methods which
underpin the work within this thesis. Initially, the theory of scanning tunnelling
maicroscopy is discussed, as well as the basic operational principles. This is fol-
lowed by experimental procedures performed throughout experiments such as surface
preparation and molecule deposition. Finally the techniques of X-ray photoelectron

spectroscopy and normal incidence X-ray standing wave are discussed.

3.1 Scanning Tunnelling Microscopy

Scanning tunnelling microscopy (STM) is a scanning probe technique used to gen-
erate images of surface structures. A tip is moved across a surface with a small
voltage applied between them. The applied bias results in a flow of electrons be-
tween the tip and surface, which can be measured experimentally as a current.
These current measurements are then used to create an image of the topography
of the surface. Typical STMs have lateral resolution of <1 A and vertical resolu-
tion which can be of the order of picometers, allowing for resolution of individual
surface atoms and sub-molecular resolution of molecules. STM has the advantage
of being a real space analysis technique. This allows local areas around individual
molecules to be imaged, providing site specific information, as opposed to diffrac-

tion techniques, such as low-energy electron diffraction (LEED), where an average

28
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Figure 3.1: Potential barrier model of electrons of energy F tunnelling through a barrier
of width L and height V > E. The model can be considered in three separate regions:
(I) (z < 0) The incident electron travelling from the right, meeting the barrier and
being partially reflected. (II) (0 < x < L) The electron wave function in the classically
forbidden barrier region. (III) (x > L) The Transmitted electron wave function.

value of an ensemble of molecules is obtained.

This technique provides information on adsorbed features on surfaces such as
imaging their adsorption geometries or information about their electronic struc-
tures. In this thesis, STM is used to image molecular structures on surfaces. These
images are then used to infer details about the formed structures, such as their di-
mensions and composition. This then allows for the characterisation of molecular

adsorption geometries and how they arrange relative to surfaces.

3.1.1 Tunneling Theory

In classical physics, a particle cannot pass through a potential barrier unless it has
sufficient energy to overcome it. In quantum mechanics however, particles with
less energy than a barrier have a finite probability of passing through, in a process
known as quantum mechanical tunnelling. STM exploits this to produce images.

In an STM, tunnelling occurs between a sharp metallic tip and a flat metal
sample, separated either by vacuum, air or a liquid. This system can be modelled
as a one dimensional rectangular potential barrier, with an electron of mass m

and energy F travelling in the z direction, incident on the barrier (figure .
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The barrier has a potential value of V' = Vj between x = 0 and x = L and is
0 elsewhere. This model can be considered in three separate regions. Region I
(x < 0), consisting of the incident and reflected waves, region 2 (0 < z < L)
containing a potential barrier of height V5 and width L, and region III (x > L),
containing the transmitted wave. The wave functions for these three regions can

then be written as

77[}1 = Aoeikz + Ae_ik‘”, (31)
g = Be™ ™" + (e, (3.2)
¢3 = Deikxa (33)

where k = vV2mFE/h and o = \/2m(Vy — E)/h. The transmission coefficient, T,

represents the ratio of incident and transmitted wave amplitudes and is given by

I (3.4)

By applying boundary conditions and assuming a thick barrier («L > 1), T' can

E E
T =~ 16 (70> <1 — 7()) e 2oL, (3.5)

In the context of STM, the transmission coefficient is proportional to tunnel cur-

be approximated as

rent. Equation [3.5 therefore shows measured tunnel current scales exponentially
with barrier width and effective barrier height (Vo — F). This can be used to show
that a 1A change in tip surface separation, results in approximately an order of
magnitude change in tunnel current. It is this relationship that gives rise to the

exceptional vertical resolution of the STM technique [99].

3.1.2 Tersoff-Hamann

The wave function treatment for tunnelling is a very simple model and is difficult
to extend to the three-dimensional case of a real STM. Instead, first-order time

dependent perturbation theory can be used to formulate a more realistic model.
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The more general theory of tunnelling between two metal plates in a vacuum
was first developed by Bardeen [I00] in 1961. This was then applied to STM by
Tersoff and Hamann by considering one plate as the surface and the other as the

tip. [101], 102] Using this, the tunnel current becomes
27T€
Zf F(By + V)] [Myw|* 3(E, — Ey) (36)

where f(E) is the fermi function, V' is the applied bias, M, is the tunnelling
matrix element between the electronic states 1, of the tip and 1, of the sample
surface, and FE, is the energy of the state 1, in the absence of tunnelling. This
equation considers only positive voltages, there is a corresponding equation for
reverse tunnelling.

This equation can be considered in three parts. The first, (f(E,)[1—f(E,+eV)])
represents the probability of an electron occupying a filled state in the tip (¢,)
possessing the same energy as an empty state in the surface (1,). This ensures
tunnelling only occurs from a filled to an empty state. The second part (|M,,|*)
represents the probability of these states overlapping. Finally, the delta function
ensures conservation of energy in the case of elastic tunnelling, such that I = 0 if
E,#E,.

The tunnelling matrix can be evaluated by integrating wave functions of the
tip and surface over an arbitrary surface, lying entirely within the vacuum barrier
region between the two electrodes,

—h2
My = 5~ (V. VY, — b, V). (3.7)
To simplify equation [3.6] Tersoff and Hamann considered tunnelling current in the

limit of low temperature and small applied bias. This gives

QVZI |2 8(E, — Er)S(E, — Ep), (3.9)



Chapter 3. Scanning Tunnelling Microscopy 32

where Er is the fermi energy. The wave function for tip in this equation however
is usually unknown. To solve this, Tersoff and Hamann assumed a spherical tip
with radius R and centre at position » = ry. This removes angular dependence and
the tip wave function can be approximated as an S-wave with the tunnel current

becoming

Toc Y |e(ro)* 6(E, — Er). (3.9)

This is simply the local density of states (LDOS) of the surface, therefore showing
that the tunnel current from an STM is a measure of the LDOS at the position of
the tip rp.

This model can be extended to a more realistic description by considering the
effects of finite applied voltages to the system. Integrating over all states con-

tributing to the tunnel current (between Er and Ep + V) gives

Ep+eV
I x / [W(E,ro)|* 6(E — Ep)T(E,eV)dE (3.10)

Er

where T'(E,eV) is the transmission coefficient defined previously (equation [3.5))

which, for small biases, can be approximated as constant.

3.1.3 Current flow

The current flow between an STM tip and a surface, and how this changes with
different applied biases, can be described through a simple energy level diagram,
shown in figure . At zero applied bias ), the Fermi levels (Epeqmi) of the
tip and surface are in equilibrium and there is no flow of electrons between them.
A positive bias applied to the surface raises the Fermi level of the tip. This allows
electrons from filled states in the tip to tunnel into empty states in the surface of
the same energy ), providing information on empty surface states. Similarly,
a negative bias applied to the surface sample raises the Fermi level of the surface,
allowing tunnelling between filled surface states and empty tip states ), giving

information on filled surface states.
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Figure 3.2: Energy level diagrams for STM tip and sample at various biases. (a) Zero
applied bias. The Fermi levels for tip and sample are equal so no tunnelling occurs and
there is no current flow. (b) Positive sample bias. The Fermi level in the sample is shifted
lower relative to the tip and so tunnelling can occur from filled tip states to empty sample
states, resulting in current flowing from tip to surface. (c¢) Negative sample bias. The
Fermi level in the sample is shifted higher compared to the Fermi level of the tip, allowing
electrons to tunnel from sample to tip, giving a current in that direction.

This model can be extended to include surfaces with adsorbed molecular species
and used to demonstrate how information about a molecule’s molecular orbitals
can be gathered through STM. Adsorbed molecules are in close proximity to the
surface and so their molecular orbitals are likely to be strongly coupled, relative to
the molecule and the tip. This means that a shift in the Fermi level of the surface
will shift the molecular orbitals by the same amount [103]. Figure shows the
energy states of a tip and a surface with an adsorbed molecular species, at different
biases. For positive biases ), the sample Fermi level is lower relative to the tip,
allowing electrons in filled states in the tip to tunnel into the lowest unoccupied
molecular orbital (LUMO). At negative applied biases (3.3p), the Fermi level of
the sample is raised and electrons can tunnel from filled states in the sample to the
empty tip states. Electrons tunnel through the highest occupied molecular orbital
(HOMO) in this case. Using these ideas, STM can be used to probe the energy
levels of molecules adsorbed to surfaces. Imaging at different applied biases will

give information about different molecular orbitals.
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Figure 3.3: Images showing tunnelling between states for a surface with an adsorbed
molecular species at different biases. (a) Positive bias applied to the surface. Electrons
tunnel from filled states in the tip to empty states in the surface, giving information
about the LUMO. (b) Negative bias applied to the surface. Electrons tunnel from filled
states in the sample and molecule to empty states in the tip, giving information about
the HOMO.

3.1.4 Scanning Tunnelling Spectroscopy

From equation [3.10} by taking the differential with respect to voltage of the tunnel
current, it can be shown that

dI(V)

v & ps(Ep —eV), (3.11)

where ps(FE) is the density of states of the surface. With this, STM can be used
to probe the electronic structure of a sample in a process known as scanning
tunnelling spectroscopy (STS).

In this technique, the tip is held at a position above the region of interest on the
sample at a fixed current set point. Voltage is then swept through a range of values
and the current measured. In order to measure dI/dV directly a small sinusoidal
oscillation (dV) is applied to the main bias. This results in an oscillating output
signal, with amplitude related to the change in current (dI) over the oscillating
voltage range. This is shown graphically in figure [3.4h.

In order to extract the values for dI from the measured signal, a lock-in tech-
nique is used. The oscillating current signal is fed into a lock-in amplifier, with

the applied oscillating bias used as a reference, and a signal proportional to the
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Figure 3.4: (a) Example figure showing how an applied oscillating bias can extract a
gradient measurement from a signal. An applied voltage Vpc, oscillating with amplitude
dV gives a measured signal Ipc oscillating with amplitude dI. (b) Applying oscillating
signals over a range of voltages can be used to extract dI/dV signal from a system.

Q

amplitude, and hence proportional to dI, is output. This is repeated over a range
of voltages of interest and used to build up a dI/dV signal (figure 3.4p). The
advantage of using this technique as opposed to taking the differential of the I(V)
measurement manually is this results in a significantly more accurate measurement
with greatly reduced noise.

A related technique, known as conductance mapping, can also be used for imag-
ing electronic states. Instead of varying tip sample voltage at a fixed point as in
STS, the STM probe is scanned across an imaging area with the bias set to a fixed
value. From dI/dV measurements, the spatial distribution of the density of states

of a sample can be determined.

3.1.5 STM Operation

An STM is able to create an image by raster scanning across a surface, taking
a series of discrete measurements on each line. These individual measurements
correspond to pixel values in the final image. Measurements are obtained in one
of two modes: constant height or constant current.

In constant height mode, the tip is scanned across the surface while held at a

constant z position, determined by a set point. The measured tunnel current is
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Figure 3.5: The two main operational modes of STM. (a) Constant height mode. The
tip is kept at a constant z position and variations in the measured tunnel current are used
to image the surface. (b) Constant current mode. Feedback loops are used to adjust tip
position above the surface so that the measured tunnel current remains constant. The
z position of the tip is used to produce an image the of surface. Yellow and red circles
represent surface atoms and contaminants respectively.

recorded at a series of points, with each point corresponding to a pixel value in
the STM image. In constant current mode, a feedback control system is used to
maintain a constant measured current across the surface. At each image point,
the z position of the tip is adjusted via a feedback loop so that the tunnel current
is kept at a set value. The tip z position is then recorded for each pixel in the
image. A summary of imaging modes is shown in figure [3.5]

In both imaging modes, a larger tunnel current or greater z position (above
the surface) typically corresponds to a raised surface feature. Therefore the image
is often considered an approximation of the surface topography. However, the
exception to this is for features with different conductivity to the surface. Features
with a lower conductivity for example will appear as depressions, due to having a
lower tunnel current for a given height. This is seen for both imaging modes in
figure [3.5] at the red circle.

Constant height mode has the disadvantage that the tip cannot react to large
changes in topography or a largely sloped surface and can result in crashing the tip
into the surface, potentially damaging the tip. For this reason, STMs are typically

operated in constant current mode.
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3.2 Ultra-high Vacuum

In order to study the properties of on-surface reactions, it is necessary to ensure
the surface is free from any contaminant species that could otherwise influence the
reaction. To do this, experiments were performed under ultra-high vacuum (UHV)
conditions, where UHV is defined as pressures < 10~ mbar. Under atmospheric
conditions, a clean surface will become covered in contaminants in less than a
second, whereas in UHV pressures, surfaces can remain clean for several hours
[104]. UHV conditions are provided by performing STM experiments in steel
chambers, with the vacuum maintained through various pumping methods (ie

turbo-molecular pumps or ion pumps)[105].

3.3 Surfaces

The surfaces employed within this thesis are crystalline metals and their orienta-
tion is described using Miller indices. This refers to the subset of lattice planes
determined by three integer values, h, k and [ (written as (hkl)). These values
denote a set of planes orthogonal to the vector ha; + kas + lag, where a,, are the
unit vectors for the crystal unit cell. A surface cut to a specific plane will produce
a specific arrangement of atoms at the surface. An example of this is shown in
figure using a face-centred cubic (fcc) crystal unit cell. This type of crystal
structure is common amongst metals and all surfaces within this thesis are of this
type. The (111) surface plane is overlaid in red and highlights which atoms in
the unit cell make up the top layer of atoms for the (111) surface. The resulting
surface structure of a (111) plane is shown in figure [B.6b. This is a close packed
arrangement, with each surface atom surrounded by 6 other surface atoms. An

example STM image showing the Ag(111) surface structures is shown in figure

3.6c.
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Figure 3.6: (a) Unit cell for a face-centred cubic crystal lattice. (111) crystal plane is
overlaid in red. (b) Model for the atomic surface lattice of the (111) crystal plane. (c)
STM topograph of Ag(111) surface showing atomic silver. Iye; =2 nA, V = —0.1 V.

3.3.1 Au(111)

Unlike the simple close packed arrangement of the Ag(111) surface shown above,
the Au(111) surface differs as it exhibits a 22 x /3 surface reconstruction [107].
The reconstruction causes the top layer of surface atoms to compress as 23 surface
atoms (along one of the (110) surface direction) are made to fit in the space of 22
bulk lattice spacings. This effect is shown in figure[3.7h. Strain from the additional
atom causes deformation of the surface and produces an alternating topography,
resulting in a ‘herringbone’ pattern on the surface. This has interesting effects as
certain sites on the herringbone structure are more catalytically active than others

[106]. An example STM image of the Au(111) herringbone pattern is shown in

figure [3.7p.

3.3.2 Surface Preparation

The metallic surfaces studied within this thesis were prepared by cycles of argon
sputtering followed by annealing to ensure all surfaces are ‘atomically flat’ and
free from contaminants. Argon sputtering is performed by leaking small amounts
of argon gas into the UHV system (typically up to pressures of 5 x 107% mbar)

and passing this through a large electric field (~0.8 keV). This ionises the gas and
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a) 23 surface atoms

22 lattice spacings

Figure 3.7: (a) Side view of Au(111) crystal lattice, showing surface reconstruction.
23 surface atoms are shifted to fit into the space of 22 lattice sites, with the extra
surface atom highlighted in red. Positions where surface atoms align with hep (hexagonal
close-packed and fcc (face-centred cubic lattice sites are indicated. Vertical corrugation
of surface layer atoms not shown for clarity. Adapted from [106]. (b) Example STM
topograph of Au(111) surface showing herringbone pattern. Is; = 10 pA, V = —-1.8 V.

accelerates the Ar™ ions towards the sample. This is performed for between 10 and
30 minutes and acts to bombard the surface, removing contaminants. This process
is followed by an annealing step where the sample is heated for approximately 30
minutes, after which, the current is slowly reduced to ensure the sample cools

slowly and forms large areas of the desired surface structure (e.g. the (111) plane).

3.4 Molecular deposition

The aim of this thesis is to investigate the properties of molecules on surfaces. As
outlined above, it is necessary to study these molecules under UHV conditions.
This presents the problem of how to get molecules onto a surface, as typical meth-
ods for doing this, such as solution deposition, are much more difficult in UHV.
Instead a range of UHV based deposition techniques are used, the most common
of which is thermal sublimation, although other techniques may be necessary de-

pending on the molecule.
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3.4.1 Sublimation

Sublimation is a technique used to deposit molecules onto a surface through ther-
mal evaporation, typically using a Knudsen cell in UHV. A Knudsen cell consists of
a metal or ceramic crucible, where molecules are placed (normally in a crystalline
or powder form), surrounded by a heating coil. A current passed through the coil
heats the crucible, causing molecules to enter the gas phase. The ‘molecular gas’

is then directed at a sample plate for deposition.

3.4.2 Electrospray

Sublimation cannot be used to deposit all molecules. Large or biological molecules
may have lower intra-molecular binding energies than the energy required to ini-
tiate sublimation. This results in thermal decomposition of the molecule before
sublimation can occur. In order to investigate these molecules and their behaviour
on surfaces, an alternative technique is required to transfer them into the gas phase
intact [108]. Electrospray ionisation was originally developed by Fenn et al.. [109]
for use in non-destructive ion beam creation for mass spectrometry and has since
been successfully employed as a deposition technique, used to get large organic

molecules onto surfaces in UHV [110] [111].

Electrospray Process

The process of electrospray ionisation can be split into three steps: production
of charged droplets, droplet size reduction by evaporation and disintegration, and
production of gas phase ions.

Initially, a solution containing the molecule to be deposited is passed through
a metal spray emitter needle of radius r (25-50 pum) using a syringe pump. This
is positioned a distance d (1-3 cm) away from a grounded capillary tube, acting

as the entrance to the UHV system. A high voltage, V', (~2 kV) is applied to the
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needle creating a large electric field between the needle and the capillary, given by

Fo= 1?(/04761) | (3.12)
In the case of a positive bias, the induced electric field causes positive ions to
migrate to the surface of the liquid where they accumulate at the end of the
emitter needle. The build-up of charge leads to a repulsion of the ions and a
Taylor cone is formed (see fig [112].

For a sufficiently high electric field, the repulsion between ions is large enough
to overcome the surface tension of the liquid, 7, and a fine jet containing ionised
solvent and molecules is emitted from the end of the cone. The critical value of
electric field at which this occurs can be calculated by

27 cos(6)

By = 4| L 3.13
! €gT ( )

where ¢ is the vacuum permittivity, and @ is half the angle of the Taylor cone
[113].

After emission, the jet breaks up into charged droplets. These reduce in size as
the solvent evaporates while the charge remains constant. This has the effect of
increasing the charge density within the droplet and results in an increased elec-
trostatic repulsion force between ions. As more solvent evaporates, the repulsive
force increases until the Rayleigh limit is reached where the electrostatic repul-
sion equals the cohesive force of the surface tension of the droplet. This limit is

calculated by

Qry = 8™/ eV R?, (3.14)

where Qg, is charge, and R is the radius of the droplet [112].
Once the Rayleigh limit is exceeded the droplets undergo coulomb fission, re-
leasing a jet of smaller droplets, each containing fewer ionised molecules. There are

currently two proposed models for how individual charged molecules are released
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Figure 3.8: Diagram showing the process of electrospray ionisation to produce gas
phase molecules. A solution of molecules is passed through an emitter needle. Applying
a large positive bias causes positive ions to move to the emitter end and form a Taylor
cone, where a fine jet of charged droplets is then emitted. These droplets decrease in
size through solvent evaporation and subsequent coulomb fission, eventually leading to
to the production of gas phase molecules.

from droplets into the gas phase. The first, proposed by Dole et al.[114] suggests
that droplets undergo repeated coulomb fission until only a single molecule remains
in a droplet. Further solvent evaporation then leads to the molecule entering the
gas phase with the residual charge from the droplet. This is known as the charge
residual model. The second model [I15], known as the ion evaporation model,
assumes coulomb fission repeats until the radii of droplets decreases to below a
certain size (approximately 10 nm). After this point, ions can be emitted directly

from the droplet into the gas phase in a process known as ion evaporation.

Electrospray deposition

The initial emission from the electrospray occurs at atmospheric pressure. How-
ever, at higher pressures, scattering of gas-phase molecules will occur, reducing the
amount deposited onto the surface. Additionally, sample surfaces that are being
deposited onto are kept in UHV conditions. To facilitate this, the ion beam is
passed through several chambers that are pumped to successively lower pressures,

in a process known as differential pumping. Each chamber is connected via a skim-
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Figure 3.9: Basic apparatus for electrospray deposition system. After emission from
capillary needle, the electrospray ion beam is passed through a series of chambers held
at progressively lower pressures to reach a surface. The ion beam becomes finer as it
passes through each section due to selection of forward travelling ions by skimmer cones.
Adapted from [110].

mer cone, consisting of a cone with a small aperture . These allow molecules to
pass between each differentially pumped section of the electrospray system, while
maintaining the pressures in each. After entering a lower pressure section, the
ion beam will expand. The skimmer cone selects only ions travelling through the
middle of the chamber, ensuring the beam remains straight. The set up for a basic

electrospray system is shown in figure [T10].

3.5 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface sensitive analysis technique
used to identify elements and gain information about their chemical environment.
This is achieved by exploiting the photoelectric effect to generate photoelectrons,
from which information on the electronic state the electron originated from can be
obtained [116].

In order to initiate the process, a beam of photons of energy hv (where v is
photon wavelength and A is Planck’s constant) are directed at a sample. Energy
is transferred from incident photons to a core electron within an atom, and if the
transferred energy is greater than the electron binding energy the electron may

leave the surface. The photoelectron produced this way escapes with a kinetic



Chapter 3. X-ray Photoelectron Spectroscopy 44

g mmmmm=\mmmm----- Vacuum Level

o Unoccupied
Valence Levels

________________ Fermi Energy

Occupied
Ege Valence Levels
v M)
hv ~ ~ Core Levels
Ny -/

Figure 3.10: Schematic diagram for the generation of photoelectrons as employed within
XPS measurements. High energy X-ray photons of energy hv excite a core electron so
that it is released from the atom with a kinetic energy Exp. Measuring the kinetic
energy of the released photoelectron can then be used to calculate the binding energy.

energy Fxp. Measuring this kinetic energy can then be used to calculate the

binding energy, EFgg, of the state the photoelectron escaped from by

EBE = hV—EKE—QS, (315)

where ¢ is the work function for the photoelectron detector. This process is illus-
trated in figure[3.10] The binding energy of the electronic states are unique to each
element. This means that binding energies of core states can be used to identify
each element within the sample by comparing measured values to expected values.

Further to this, XPS measurements can be used to identify the specific chemical
environment of an element [I17]. Core levels of atoms can be perturbed by the
presence of neighbouring atoms resulting in a chemical shift in binding energy.
The amount of chemical shift is dependent on the properties of the neighbouring
atoms. This means that a measured change in binding energy from an expected

value for a particular element can be used to identify its chemical environment,
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Figure 3.11: Example figure showing chemical shifts in XPS measurements due to
different chemical environments of molecules. Ethyl trifluoroacetate (top) produces a C
1s XPS spectrum (bottom) with four distinct peaks at different binding energies, each
associated with a different carbon environment in the molecule. Adapted from [117].

and hence determine the functional groups within molecules present on a sample.
An example of this is shown in figure XPS measurements for the C 1s orbital
of ethyl trifluoroacetate top) produce four distinct peaks in the spectra at
different binding energies. The chemical shift associated with each of these peaks
is due to the four distinct carbon environment within the molecule.

The photoelectrons produced during XPS have a low mean free path, mean-
ing only photoelectrons produced near the surface of a sample will escape and be
measured. This has the result that the vast majority of XPS signal is produced in
the top layers of the sample, hence XPS is a surface sensitive technique. However,
the short mean free path of photoelectrons means the signal can become atten-
uated between sample and detector. To reduce this effect, the majority of XPS

measurements are performed in UHV conditions.
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3.6 Normal Incidence X-ray Standing Wave

Normal incidence X-ray standing wave (NIXSW) is a chemically specific, surface
sensitive analysis technique. NIXSW can be used as a local probe for determin-
ing the structure of molecules at a surface. This includes determining adsorbed
geometries of atoms or molecules on a surface, which this section focuses on, but
can also be used for investigating the epitaxial growth of materials. The process
is based upon the chemical sensitivity of XPS and the X-ray diffraction properties
of the substrate. Varying the wavelength of incident X-rays on the sample over a
specified range produces a unique signal, dependent on both the chemical environ-
ment of the atom and location relative to the surface. From this data, information
on the adsorption geometries of each chemical species on a sample surface can
be determined. These types of measurements require a source of high energy,
highly collimated X-rays with wavelengths that can be precisely varied. Because
of this, NIXSW experiments can typically only be performed using synchrotron

X-ray sources [118] [119].

3.6.1 Underlying Principles

At the heart of NIXSW is the generation of an X-ray standing wave, perpendicular
to a set of substrate planes. Incident light with a specific wavelength, A, is required
to meet the Bragg condition,

nA = 2dsin 6, (3.16)

where d is the separation of the reflecting planes, 6 is the angle of incidence and n
is a positive integer. Due to the small interplanar separations, high energy X-rays
are required to meet the Bragg condition and set up a standing wave.

Under this simplistic model a standing wave is only set up when the Bragg
condition is exactly met. However this fails to account for multiple scattering
events in the crystal where X-ray intensity becomes attenuated which leads to

a finite penetration depth into the sample. This has the result that the standing
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Figure 3.12: Diagrams showing the variation of X-ray absorption with position of
atoms. (a) Two atoms are adsorbed at different positions above a bulk surface (grey),
one atom in line with a bulk reflection plane (blue) and one interstitial atom (green),
halfway between reflecting planes. Reflecting planes positions shown as dashed lines.
Two example standing waves are shown, separated by a phase difference of w, with
maximum (Ep, red) and minimum (Eg, pink) intensities at the reflection plane positions.
(b) Variation of reflectivity (black) and X-ray absorption with intensity of interstitial
(green) and in-plane (blue) atoms. Dashed lines show X-ray absorption for example
standing waves, Eq and Es.

wave occurs over a finite range of incident wavelengths around the Bragg condition.
Within this range, the reflectively is at its maximum value of unity. This flat top
curve is known as a Darwin reflectivity curve and is shown in figure (black).
Of note is that over the course of this high reflectivity range, there is a phase
change of 7w to the standing wave.

Consider the system shown in figure [3.12] where two atoms are adsorbed above a
surface. Bulk surface atoms (grey) are located on reflecting planes (dashed lines),
one adsorbed atom is in line with a bulk reflection plane (blue) and one interstitial
atom (green) is halfway between reflecting planes. X-rays with energy Fy, corre-
sponding to the lower energy region of the Darwin reflectivity curve, are incident
on the surface. This generates a standing wave with nodes located at the reflection
planes of the crystal (shown in (a) in red). Under these conditions, the atom at
the bulk reflecting plane (blue) is located in an area with zero X-ray intensity, and
therefore X-ray absorption for this atom will be will be zero. Sweeping through

photon energies to the higher energy end of the reflectivity curve (E;) produces a
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phase shift of 7 to the standing wave (pink profile in (a)). This results in antin-
odes in the standing wave at the reflection planes and therefore maximum X-ray
absorption for the blue atom. The opposite is true for the interstitial atom, with
maximum X-ray absorption occurring at the lower energy (F;) and minimum ab-
sorption at the higher energy (F3). The X-ray absorption profiles for these two
atoms are shown in figure |3.12b.

From this result, it can be seen that atoms at different distances from reflect-
ing planes produce distinct X-ray absorption profiles. NIXSW absorption profiles
can therefore be used to determine distances of atoms from reflecting planes and

therefore the adsorption geometries of atoms on surfaces.

3.6.2 Measurement Process

Measuring X-ray absorption directly as part of NIXSW is non-trivial. This issue is
often overcome by measuring photoelectrons emitted from core energy levels after
absorption. The flux of photoelectrons can then be counted and used as a measure
of X-ray absorption. An additional benefit to using photoelectrons is they can
easily be used to determine the binding energy of the core level they were emitted
from. Measuring the flux of photoelectrons with binding energy associated with
different chemical shifts can therefore be used to determine absorption for atoms
in specific chemical environments (as with to XPS measurements, see section .
Alternatively, absorption can also be measured from signals associated with core

hole decay after absorption has occurred by measuring Auger electrons.

3.6.3 Theoretical concepts

In order to use the X-ray absorption measurements to quantitatively determine
the locations of atoms relative to the surface, the underlying theory needs to be
understood. To do this, first assume the amplitude of incident X-ray flux to be 1.

The intensity I of the Bragg standing wave at position z above the surface can be
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then defined as modulus squared sum of incident and reflected waves,

E, omiz\ |2
I =14+ — — Nl
‘ + o) exp ( y ) ' , (3.17)

where E, and Ej are the incident and reflected wave amplitudes and d is the layer

spacing of the sample. The wave amplitudes can then be used to define reflectivity
R such that

E, :

= VRe™ (3.18)

0

where ¢ is a phase factor. From this, equation becomes

. 2
I= ‘1+\/Eexp <z’¢— 2m> , (3.19)

d

or equivalently

I =1+ R+2VRcos <¢—%). (3.20)

This assumes a single position z for all absorbing atoms, whereas in reality
atoms could be adsorbed in multiple different z locations. Additionally, thermal
vibrations will lead to a small distribution of atomic positions, rather than a single
location. Because of this, equation [3.20] needs to be generalised such that it can
account for multiple adsorption sites. To do this, a function f(z)is assigned which

describes the fraction of atoms at a position z over a range dz, such that

/0 f(z)dz = 1. (3.21)

From this, the standing wave intensity is given by

d 2mz
I=1+R+ 2\@/ f(2) cos <¢ - 7)dz. (3.22)
0

Resolving this integral gives the final description for standing wave intensity,

I =1+ R+2C;VRcos (¢ —21C,), (3.23)



Chapter 3.  Normal Incidence X-ray Standing Wave 50

000

Figure 3.13: (a) Example system showing two atoms adsorbed at different heights z;
and zo above a reflection plane (dashed lines). (b) Argand diagram showing coherent
fraction (Cy) and position (C}) values for the system shown in (a). Green and blue
vectors represent coherent fraction and position of the two atoms. Resultant vector is
shown in black. Vectors not to scale.

where Cy and C), are the coherent fraction and coherent position respectively.
These are two structural fitting parameters, representing a measure of the fraction
of atoms at a particular position. In the special case of a single adsorption geom-
etry, the coherent fraction is found to be 1 and the coherent position is simply the
location of the atoms z divided by the layer spacing. More generally, These values

are defined such that

d .
Crexp (2miC,) = /0 f(z)exp (27;2)&2. (3.24)

The variation of absorption signal for each specific chemical environment with
incident X-ray energy can be plotted, and equation [3.23] used to fit an absorption
profile to the data. From this fitting, coherent fraction and position values can
be extracted. Models of various absorption geometries can then be tested using
equation to determine which agree with measured Cy and C), values. Repeat-
ing this for all chemical environments, a model of the adsorption geometry can be

determined [119].



Chapter 3.  Normal Incidence X-ray Standing Wave o1

3.6.4 Using Coherent Fraction and Position Values

Figure shows an example system of two different atom positions (z; and z5)
above a reflecting plane, separated by the layer spacing d. The fraction of the
total number of atoms in the system at each position is given by C}, and Cly,.
The coherent fraction and position values for these two atoms are shown in (3.13b
(green and blue) as vectors on an Argand diagram. This is a graph in complex
space where Cy and C), respectively correspond to r and 6 values of the vectors in
polar coordinates.

The total coherent fraction and position for the system can be calculated using

equation [3.24] such that

271 271
Crexp (2miC,) = Cy, exp ( W;ZI) + CY, exp ( W;22>
(3.25)

= Cy, exp (2miCy,) + Cy, exp (2miC,,).

In figure [3.13pb, this equates to vector addition of the component vectors of the

system, giving a resultant vector (black).

3.6.5 Triangulation

Initial NIXSW measurements are typically performed using the same reflecting
plane as the orientation of the surface. This can give information on the height
of adsorbed molecules above the surface (although care must be taken to recall
the heights are given relative to the projected planes of the bulk, not the sur-
face atoms). However, in order to obtain information on the lateral adsorption
of molecules, additional NIXSW measurements from different reflecting planes are
required. Obtaining the distances of molecules from additional reflecting planes
can then be used to determine a more exact adsorption geometry through a trian-
gulation process.

Figure shows an example of triangulation. In this example, several atoms

(grey) are adsorbed above a (111) surface. Initial NIXSW measurements from the
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Figure 3.14: Diagram showing the the principles of triangulation for NIXSW analysis.
NIXSW measurements are used to determine the distance of adsorbed atoms from two
(or more) surface reflecting planes. Combining these distances can be used to develop a
more complete model of adsorption geometries.

(111) reflection can be used to obtain the height (z17;) molecules are adsorbed
above the surface. Further NIXSW measurements obtained from the (200) reflect-
ing plane gives the separation of that plane and the molecules (2209). This has a
horizontal component that when combined with the adsorption height gives lateral
information on the adsorption geometry of atomic species in a specific chemical

environment.

3.6.6 Reflecting planes

Section |3.3| previously explained the use of miller indices to describe surface planes.
Miller indices are similarly used here to describe the orientation of crystal plane
used for reflection in NIXSW. Figure shows the two reflecting planes used
in experiments within this thesis: (111) and (200) planes. The plane orientations
relative to a crystal unit cell and a (111) surface are shown. NIXSW measurements
are used to measure the distance of atoms perpendicular to the reflecting plane.
From these diagrams, it can be seen that the (111) reflecting plane will produce
measurements of the heights of atoms above the surface, and the (200) plane
can be used to gain information on the lateral positioning of atoms, as discussed

previously.
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Figure 3.15: Diagram comparing the orientations of the (111) and (200) reflecting
planes. Top figure shows the arrangements of different reflecting planes for a cubic unit
cell. Bottom figure shows the relative arrangements of reflecting planes for a face centred
cubic (111) surface.



Chapter 4

Ullmann Coupling Reactions on

Ag(111) and Ag(110)

In this chapter experimental results are presented for the characterisation of struc-
tures formed at different stages of an Ullmann-coupling reaction using an iodine
functionalised precursor molecule. This is compared for two surfaces, Ag(111) and
Ag(110), with the substrate-molecule system investigated via STM. The precise ge-
ometries of overlayer structures formed on each substrate are found to differ, with

differences driven by the registry of the structures with the underlying surface.

4.1 Introduction

As stated in chapter [2] on-surface synthesis based on the Ullmann coupling reac-
tion is of interest due to its versatility. For example, a broad range of molecular
species can be functionalised with halogen groups to facilitate on-surface reactions.
However, the mechanistic process by which the metal-organic intermediate state is
formed and converted to the covalent product is still debated. Several studies have
attempted to address the problem, investigating the role of both the bulk chem-
istry [82] and topography of the surface [97]. Other factors, such as the influence
of the co-adsorbed halogen species [43, 94] and reaction kinetics [120], on struc-

ture formation have also been studied. Here, investigations into the role of atomic

o4
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corrugation of the substrate with an on-surface coupling reaction are performed.
Specifically, the relationship between the alignment of the intermediate and final
structures with respect to the atomic lattice of the substrate is investigated.
Recent studies of 4,4”-dibromo-m-terphenyl on Cu(111) [42] [77] and Cu(110)
[78] have shown the formation of intermediate metal-organic structures at room
temperature. After heating the substrates, covalently bonded structures were ob-
served. These structures included zigzag chains and closed hexagonal rings, both
before and after annealing. Here, a related iodine terminated molecule (figure
is studied on silver substrates, investigating how the structure of the surface affects
the formation of intermediate and final products; with emphasis on the templating

effect of the surface.

4.2 Metal-Organic Intermediate Structures

This investigation focuses on the molecule 4,4”-diiodo-m-terphenyl (DITP), shown
in figure The molecule consists of three phenylene rings, with the outer aryl
groups bonded at the meta positions of the central ring and functionalised with
iodine. Following deposition of DITP onto silver substrates, iodine dissociates
from the molecule (cleavage of the C-I bond), leading to the formation of C-
Ag-C coordination bonds between molecules. This creates a metal-organic (MO)
intermediate structure. Annealing at 460 K then leads to the removal of linking
silver atoms and the formation of a covalently bonded structure. Dehalogenated
units within MO and covalently bonded structures are denoted as m-terphenyl
(TP). The following sections detail an STM based characterisation of the molecular
overlayer at various stages of the on-surface reaction. Comparisons between metal-
organic structures formed on the Ag(111) and Ag(110) surfaces are made before

moving on to comparing covalent products on both surfaces.
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Figure 4.1: Reaction pathway for 4,4”-diiodo-m-terphenyl (DITP). Deposition onto
Ag(111) or Ag(110) surfaces at 300K, results in iodine dissociation and formation of a
metal-organic intermediate structure. After annealing the surfaces at 460 K Ag atoms are
eliminated from the intermediate, creating covalent bonds between molecular subunits.

4.2.1 Ag(111)

Initially, DITP was deposited onto a clean Ag(111) surface by exposing it for
5 minutes to the flux from a knudsen cell, heated to 130°C, resulting in sub-
monolayer coverage. Previous studies have shown that similar molecules undergo
dissociation of their halide groups upon deposition onto metal surfaces [42] and it
is expected that DITP will behave similarly on silver.

Small islands of molecules were observed to form on the surface, as shown in
figure [4.2h. Islands appear as arrays of periodic circular bright features, with each
feature attributed to three phenylene rings (DITP after dissociation of iodine, or
TP), similar to previously observed results [77]. The blurred edges of the island,

seen in the top left of figure [d.2h, suggest that molecules are readily diffusing across
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Figure 4.2: a) STM image of Ag(111) surface after deposition of DITP, including
approximate crystallographic directions of the surface lattice. Zigzag structure shown in
green (Viampie—bias = -1.5 V, Iset—point = 5.0 pA). (b) Average of 10 line profiles taken
along the different directions of the zigzag (red and blue lines shown in (a) and inset).
Intermolecular separation is consistent with a metal-organic structure. (c) Close-up of
the TP island in (a) with adsorption model and dimensions overlaid (Vigmpie—pias = 1.0
V Iset—point = 5.0 pA). (d) Adsorption model for TP on Ag(110) with overlaid molecular
lattice (red), commensurate overlayer structure (black dashed) and surface lattice vectors
(top right). Light blue silver adatoms rest in three-fold hollow sites, dark blue in atop
sites.

the surface, with continuous attachment/detachment at the island periphery. A
series of images were taken of this area over a 20 minute period and showed the
edge of the island growing and shrinking as molecules detached then rejoined. Fur-
thermore, it was observed that STM images acquired at higher current set points
(>10 pA) could disrupt island structures. This is indicative that the molecules

are only weakly bound to the surface and can easily move due to diffusion and tip
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interactions.

Based on the symmetry of the molecule, the formation of zigzag patterns is
expected, highlighted in green in figure [f.2h. To investigate this, several line
profiles were acquired over the expected zigzag directions, indicated by red and
blue lines in figure[d.2h. The averages of these line profiles are shown in figure [1.2p.
Both profiles appear to have the same form, showing two clearly distinguishable
peaks separated by 1.44 + 0.07 nm. This is much greater than the separation
of 1.29 nm for four covalently linked phenylene rings that is anticipated for the
linear component of a covalently coupled structure [80]. This suggests that iodine
has dissociated from the DITP molecules, with molecules now forming extended
metal-organic structures, linked together through C-Ag-C bonds. The STM data
does not exhibit topographic features at the expected location of the Ag atoms.
However, this occurrence has been observed for similar metal-organic systems [83],
and due to the known convolution of topographic and electronic structure in STM
measurements, cannot be used to characterise the height of the Ag atoms relative
to the surface.

Islands of molecules were found to consist of a series of parallel zigzag chains,
with the long axis length of the chain oriented at approximately 35° to the [011]
high symmetry direction of the surface, as shown in figure |4.2h. The zigzag pattern
is also measured to have a period of 2.60 4+ 0.07 nm, with the separation of neigh-
bouring chains found to be 1.18 + 0.07 nm (figure [4.2k); defining the dimensions
of the molecular lattice.

The spatial arrangement of the zigzag pattern and its angle relative to the crys-
tallographic directions of the surface lattice have been used to form an adsorption
model for TP on Ag(111). This is shown in figure , overlaid on a close-up of the
molecule island seen in figure [£.2h. The proposed molecular arrangement agrees
well with the STM images, with circular bright features corresponding to TP and
the regions between them to silver adatoms. Figure shows the adsorption

model of TP on the Ag(111) surface, which is in agreement with estimated lattice
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Figure 4.3: (a) STM image of the Ag(110) surface after deposition of DITP. Islands
of TP in a zigzag structure (green arrow) as well as islands of iodine (blue arrow) are
present. Lattice directions are shown in the bottom right (Vsgmpie—tias = 1.8V, Lset—point
= 100 pA).

directions, with the molecule structure commensurate with the surface. The exper-
imentally measured period and separation of the zigzag pattern (2.60 +0.07 nm X
1.18 £0.07 nm) also agrees with the molecular lattice predicted by the adsorption
model (based on ideal Ag(111) dimensions and molecular mechanics calculated
structure for DITP). However, silver adatoms in different chains are predicted to
rest alternately in atop and three-fold hollow sites. Thus, the unit cell for the

molecular lattice is different to that of the commensurate overlayer structure.

4.2.2 Ag(110)

In order to investigate the effect of substrate topography on molecular arrange-
ment, the deposition of DITP was repeated onto a Ag(110) surface. This surface
possesses two-fold rotational symmetry, as opposed to the three-fold symmetry of
the Ag(111) surface and it is therefore expected that alternative structures will be
stabilised.

Figure shows an STM image of the Ag(110) surface after DITP deposition.
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Figure 4.4: (a) STM image of an island of iodine on the Ag(110) surface before an-
nealing, indicated by the blue arrow. Surface lattice directions are overlaid (Viampie—bias
= 1.8 V Iset—point = 100 pA). (b) Proposed adsorption model for iodine on Ag(110)
surface lattice, based on observed separation of features and their orientation relative to
underlying surface lattice.

Bright circular features were observed, connected by dimmer areas to form islands
of parallel zigzag chains, similar to those observed on the Ag(111) surface. Two
different domains of the zigzag are present, with the direction of the chains ap-
proximately +20° to the [001] lattice direction. This is expected due to the mirror
symmetry about the [001] direction and similar results have been observed for
molecular domains on Cu(110) substrates [78§].

An additional structure is present on the surface following deposition of DITP
(indicated in figure with a blue arrow). This consists of close-packed rows of
circular features separated by 0.7240.08 nm. Rows are oriented at approximately
30° to the [110] lattice direction. A close-up of the structure is shown in figure
[4.4h. These features were observed to be highly mobile, with the diffusion of mobile
species leading to rearrangement of the structure over several STM image cycles.
These features are assigned to iodine adsorbed to the surface; in agreement with
the assertion that iodine has dissociated from the DITP molecules after deposition
onto the Ag(110) surface. The dimensions of these structures are consistent with
iodine adsorbed at alternate four-fold hollow sites on the Ag(110) lattice and figure

[4.4p shows a suggested adsorption model for this.
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Figure 4.5: (a) Close-up of TP island shown in Green arrows show areas of disorder
in the island (Vsgmpie—bias = 1.0 V Iset—point = 50 pA). (b) Average of 10 line profiles taken
along the different zigzag line sections (red and blue lines in (a) and inset). Molecule-
molecule separation is consistent with proposed metal-organic structure. (c) Close-up
of metal-organic structure with overlay of proposed model and measured dimensions
(Vsample—bias = 1.0 V Lset—point = 50 pA). (d) Adsorption model for TP on Ag(110) with
overlaid molecular lattice (red) and surface lattice vectors (top right).

Figure shows a close-up of the island of molecules in figure 4.3] indicated by
the green arrow. The island consists of several domains of zigzag chains, slightly
displaced relative to each other, leading to the formation of domain boundaries and
causing disorder within the island (indicated with green arrows). Bright circular
features at the vertices of the zigzags appear to be TP units. These features
are separated by 1.50 £ 0.04 nm. Similar values (1.57 £ 0.06 nm [83]) have been
observed previously for metal-organic structures on Ag(110), suggesting metal-
organic structures containing a single Ag adatom are observed here. Several line
profiles were taken of the zigzag pattern and their averages are shown in figure £.5p.
The overall shape of the line profiles and the peak separation are very similar to

that seen on Ag(111), suggesting that TP units are forming metal-organic bonds
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with silver adatoms.

An adsorption model for this arrangement of molecules is proposed based on
measurements of feature dimensions and angles relative to the silver surface (figure
[1.5c). The model agrees well with the STM data, with TP and silver adatoms cor-
responding to circular bright features and the areas linking them respectively. The
period of the zigzag chain was measured to be 2.79 & 0.04 nm and the separation
of chains 1.16 +-0.04 nm (figure ) The separation of zigzag chains is consistent
with observations on the Ag(111) surface (1.18 4 0.07 nm), whereas the zigzag
period is noticeably larger, by approximately 0.2 nm. The differences in size of the
molecular lattices on each surface can most likely be attributed to elongation of
the C-Ag bonds between molecules, facilitating a better registry with the different
surface lattices. The differences between the dimensions seen in the molecular lat-
tice is also greater than that observed for the zigzag structures formed from similar
molecules on Cu(111) [77] and Cu(110) [78], where the difference was found to be
~ 0.15 nm. This highlights the effects of different surfaces on structure formation.

Figure shows the proposed adsorption model for TP on the Ag(110) surface.
It can be seen that the model is commensurate with the surface, with the silver
adatoms resting in four-fold hollow sites and TP units spaced evenly between them.
The measured separation and period for the zigzag arrangement also agrees well

with the predicted dimensions of the molecular lattice.

4.3 Covalently Coupled Products

Following previous methodologies [41l [78], the covalently coupled products were
obtained by an additional thermal annealing step, heating samples to 460 K. Ex-
amples of the resulting structures for the Ag(111) and Ag(110) surfaces are shown
in figure and c, respectively. In both cases, islands of molecules consisting of
parallel chains in a clear zigzag pattern were observed. The zigzag structures ex-
hibit a constant apparent height along their length, with no individually resolved

features (as opposed to the clearly distinguishable circular features of the metal-
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Figure 4.6: (a) STM image of the annealed Ag(111) surface seen in ﬁgure Overlaid
are the TP adsorption model, structure dimensions and lattice vectors of the surface.
(Vsampte—bias = -1.0 V Iset—point = 5.0 pA). (b) Adsorption model for TP on Ag(111)
after annealing at 460 K with overlaid molecular lattice (red), commensurate overlayer
structure (black dashed) and surface lattice vectors (top right). (c¢) STM image of an-
nealed Ag(110) surface seen in (a) with overlaid adsorption model, structure dimensions
and surface lattice vectors (Vigmple—pias = 1.5 V Iset—point = 5.0 pA). (d) Adsorption
model for TP on Ag(110) after annealing at 460 K with overlaid molecular lattice (red),
commensurate overlayer structure (black dashed) and surface lattice vectors (top right).

organic structure observed prior to heating). Similar to the structures observed
prior to annealing, two different zigzag domains were present on the Ag(110) sur-
face, oriented at +20° to the [001] surface lattice direction. The period of the
zigzag was found to be 2.23 + 0.05 nm for the Ag(111) surface and 2.28 + 0.05
nm for Ag(110), smaller than the that observed for the metal-organic structures
(2.60 £0.07 nm on Ag(111) and 2.79 £ 0.04 nm on Ag(110)). The separations be-

tween the chains were found to be 1.20 £ 0.05 nm and 1.15+ 0.05 nm for Ag(111)
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and Ag(110) respectively, which are consistent with chain separation measurements
before annealing.

The very similar values for the repeat unit along the zigzag domain on both
annealed substrates suggests the same structure has formed on both surfaces. Ad-
ditionally, both repeat units are significantly smaller than those observed for each
structure prior to annealing. Due to the lack of resolvable features, and the ap-
parent shortening of chains, it is suggested that silver atoms have been eliminated
from the TP monomer units, leading to the formation of covalent bonds. Ad-
sorption models for the annealed samples are proposed and are shown overlaid on
examples of the zigzag islands in figure [4.6h and [4.6k. In both cases, the modelled
molecular chains agree well with STM images of the structures.

Figure shows the proposed adsorption model on the Ag(111) lattice. As
for the sample prior to annealing, the vertices of the zigzag on different chains
alternate between atop and three-fold hollow sites. The model agrees well with
the measured period and separation of the zigzag.

It is interesting to note that for the commensurate overlayer structure, zigzag
chains are oriented differently before and after annealing the surface. Prior to
annealing, the chain is ~30° to the [011] direction, whereas after annealing, it runs
parallel to this crystallographic axis. This shows that the zigzag structures have
undergone a significant rearrangement, indicating that the mechanism for covalent
coupling is not simply removal of Ag atoms but significant molecular displacement
is also involved. This structural alteration is likely to be driven by the reduction in
surface free energy associated with maintaining a commensurate structure in both
the metal organic intermediate and covalently bonded states. However, this is in
contrast to previous measurements of zigzag structures on Cu(111) [77], where no
significant reorientation is observed, showing the influence of surface chemistry on
structure formation.

The adsorption model for TP chains on the Ag(110) surface is shown in figure

[4.6ld. Molecules are aligned to the lattice such that one arm of the zigzag is almost
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Figure 4.7: (a) STM image showing the hexagonal structures observed on the Ag(111)
surface after annealing. (Viampie—bias = -1.0 V Iset—point = 5.0 pA). (b) Close-up of island
of hexagonal structures. Image colouring is inverted for clarity (Vsgmpie—pias = -1.0 V
Lset—point = 5.0 pA). (c) Predicted molecular model for hexagonal macrocycles.

parallel (<5°) to the [001] direction. This is a similar arrangement to the model
before annealing, and shows molecules have not needed to reorientate significantly
after heating to be commensurate with the surface, in contrast to the large change
in orientation observed for the Ag(111) surface. Similar results have been observed
previously for Cu(110) annealed zigzag structures [78]. The two centre rings on
the parallel arms of the zigzag rest alternately in four-fold hollow and long bridge
sites on the lattice.

It should be noted that a small number of additional structures were also seen
on the Ag(111) surface after annealing. Figure shows an island consisting of
an array of bright circular features, separated by 3.2 + 0.2 nm with rows at an
angle of ~60° relative to each other. These features are attributed to an island
of close packed hexagonal structures imaged in an inverted contrast mode, with
circular bright features corresponding to the centres of each hexagon. Figure [4.7b
shows a close-up of the same area, with the image colouring inverted. Hexagonal
structures can clearly be seen at the edges of the island. These highly mobile
features are difficult to image and were only observed once on the Ag(111) surface
after annealing. A predicted molecular model for these structures is shown in
Figure [1.7c. Similar structures have been observed previously on (111) metal

surfaces [77, 85]. The study on a silver surface however was performed at 78 K or
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Experimental data ® Adsorption model °
Zigzag Inter-row Zigzag Inter-row
period separation (nm) period separation (nm)
(nm) (nm)
Ag(111) | 2.60 £+ 0.07 1.18 £ 0.07 2.52 1.17
Ag(110) | 2.79 4+ 0.04 1.16 £0.04 2.71 1.22
Annealed Ag(111) | 2.23 £0.05 1.204+0.05 2.31 1.09
Annealed Ag(110) | 2.28 £+ 0.05 1.154+0.05 2.28 1.22

Table 4.1: Comparison of STM Image Measurements and Adsorption Model Unit Cells.
¢ Values for zigzag dimensions are based on repetitions seen in structures in the
STM images.

b Adsorption model distances are calculated based on the unit cells of the silver
lattice and molecular overlayer.

lower, suggesting that there may be more hexagonal structures on the surface, but
they are diffusing too rapidly to be observed at room temperature.

Table shows a comparison of the measured directions for the observed struc-
tures. For both substrates, before and after annealing, the separations between
zigzag chains (inter-row separations) are the same within error. This is possi-
bly due to iodine atoms resting between the chains, causing them to maintain
a constant separation. Similar observations were made on both Cu(111) [42] and
Cu(110) [78] where it was proposed that assembly of islands from the zigzag chains
was assisted by bromine adatoms forming hydrogen bonds with the chains, helping
to stabilise the structure. Additionally, both the Ag(111) and Ag(110) annealed
samples have very similar periods, whereas prior to annealing significant variation
between zigzag period for Ag(111) and Ag(110) was observed. This is likely due
to the limited variation in lengths achievable by the C-C bonds in the covalently
bonded structures formed after annealing, in contrast to the greater degree of
flexibility between TP molecules, facilitated by metal-organic bonds. This varia-
tion in bond length allows molecules to adopt energetically favourable positions,
potentially allowing a greater diversity of structures, dependent on the surface

chosen.
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4.4 Surface Lattice determination

Figure 4.8: STM images showing directions of zigzag chains (blue arrows) relative to
surface lattice vectors. In each case, surface lattice directions were obtained from the
directions of flat step-edges and are shown in white. (a) Ag(111) surface before anneal-
ing (Vsampie—bias = -1.5 V Iset—point = 5.0 pA). (b) Ag(110) surface before annealing.
Two differently oriented domains are observed at + 20° to the [001] lattice direction
(Vsample—bias = 1.8 V Iset—point = 100 pA). (c) Ag(111) surface after annealing. Two
different island domains are observed with chains parallel to one surface lattice direction
(Vsample—bias = -1.0 V Iset—point = 5.0 pA). (d) Ag(110) surface after annealing. Two dif-
ferently oriented domains are observe at + 20° to the [001] lattice direction (Vsgmpie—bias
=15V Isetfpoint =5.0 pA)

Within this experiment, in order to develop adsorption models for TP, the angles
that structures adsorbed relative to the surface needed to be determined. Large
overview images of the surface containing several islands of molecules were used to
determine the direction of the surface lattice. From these overviews, the directions

of step-edges were assumed to be aligned along the high-symmetry crystallographic
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directions of the surface (in the same direction as the underlying surface atoms).
The orientation of zigzag chains relative to the surface was then determined by
measuring their angles relative to the surface step-edges.

Figure [4.8[shows example overview images for the Ag(111) and Ag(110) surfaces
before and after annealing. Blue arrows indicate the direction of zigzag chains in
islands of TP. These images were used to determine the directions of the underlying
surface lattice. For Ag(111), there are typically three step-edges, oriented at 60°
to each other, which were assumed to follow the directions of the surface lattice.
Similarly, for the Ag(110) surface, the majority of straight step-edges follow the

[110] direction, and this was used to determine the lattice directions.

4.5 Conclusions

The on-surface Ullmann-type coupling reaction has been demonstrated for 4,4”-
diiodo-m-terphenyl (DITP) on Ag(111) and Ag(110) surfaces. Deposition onto
these surfaces at room temperature causes dissociation of iodine, followed by the
formation of metal-organic structures, via bonding with Ag adatoms on the sur-
face. In both cases, islands of parallel zigzag chains are formed. Adsorption models
for molecules on each substrate were proposed and showed C-Ag-C bonds stretch
to allow the formation of commensurate structures on Ag(111) and Ag(110), pro-
ducing different sized structures on each surface.

Annealing of the surfaces at 460 K results in removal of Ag adatoms from the
structures and the formation of covalently-bonded continuous zigzag chains. It was
found that on Ag(111) the resulting poly(m-phenylene) chains undergo a rotation
of approximately 30° relative to the surface lattice, in order to achieve commen-
surability with the surface. This is in contrast to the Ag(110) surface where no
rotation was observed, or required, to achieve commensurability. These results
clearly demonstrate the influence of substrates on the formation of covalently-
coupled structures on surfaces, and that the relationship between orientation of

the intermediate and final state may assist transit along the reaction pathway.
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The adsorption models presented for the structures in this experiment rely on
inferring crystallographic directions from surface features. However, it is worth-
while to note that there is an inherent degree of ambiguity involved in developing
molecular adsorption models based upon STM data where molecules and atomic
lattices were not observed simultaneously. These ideas are therefore expanded on
in chapter [5| where measurements from additional techniques (XPS and NIXSW)
are used in conjunction with STM data to develop more detailed adsorption mod-

els.



Chapter 5

X-ray standing wave based structure

determination

In this chapter, a combination of NIXSW and STM characterisation is used to
determine the three-dimensional adsorption geometries for two molecular precur-
sors on Ag(111) at different stages of the Ullmann-coupling reaction. The ad-
sorption heights of molecules are initially determined utilising the (111) reflection
for NIXSW measurements. This is used to demonstrate the important role of
Ag adatoms within the Ullmann-type reaction. Subsequent NIXSW measurements
from the (200) surface reflection, combined with high-resolution STM measure-

ments, are then used to determine lateral adsorption geometries for both molecules.

5.1 Introduction

A consequence of confining reactions to a substrate is the transition from the
‘three-dimensional’ reaction volume of solution phase synthesis to a quasi-two-
dimensional platform. This new environment has the potential to facilitate al-
ternative reaction pathways to those available in solution. To fully utilise this
alternative environment, a detailed understanding of the underlying mechanistic
processes underpinning these reactions is required.

STM has been the predominant characterisation technique for such systems.

70
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The sub-angstrom lateral resolution and real-space imaging abilities has facili-
tated study of the initial, intermediate, and final states of on-surface reactions,
even down to the level of individual bond formation in the case of the related
non-contact atomic force microscopy technique [121], [122]. However, the family of
SPM techniques lack detailed chemical specificity, compared to X-ray photoelec-
tron spectroscopy (XPS) based techniques, and do not facilitate accurate char-
acterisation in terms of molecular adsorption heights [123]. Specifically, accurate
structural characterisation of adsorption geometry and molecular conformations is
required to provide information on details of the underlying reaction mechanism.

Studies of Ullmann-type coupling utilising XPS have provided information on
the chemistry of the molecular structures at various stages of the reaction [79],
and time-resolved XPS studies have allowed the reaction kinetics of an on-surface
process to be probed [43, 120]. These studies provide useful information, but
questions remain as to the role of surface adatoms within the reaction as well as
the evolution of the conformation of the molecular species during the reaction.

In this chapter it is demonstrated that, by combining the exceptional lateral
resolution of STM with the chemical sensitivity of X-ray standing wave (XSW)
structure determination using photoelectron detection [IT8], [I19], it is possible
to characterise molecular conformations and adsorption geometries within an on-
surface covalent coupling reaction. In addition, the role of metal adatoms within
the reaction mechanism is determined, evidenced by the structure of the interme-
diate state of the Ullmann coupling reaction of two molecular species on Ag(111).

This study presents the characterisation of two molecules, DITP (discussed
in chapter 4] and 1,3,5-tris(4-iodophenyl)benzene (TIPB), both of which possess
aryl rings functionalised at the periphery with C-I groups to facilitate Ullmann
coupling reactions when deposited upon a Ag(111) substrate (chemical structures
shown in figure and b). As stated in the previous chapter studying DITP
on Ag(111) (chapter [4]), it is expected that covalent coupling progresses via a

metal-organic intermediate; figure [5.1kc shows the reaction scheme for DITP on the
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Figure 5.1: Chemical structures of (a) 4,4’-diiodo-m-terphenyl (DITP) and (b) 1,3,5-
tris(4-iodophenyl)benzene (TIPB). (¢) Reaction scheme for DITP on Ag(111), as shown
in chapter [d Cleavage of the C-I bond and formation of an extended metal-organic
intermediate, TPys0, occurs at ~300 K. Annealing at ~ 370 K results in the formation
of a covalently coupled product, TPcc. Molecular precursor components of MO and
covalently coupled structures highlighted for clarity.

Ag(111) surface. A similar reaction progression is expected for TIPB. Adsorption
of DITP and TIPB onto a Ag(111) substrate held at room temperature results in
the cleavage of the C-I bond and the formation of a metal-organic (MO) structure.
The dehalogenated molecular species are connected via organometallic (C-Ag-C
bonds) within the MO structure. The sub-units within these structures are denoted
as m-terphenyl (TP,;0) and 1,3,5-triphenylbenzene (TPBj;0) — indicating the
relationship to the reactant molecules DITP and TIPB respectively. Following the
formation of the MO structure the provision of additional thermal energy gives
rise to formation of the covalently coupled (CC) product (370 K and 400 K to

produce TP¢oe and TPBee, respectively).
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5.2 XPS Characterisation

Initial characterisation of the on-surface reaction was conducted using XPS mea-
surements to identify the distinct chemical species present within the MO and
covalently-coupled structures. I 3d and C 1s core level XP spectra were obtained,
each using photon energies of 770 eV and 435 eV respectively. Figure shows
the C 1s photoelectron spectra obtained on Ag(111) for TPyo (i.e. in the MO
phase; pre-anneal) and TPo¢ (covalent phase; post-anneal). For the MO phase
two features are identified. In agreement with previous work, the major peak
(284.1 eV) was assigned to aromatic carbon species within the backbone of TP 0,
with the shoulder at lower binding energy (283.2 eV) attributed to organometallic
C-Ag-C species within the MO phase. The absence of features at higher binding
energies is assigned to the lack of intact aryl-halides species (i.e. non-dissociated
C-1 bonds) [43), 124].

Following annealing the surface to 370 K, a temperature at which initiation
of the on-surface covalent coupling is expected, the main peak (284.3 eV) is still
present and a substantial attenuation in the signal from the shoulder feature is
observed. These findings are consistent with conversion of the majority of the
molecular species present to extended covalent structures (i.e. reductive elimina-
tion of the Ag from the organometallic C-Ag-C bond to give rise to a new C-C
bond, resulting in reduction in intensity of the shoulder peak). The slight shift,
by 0.2 eV, of the main peak towards higher binding energy is in agreement with
several similar results for covalent coupling on surfaces [120, 125]; attributed to
differences in charge transfer between the surface and metal-organic and covalent
phases.

The I 3d photoelectron spectra for TP within MO and covalent phases on
Ag(111), shown in figure , support the reaction model where cleavage of the
C-I bond, and formation of Ag-I with the substrate, occurs following deposition
onto the surface at ~300 K. Two peaks are present in the spectra, assigned to

I 3ds/2 (630.5 eV) and I 3ds/, (619.0 €V). Both prior to, and after, annealing to
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Figure 5.2: C 1s and I 3d photoelectron spectra acquired following the deposition of
TIPB on Ag(111), before (blue) and after (orange) annealing. The metal-organic phase
(TPa0) is present on the surface following deposition, and the covalent phase (TP¢¢)
is formed following annealing at 370 K. (a) C 1s photoelectron spectra, obtained using
photon energies of 435 eV. Spectra are normalised for clarity. (b) I 3d photoelectron
spectra, obtained using photon energies of 770 eV.

370 K a single chemical environment for iodine is observed, as evidenced by the
constant binding energy. The I 3ds5/; peak is at a binding energy consistent with
chemisorbed iodine bonded to Ag [126], in agreement with the assertion that the
C-I bond within DITP has dissociated following deposition. Similar results were

observed for TIPB.

5.3 C 1s NIXSW analysis: (111) reflection

The identification of specific chemical states via XPS characterisation of the inter-
mediate and final structures of the on-surface reaction facilitated the use of chemi-
cally sensitive normal incidence X-ray standing wave (NIXSW) studies to perform
structural characterisation [118, 119]. NIXSW analysis provides two structural
parameters; a coherent fraction (Cy) and a coherent position (C,), approximately
relating to the fraction of a chemical species in a given position, as discussed in
chapter [3.6| Here focus was given to the C 1s signatures for the aromatic and
organometallic carbon species (as characterised above) to determine the coherent
fraction and position of the species relative to the (111) crystal plane of the bulk
Ag substrate.

NIXSW measurements were acquired from the (111) reflection plane, using a
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Figure 5.3: Examples of methods used to fit curves to pre-anneal (MO phase) C 1s
data for TPByso (left) and TPy (right). Four peaks are used to create the shape of
the curve observed in the data. The areas of the three peaks at higher binding energies
(green) are summed to extract data for the main peak. The peak at lower binding energy
(red) is used to gain information on the shoulder feature. The black line shows the overall
fit, summed from all four peaks, to the data, shown in grey.

nominal energy of Epyqqy — 2629 eV, for both I 3d and C 1s. Each NIXSW mea-
surement was repeated at least three times, with each new measurement performed
at a different sample location to avoid beam damage. Before and after each mea-
surement, core level spectra for both the I 3d and C 1s were obtained in order to
monitor possible beam damage, with no significant changes observed (no observ-
able chemical shift and less than noise level, ~10%, change in peak intensities).
Prior to the acquisition of the NIXSW measurement, a reflectivity curve of the
respective reflection was acquired in order to judge the quality of that region of

the surface, and to ensure that each NIXSW measurement was acquired across the

same energy range with respect to the Bragg energy.

5.3.1 NIXSW analysis methods

In order to extract Cy and C, values from the NIXSW data, it is necessary to
extract the intensities of each chemical species at each acquired photon energy.
This was done by fitting a convolution of a Doniach-8unji¢ line shape [127] and
a Gaussian to spectral data averaged over at least three repeats. Examples of
this fitting are shown in figure for both TPBj;0 and TP,;0. The single peak
shown in red (centred on 283.1 for both TPBj;0 and TP,0) was used to extract

information from the shoulder feature and was attributed to the organometallic
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C 1s (111) | Phase / Carbon Type Cy C, Twist Angle © (°)

MO / Organometallic | 0.79 £ 0.14 | 0.05 £ 0.06

TP MO / Aromatic 0.49 £ 0.03 | 0.28 £ 0.02 29 £1
Covalent / Aromatic | 0.56 + 0.03 | 0.32 £+ 0.02 28 + 1
MO / Organometallic | 0.94 4+ 0.11 | 0.03 £ 0.05

TPB MO / Aromatic 0.50 £ 0.02 | 0.28 £ 0.01 26 £1
Covalent / Aromatic | 0.43 + 0.06 | 0.30 &+ 0.04 31 +3

Table 5.1: C 1s (111) XSW data. Data for Coherent fraction (C) and position (C)
values obtained from C 1s (111) reflection NIXSW data and end phenyl group twist angle
© for TP and TPB.

carbon species. The three peaks shown in green at higher binding energies (centred
on, from left to right, 285.1 eV, 284.4 eV, 283.9 eV for TPB,;0 and 284.8 eV,
284.3 eV, 283.8 eV for TP,;0) were summed to obtain the fitting for the main
peak, and were attributed to aromatic carbon atoms. Three components were
necessary to reproduce the shape of the main peak, and allow the intensity of the
shoulder peak due to C-Ag-C to be evaluated. The three main peak components
are not considered to be sufficiently unique or attributable to specific chemical

environments within the molecule to allow them to be used to determine adsorption

sites individually.

5.3.2 Chemically sensitive NIXSW results

Using these methods, C'y and C), values were extracted by fitting absorption profiles
to the intensity data. This is shown in figure for both TP and TPB. A full
comparison of Cy and C;, values is given in table [5.1]

Focusing initially on the organometallic carbon atoms forming a bond with a
silver species (C-Ag-C), the profiles obtained from the XSW measurements (fig-
ure - top) show a similar form for both TPB);o and TPj0. The TPByo
measurements yield a coherent fraction of Cfi1y-c1s = 0.94 £ 0.11. This high
coherent fraction suggests a high degree of order and most likely indicates a single
adsorption site on the Ag(111) surface for all organometallic carbon species within
TPBao. A slightly lower level of order is found for TPys0, Ci11)—c1s = 0.79 £

0.14, however this still indicates a single adsorption position. Argand diagrams
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Figure 5.4: Chemically sensitive NIXSW measurements of the Cls region of TP and
TPB within the MO and covalently coupled phases. NIXSW photoelectron yields ob-
tained using the (111) reflection of the Ag(111) substrate for the C 1s core level, com-
paring MO and covalent phases of TP (red) and TPB (blue). Each profile is normalised
to 1 away from the Bragg condition, with TP results offset by 1 unit for clarity. The
obtained Cy and C), values are shown for each fit. The reflectivity curve for TPB is
shown (bottom), with similar results obtained for TP.

in figure , present C'y and C), values in polar co-ordinates and show a model
of organometallic carbon atoms (black arrow). This model agrees well with ex-
perimental results (red error bars). The coherent position values, which are given
as fractions of the (111) layer spacing, for the organometallic carbons of both
molecules agree within error (Cp111y)—c1s = 0.05 £ 0.06 and Cp111)—c1s = 0.03 £
0.05 for TPy;0 and TPBy,o respectively). This indicates that the carbon species

forming the C-Ag-C bond in both molecules are adsorbed at similar heights above
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Figure 5.5: Argand diagrams showing C'y and C), values obtained from XSW measure-
ments from the (111) reflection. Shown are the measurements of organometallic carbons
for TPB (left) and TP (Right). Experimental values are shown as red error bars, with
the estimated uncertainty range highlighted by the light red area. Each arrow is a vector
showing Cy and C), values in polar co-ordinates. The solid black arrow shows the pre-
dicted C'y and C), values for models applied to each data set. The organometallic carbon
data is modelled such that each carbon atom is at a single height above the surface.
the surface (0.25 £ 0.01 nm and 0.24 + 0.01 nm for TPy and TPBo respec-
tively). The agreement in adsorption height for these two related but structurally
different species show that the observations offer insight into a more general feature
of molecule-surface interactions for the intermediates of Ullmann-type on-surface
coupling.

It should be noted that all obtained XSW distances are relative to the extended
crystallographic planes of the bulk Ag crystal. Therefore the adsorption ‘heights’
relative to the surface of the Ag(111) crystal are distances from the outermost (111)
plane. This analysis is based on the assumption that the surface Ag atoms reside
on this plane, with little to no reconstruction, thereby allowing the construction
of adsorption models.

XSW profiles obtained from analysis of the aromatic carbon species in both MO
and covalent structures are shown in figure - middle. These profiles show a high
degree of similarity, with fits to all profiles resulting in similar coherent fraction
and position values. Notably, the coherent fraction values for the aromatic carbon
species are significantly smaller than 1 (~0.5 for TP and TPB in both the MO and

covalent phases), indicating that the aromatic carbon atoms within the molecules

are adsorbed at multiple heights.
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Figure 5.6: Structural model for the conformation of TPBoc on Ag(111). (a) Model
showing twisting of TPBo¢ phenyl end groups around axes of rotation (orange) level
with the plane of the molecule, with © showing the dihedral angle. (b) Side view of
twisted TPBoe model. Arrows show three different heights of carbon atoms above the
surface: above (purple), below (green) and level with (blue) the molecular plane (dashed
cyan line).

5.3.3 Twisting model of phenyl end groups

Although both the MO intermediate phase and covalently coupled final reaction
products are extended structures it is possible to analyse the structure of the
monomer units within the 2D networks. A model was developed where the outer
phenyl groups (i.e. those with para connections) of each molecule are twisted
relative to the central ring, i.e. those with meta connections (see figure [5.6h).
The central phenyl groups are locked in place (due to the meta connections) and
are expected to be parallel to the substrate surface. The para groups can twist,
and this twisting results in the aromatic carbon atoms within the molecule being
orientated at several different heights above the surface.

To model the structure, it was assumed that the central phenyl ring, and carbon
atoms on the rotational axes of the terminal phenyl rings, remain flat relative to
the surface in a single plane (i.e. the molecular plane is parallel to the (111)
plane of the surface), and that all terminal phenyl groups are rotated by the same
dihedral angle, ©. An example for TPB¢o¢ is shown in figure [5.6b. From this
model, experimental C'; and C), values were used to determine a value for © for
both TPB and TP in MO and covalent phases. These values are given in table
, with full details of calculations provided in appendix .
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Figure 5.7: Argand diagrams showing C'y and C), values obtained from XSW measure-
ments from the (111) reflection. Shown are the measurements of aromatic carbons in the
MO phase (left) and covalent coupling phase (right), for TPB (top) and TP (bottom).
Experimental values shown as red error bars, with estimated uncertainty range high-
lighted by the light red area. Each arrow is a vector showing Cy and C), values in polar
co-ordinates. The solid black arrow shows the predicted Cy and C), values for models
applied to each data set. Aromatic carbon data is predicted using the twisted phenyl
rings model, with © for each given in table Within this model dashed arrows repre-
sent aromatic carbon atoms higher (purple), lower (green) and level with the molecular
plane (blue), as described in figure . Experimental and predicted C'y and C), values
are given respectively in red and black, in the bottom left and right of each diagram.

Calculated values for C'y and C),, based upon this model are presented using
Argand diagrams in figure Each arrow is a vector showing Cy and C,, values

in polar co-ordinates. Dashed arrows represent aromatic carbon atoms higher
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(purple), lower (green), and level with the molecular plane (blue), as represented
in figure [5.6] The solid black arrow shows the predicted Cy and C,, values for the
model and is in excellent agreement with experimental values (red error bars).

These results show the side phenyl groups in all cases are twisted by approxi-
mately 30°. For comparison, biphenyl molecules in free space have a twist angle
of 44° (due to steric hindrance between the hydrogens on adjacent phenyl groups
[128]). The observation that the dihedral angle is reduced for the surface-confined
molecule compared to a molecule in free space can be understood due to the inter-
action with the surface; flattening of the molecule maximises the molecule-surface
interaction with the m orbitals of the terminal phenyl rings. The findings here
support the previously suggested conformation flexibility of intermediates with
Ullmann-type on-surface reactions |6l 129].

It should be noted that in the following section molecules in the MO
phase are found to not be fully planar to the surface, with organometallic carbons

bending towards the surface. This is not considered in these models for simplicity.

5.3.4 The role of metal adatoms within MO structures

The location of the organometallic carbon species within the MO phase show dis-
tinct differences to the aromatic carbon atoms. Organometallic carbon atoms are
found to be 0.25 + 0.01 nm and 0.24 + 0.01 nm above the surface; for TP ;o and
TPBj0 respectively. This can be compared to the average heights of the aromatic
carbons within the MO phase; both TPB,,0 and TP ;o are found to be ~0.30 nm
relative to the height of the topmost Ag(111) plane (0.302 £+ 0.005 nm and 0.302
+ 0.002 nm above the surface; for TPy and TPBy;o respectively). This is in
agreement with results for relative heights above surfaces for large m—conjugated
molecules on Ag(111) (0.29 nm for diindenoperylene adsorbs on Ag(111) [130]).
The value of the adsorption height is therefore significantly lower for organometal-
lic carbon species than the purely aromatic, resulting in a curved structure for the

adsorbed molecular species (see figure [5.8p). This indicates that the end phenyl
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Figure 5.8: Models for the vertical positioning of molecules above the Ag(111) sur-
face. (a) Metal-organic intermediate phase of the Ullmann-type coupling reaction, with
molecules bonded to silver adatoms (dark blue) adsorbed in bridge sites. Average heights
of the molecule (red dashed line), C-Ag-C bonded carbon (light grey) and Ag adatoms
are shown. (b) Covalent phase of Ullmann coupling reaction, with average height of the
molecule shown.

groups are likely to bend down towards the surface when forming the organometal-
lic C-Ag-C bond.

Previous computational studies of Ullmann-type on-surface coupling reactions,
employing density functional theory (DFT), have suggested that MO structures
are bound to substrate lattice atoms [40]. This is in contrast to experimental
findings where structures are characterised as incorporating surface adatoms [41]
43,79, 129]. The NIXSW analysis presented here indicates that the organometallic
carbon atoms are significantly higher above the surface (~0.25 nm) than a single
C-Ag bond length (approximately 0.21 nm [I31]), implying that the Ag species
involved in the metal-organic bond is unlikely to be in the surface silver layer. The
metal-organic bond must therefore be made with either a surface adatom or a silver

atom that has been significantly raised out of the surface. STM data for the same
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molecule-substrate systems do not provide evidence for removal of Ag atoms from
surface layer, which would likely result in the presence of etch pits and were not
observed in this study. It is therefore suggested that Ag adatoms diffusing from
low-coordinated step-edge sites play a significant role. The proposed model for TP
in the metal-organic phase of the Ullmann-coupling reaction (TP,;0), including the
labelled heights of the organometallic carbon atoms, is shown in figure [5.8a. The
adsorption height or the organometallic carbons are compatible with Ag adatoms
located at bridge or 3-fold hollow sites (further details of the adsorption geometry
are given below).

Following completion of the reaction, the covalent phases of TP and TPB (now
consisting exclusively of aromatic carbon species) were both found to be adsorbed
at an average of 0.31 £+ 0.01 nm above the surface, with the end phenyl groups
twisted around a central axis (as discussed above). A model for a single TPBoe

molecule in the covalent phase is shown in figure [5.8p.

5.4 I 3d NIXSW Analysis

As with the C 1s orbital, the NIXSW measurements for the I 3ds/, orbital can
be used to determine adsorption locations for iodine atoms on the surface after
dissociating. XSW profiles for I 3d orbital for the (111) reflection are shown in
figure . Profiles for TPB and TP show very similar form, with C; and C,
values (given in table agreeing within error. Similarly, NIXSW measurements
obtained from the (200) reflection show very similar profiles. This suggests iodine
remains in the same adsorption site for each phase of the Ullmann reaction after
dissociation, in agreement with the XPS measurements shown previously.

The Cy and C), values from the iodine species are the same within error and
do not vary significantly with respect to precursor molecule type and annealing.
An average of these values is therefore used in the following discussion. The
average of TP and TPB measurements, before and after anneal give a coherent

fraction value of Cfri1)—r3¢ = 0.94 & 0.02. This high coherent fraction value
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Figure 5.9: NIXSW characterisation of the iodine species (I 3d core level) present as
part of TP and TPB assemblies on Ag(111) in the metal-organic structure (pre-anneal)
and the covalently bonded structure (post-anneal). (a) and (b) NIXSW photoemission
yields obtained using the (111) and (200) reflections, respectively, comparing TP (red)
and TPB (blue) before and after annealing. Each profile is normalised to a value of 1
away from the Bragg condition, with TP results offset by 1 unit for clarity. The obtained
coherent fraction (Cf) and position (Cy) values are shown for each profile. (c) and (d)
Argand diagrams showing average coherent fraction, Cy, and, C),, values for the (111)
and (200) reflections. (c) Shows a model consisting of iodine atoms at a position of 0.236
nm (C,=0.00) above the silver surface (111) plane. This is measurement is used in (d)
to show iodine adsorbed in a 1:1 ratio at fcc:hcp hollow sites. Dark blue arrow is the
fce site and the light blue the hep site. Black arrow shows resultant vector for proposed
models for iodine, and red error bars show average of all experimental measurements,
with Cy and C), values shown.
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111 (200)

I 3d Phase ; c, ; a,
TP Pre-Anneal | 0.95 £ 0.03 | 0.01 &£ 0.01 | 0.46 4+ 0.04 | 0.17 £ 0.02
Post Anneal | 0.94 £+ 0.05 | 0.99 + 0.02* | 0.49 4+ 0.04 | 0.15 4+ 0.03
TPB Pre Anneal | 0.93 4+ 0.04 | 0.00 & 0.01 | 0.49 £ 0.06 | 0.18 4 0.04
Post Anneal | 0.92 4+ 0.07 | 0.00 4+ 0.03 | 0.47 + 0.14 | 0.21 £ 0.09
Average 0.94 £ 0.02 | 0.00 £ 0.01 | 0.47 & 0.04 | 0.17 £+ 0.02

Table 5.2: T 3d XSW measurments Coherent fraction (Cy) and position (C)) values for
NIXSW measurements acquired for the I 3d level of TP and TPB on the Ag(111) surface.
Acquired for the (111) and (200) reflections. *C), values are cyclic such that 0 and 1 are
equivalent.

suggests that all iodine atoms are in similar adsorption sites relative to the (111)
Bragg reflection, meaning a single height above the Ag(111) surface. From this
and averaged coherent position, Cpii1)—r3¢ = 0.00 £ 0.01, all iodine atoms are
expected to rest in plane with the (111) layer spacing, most likely at the first
Ag(111) layer spacing above the surface, at 0.236 nm. This adsorption model is
presented as an Argand diagram in figure (black arrow), with the NIXSW
measured coherent fraction and position values (red error bars).

The precise adsorption site (in 3D) of iodine on the surface can then be de-
termined using NIXSW measurements from the (200) reflection for triangulation
(see chapter [3.6.5)). Averaging all measurements from the (200) reflection gives a
coherent fraction of C'ta00)—13¢ = 0.47 & 0.04 and position of Cp200)—r3a = 0.17 £
0.02 (similar for both molecules before and after annealing). The coherent fraction
value of ~0.5 suggests multiple iodine adsorption sites on the surface, at least two
distinct sites. Using the height of iodine above the surface determined from the
(111) reflection, a model of iodine adsorbed in hexagonally close-packed (hep) and
face-centred cubic (fcc) three-fold hollow sites in a 1:1 ratio is proposed in figure
. The Cf200)—13¢ and Cp200)—134 values for hollow sites are shown as blue ar-
rows with the resultant vector shown in black. This model gives coherent fraction
and position values of Cr00)—r3¢ = 0.47 and Cp200)—r3¢ = 0.17, in excellent agree-
ment with measured values. This also agrees well with previous STM measured

adsorption structures for related iodine containing molecules [129].
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5.5 C 1s NIXSW analysis: (200) reflection

Similarly to iodine, NIXSW measurements from the (111) and (200) reflection
planes of the Ag(111) can be used to provide information on the lateral adsorption
positions of carbon atoms within TPB and TP. NIXSW measurements for the
(200) reflection were acquired using a nominal energy Ep.q5, = 3035 €V, with at
least three repeat measurements for each molecule and reaction phase. Results
were analysed in a similar manner as described above (section [5.3.1]) to extract

absorption profile data and obtain coherent fraction and position values.

5.5.1 Chemically sensitive NIXSW results

Figure shows fitted XSW profiles for C 1s 200 reflection for both TPB (blue)
and TP (red) in both MO and covalent phases of the Ullmann reaction. Cy and C,
values obtained from the fitted curve are shown below each curve, with all values
summarised in table 5.3} XSW absorption measurements for aromatic carbons,
within TPB and TP, show very similar profiles, in a similar manner to the (111)
reflection measurements. This perhaps would suggest that aromatic carbons oc-
cupy similar adsorption sites between molecules. However, the measured coherent
fraction value for the aromatic carbon measurements is low (<0.2). This suggests
that aromatic carbon atoms, within TPB and TP, are adsorbed at a large num-
ber of positions, relative to the (200) reflecting plane. Therefore, the measured
coherent position values are inherently unreliable and so could not be used in the

determination of adsorption sites.

C 1s (200) | Phase/ Carbon Type Cy C,
MO / Organometallic | 0.39 + 0.16 | 0.77 + 0.11
TP MO / Aromatic 0.18 £0.02 | 0.85 £ 0.02
Covalent / Aromatic | 0.16 4+ 0.02 | 0.82 £ 0.02
MO / Organometallic | 0.26 + 0.17 | 0.81 + 0.14
TPB MO / Aromatic 0.17 £ 0.02 | 0.79 = 0.02
Covalent / Aromatic | 0.17 £+ 0.03 | 0.85 £ 0.03

Table 5.3: Data for Coherent fraction (C) and position (C)) values obtained from C 1s

(200) reflection NIXSW data
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Figure 5.10: (a) NIXSW photoelectron yields obtained using the (200) reflection for
the C 1s core level, comparing TPy;o (red) and TPByso (blue). Grey shading shows
curves fitted using values of Cy and (), within quoted uncertainty range. Each profile is
normalised to 1, away from the Bragg condition, with TP ;0 results offset by 1 unit for
clarity. The obtained Cy and C values are shown for each profile.

XSW profiles obtained using the (200) reflection of the Ag(111) surface (figure
- top) provide information on the organometallic carbon atoms within the
TPy0 and TPB,,o structures. The data for the organometallic species results in
low values for the coherent fractions (C'¢(200)—c1s = 0.39 £ 0.16 and C'¢(200)—c15 —
0.26 4 0.17 for TP ;0 and TPB o respectively) from which it may be inferred that
the organometallic carbon atoms are adsorbed at multiple positions relative to the
(200) reflection. The resulting C; and C, values have a large uncertainty range.
This is due to the low measured intensity in the shoulder feature, compared to the

main peak, making consistently fitting the feature difficult. This uncertainty range
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Figure 5.11: Table of comparisons of different XSW profiles (red) with varied coherent
fraction (C'y) and position (Cj) values. Data points (blue) are for TPB measurements of
the organometallic carbon atoms from the (200) reflection. Each XSW profile is generated
from Cy and C), values either at the quoted values (white, centre), within the quoted
uncertainty (light grey) or 0.1 outside the uncertainty range (dark grey, outer). Profiles
with Cy and C), values within the uncertainty range are found to acceptably fit the data
whereas profiles with values outside this range do not. All figures have the same scaling,
with axes shown in the bottom left figure. X axes show relative photon energy (eV) and
Y axes show relative absorption (in arbitrary units).

is demonstrated by the grey region in figure - top. The region highlights the
area enclosed by all possible NIXSW profiles for Cy and C), values within the quoted
uncertainty range. This area visually fits the data well, suggesting accuracy in the
large uncertainty range. Additionally, the experimentally obtained XSW curves
cover a very large range of adsorption versus photon energy. This means that
although the data for the organometallic species presented here have a less than
ideal signal-to-noise ratio, a very large proportion of Cy and C), combinations are
completely excluded as fits to them.

Examples of this are shown in figure [5.11] where the range of possible NIXSW
profiles are displayed in a table comparing the effects of fitting using various co-

herent fraction and position combinations. Blue dots show the data points for
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organometallic carbons in TPBj;o and red curves show simulated absorption pro-
files for the corresponding Cy and C,. The central (white) square shows the cal-
culated fitting for the data, with surrounding (light grey) squares showing profiles
for the extreme values of the quoted uncertainty range of C'y and C, values. Fi-
nally, outer (dark grey) squares show profiles for Cy and C,, 0.1 outside the quoted
uncertainty range. From this figure, it can be seen that absorption profiles within
the range of uncertainties fit well to the data, with the quoted C; and C,, values
producing the most representative fit. This is in contrast to profiles using values
outside the uncertainty range, which are not consistent with the data. This high-
lights the small range of possible absorption conformations obtained from these

results

5.5.2 Structural characterisation via STM

In order to facilitate an interpretation of the XSW measurements and to produce
an adsorption model of the MO and covalently bonded TPB and TP structures, the
molecular species were separately characterised on the Ag(111) surface using room
temperature STM. Figure shows the edge of a MO structure formed from the
as-deposited TIPB adsorbed on a Ag(111) surface. A model showing the position
of TPB ;0 molecules and Ag adatoms is overlaid. Individual TPBj;o units can be
seen, connected by circular bright features, similar to features previously observed
for MO structures [41l [79]. These bright features were therefore attributed to
silver adatoms. The molecular units exist as part of an extended porous structure
(figure ), comprising mostly of hexagonal pores with some disordered regions
of other polygonal arrangements (as previously observed for structures formed from
the brominated analogue of TIPB [81]). Additionally, further bright features were
observed adjacent to the molecules (examples indicated by white arrows in figure
[5.12b) and are attributed to iodine atoms adsorbed to the surface after dissociating
from the molecules (similar to that observed for studies on other iodinated species

129)).
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Figure 5.12: STM images for TPB on Ag(111) in MO and covalent bonding phases.
(a) Overview of MO phase of TPB (TPBj;0). Image parameters: Viqs = -1.8 V Ige
= 20 pA. (b) Close up image of TPBjso structures. Top section shows a region of
atomic contrast, used to calibrate image. Molecular model, intermolecular separations
and lattice vector directions are overlaid. White arrows indicate example locations of
iodine atoms. Imaging parameters: Vyps = -80 mV, Ige; = 2 nA for the top section,
Viias = -1.8 V, Iser = 20 pA for bottom section. (c¢) Overview of covalent phase of
TPB (TPBcc). Image parameters: Viqs = -1.8 V Ig; = 20 pA. (d) close up image of
TPBce. Molecular model, intermolecular separations and lattice vector directions are
overlaid. Image parameters: Vi, = -1.8V, I;e; = 20 pA.

Details of registry with the underlying surface can be obtained by imaging the
underlying Ag(111) substrate (top region of figure shows atomic resolution).
Combined imaging of the substrate and molecular overlayer was obtained by paus-
ing image acquisition at the edge of the island (following imaging of the molecular
structure) and altering the bias voltage and current set-point. The region of atomic

resolution was then used to calibrate the image in order to determine accurate dis-
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tances and angles of molecules relative to the surface crystallographic directions.
Combining this with measurements from additional images of the same surface,
the centre-centre separation for TPB units within the MO structure is found to
be 1.63 £ 0.1 nm. This is consistent with the expected dimensions for two TPB
molecules bridged by a C-Ag-C link, 1.61 4+ 0.2 nm for a similar molecule [79]).
The axis of this bond is misaligned to the (110) set of crystal directions by 25 +
2°.

STM experiments were also performed on annealed surfaces for TPB¢oe to gain
insights into its adsorption geometry. Figure [5.12k shows an overview area of
TPB¢e forming covalent hexagonal structures on the surface following anneal. A
close-up region is shown in figure [5.12ld. Unlike the pre-anneal surface, molecules
appear to have a constant apparent height along their structures with no fea-
tures associated with Ag adatoms, indicating that the molecules are covalently
bonded. Bright circular features were also seen surrounding TPB units and within
hexagonal pores, attributed to iodine. A model showing the molecular structure
is overlaid. As with the TPB,;o phase, images were calibrated to obtain accurate
measurements of surface structures using regions of atomic contrast. TPB units
were found to be separated by 1.31 £ 0.03 nm, again in good agreement with
previous work [81]. Covalent between TPB¢c were aligned at an angle of 3 + 2°
to the surface (110) crystallographic directions.

Similar STM investigations were performed for TP on Ag(111). Example STM
images of the metal-organic phase are shown in figure and b. TPy;o units
appear as periodic circular bright features, arranged in islands of parallel zigzag
chains. Islands were observed in three different rotations, matching the symmetries
of the surface. Topographic features associated with Ag adatoms are not seen in
STM images (noted previously [83]). Instead, their positions are inferred from the
arrangement of TPy;o units and a model is overlaid to show this (figure |5.13p).
Measurements from STM images were calibrated using regions of atomic contrast

and show the zigzag chains to have a period of 2.63 4+ 0.05 nm, and are oriented
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Figure 5.13: STM images for TP on Ag(111) in MO and covalent bonding phases. (a)
Overview of MO phase of TP (TPys0). Image parameters: Vyips = 1.5 V Iser = 5.0 pA.
(b) Close up image of TP structures. TP units and silver adatoms are overlaid, with
molecule-molecule separation and surface lattice directions indicated (white - bottom
left). Image parameters: Viias = 1.8 V Iger = 20.0 pA. (c) Overview of covalent phase
of TP (TP¢o¢). Image parameters: Viiqs = -1.0 V I4; = 5.0 pA. (d) Close up image
of TPoe, with molecule-molecule separation and surface lattice (white - bottom left)
shown. Image parameters: V;qs = -1.8 V Iz = 10.0 pA.

at approximately -5° relative to the (110) set of crystal directions. Zigzag chains
were found to be separated by 1.14 &+ 0.05 nm. The dimensions of these structures
show clear agreement with the measurements of TP presented in chapter [4

STM experiments were also performed for the covalent phase of TP (TP¢(¢)
and an example STM image of an island of molecules is shown in figure [5.13d.
Zigzag chains have constant apparent height along their lengths, indicating that

molecules are covalently bonded. A molecular structure for the zigzag chains is
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overlaid. TPo¢ molecular chains were found to have a period of 2.24 + 0.05 nm
at an angle of 31° to the underlying surface. Chains were found to be separated
by 1.19 + 0.05 nm. These results similarly agree with measured dimensions of the

covalent TP structures obtained in chapter [4]

5.5.3 Adsorption modelling methods

Utilising a combination of the XSW measurement from the (111) and (200) planes
in concert with the STM measurements described above, it is possible to locate
the molecular adlayer relative to the surface substrate layer for both TPBj,;o and
TPys0 structures. This was done by constructing a simple molecular model of the
adsorbed molecules, and adjusting its parameters to match experimental C; and
C, values. The low coherent fraction values obtained from (200) NIXSW measure-
ments for aromatic carbons suggested a large number of adsorption sites, with low
information gained from coherent position values. Additionally, the large number
of aromatic carbon atoms would introduce significantly more variables, making
modelling very complex. Models were therefore developed using only NIXSW
measurements from organometallic carbon atoms. From these atoms, the lateral
position of the rest of the molecule can be inferred. Because of this, these methods
were only used for the MO phase and not for covalently coupled structures.

The method used for building a model of molecules is described in figure [5.14]
Firstly, (a) shows the simplified TPB unit used for the model. Only organometallic
carbon atoms (black circles) were considered as only these atoms contribute to
the organometallic carbon features seen in XSW measurements. The distance, D,
between the carbon atoms and the centre of the molecule (blue cross) can be varied
by small amounts to account for stretching of the molecule and the end phenyl
groups bending down towards the surface (from (111) XSW results, section[5.3.4)).
Next, an additional molecule is added (rotated by 180°) to create the molecular
overlayer structure observed in STM images. The separation of molecule centres,

s, as well as the unit cells rotation, a (relative to one of the high symmetry
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Figure 5.14: Figures showing methods used to model lateral adsorption of molecules
from NIXSW measurements of organometallic carbon atoms. (a) Only organometallic
carbon atoms are used within the model, with the aromatic carbon atoms adsorption
sites inferred from these positions. The distance, D, of these atoms to the centre of
the molecule (blue cross) is varied to account for variations in bending of molecule arms
down towards the surface. (b) An additional molecule is added, rotated 180°, to form a
molecular unit cell and the separation of the two molecules, s, and their angle relative
to the x axis ([110] direction), «, is allowed to vary. (c) The unit cell is copied N times
in two directions to account for extended structures on the surface. (d) Positions of
molecules were allowed to vary laterally relative to the surface. Only models where all
molecules have their centres in a high symmetry (atop, bridge or three-fold hollow —
shown as blue crosses) site are considered for simplicity.

(110) surface directions), can be varied to account for different positioning of
molecules on the surface (figure p.14p). Then, the unit cell is repeated N =
6 times to create an extended structure (figure mc) This accounts for the
fact that the molecular adlayer has a regular periodicity but is not necessarily
coincident with the underlying Ag(111) unit mesh. Finally, the model is placed
over a Ag(111) surface model, at a height above the surface determined from (111)
XSW measurements of organometallic carbons. The model assumes the central
phenyl ring of all molecules will be adsorbed at a high symmetry site (atop, bridge
or three-fold hollow) on the surface (figure [5.14d). This was done to simplify
calculations as otherwise there would be a near infinite number of sites that would
satisfy Cy and C), values. In addition to this, the model was extended to include
+120° rotations and the reflection over the [110] direction to account for additional
domains that form due to the symmetry of the (111) crystal surface.

Using this model and adjusting its variables (D, s, «, height and molecule centre
lateral position relative to the surface), the distances of all organometallic carbon

atoms from the (200) reflecting plane can be calculated and used to determine an
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expected overall C'y and C), value for the model. D was taken to be 0.56 + 0.02
nm (based upon dimensions of the gas phase molecule determined via a molecular
mechanics-based model), the other variables were based upon the STM measured
dimensions and those acquired from the (111) reflection NIXSW data. This was
then compared to the measured Cy and C), values to determine which models
produced values that were within the range of uncertainties. This methodology
was used to model both TPB and TP structures, based on XSW and STM data.
In the case of TP, an additional variable was added to account for the separation

of zigzag chains.

5.5.4 Results of modelling

STM measurements of molecular separation and angle relative to the surface were
used as starting values for variables in the model and allowed to vary within a
small range. Additionally, the height of molecules above the surface was varied
within a range of values determined from XSW measurements from the (111)
reflection. Finally, the lateral position of molecules was varied with molecule
positions limited such that the central phenyl ring of all molecules was adsorbed
in a high symmetry site. Coherent fraction and position values calculated for
each model were compared to XSW measurements with the assumption that Ag
adatoms were adsorbed in high symmetry sites as well. For both TPB,;o and
TPp0, a single high symmetry structural arrangement was found in agreement

with experiments. These potential adsorption models are presented below.

TPB Lateral Adsorption Modelling

The adsorption model for metal-organic TPByso (figure[5.15b) shows all molecular
centres in three-fold hollow adsorption sites (either all hep or all fec sites), with
Ag adatoms predicted to rest in the same three-fold hollow sites as the molecular
centres. Lateral translation of the molecular overlayer, such that molecule centres

are adsorbed at bridge sites (with adatoms positioned in bridging sites as well),
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Figure 5.15: (a) STM image showing the metal-organic phase of TPB, as shown in
figure [5.12b. Molecular model, intermolecular separations and lattice vector directions
are overlaid. (b) Proposed adsorption models for metal-organic phases of TPB on Ag(111)
based on XSW modelling. (c) Argand diagram for TPBjso of proposed adsorption
model for organometallic carbon atom locations relative to the (200) plane. Black arrows
represent vectors based on proposed adsorption models. Measured coherent fraction and
position values are shown in red and the model C'y and C'y values are given in the bottom
right. (d) STM image of covalently bonded TPB on Ag(111) after annealing the surface,
as shown in figure [5.12d. Molecular model, intermolecular separations and lattice vector
directions are overlaid. (e) Proposed adsorption model for covalent phase of TPB. Models
based on measurements obtained from STM images.

also results in a model that agrees well with the STM and XSW results. Of note
is that adsorption models with molecular centres adsorbed above atop sites, and
hence Ag adatoms in atop sites, gave calculated values for C'y and C), incompatible
with the experimental values. This may be rationalised by considering the lower
stability of Ag adatoms adsorbed in atop sites for this model.

The proposed adsorption model has a molecular centre to centre separation of
1.53 nm, in agreement with STM measurements (1.63 & 0.1 nm). Additionally, the
adsorption model predicts molecules are aligned to the high symmetry directions

of the surface at an angle of 19°, in rough agreement with the measured angle of
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25 4+ 2°.

An Argand diagram showing the resultant C'y and C,, values for this model is
shown in figure [5.15c. Based upon the model of the metal-organic phase of TPB
values of Cyo0)—c1s = 0.14 £ 0.04 and Cp200)—c15s = 0.70 &= 0.03 are obtained.
These values are in agreement with the experimentally determined XSW values
(Cr00)-c1s = 0.26 £ 0.17, Cpa00)—c1s = 0.81 & 0.14). It is important to note
that the ‘ranges’ quoted on modelled Cy and C), values account for variation in
molecular flexibility. These variations give rise to several models which would fit
with the experimental data due to minor changes in height and separation (D)
of the organometallic carbon atoms, altering C'o0)-c1s and Cpa00)—c1s, While
keeping the same high-symmetry adsorption site of the Ag adatoms and molecular
centres.

As stated previously, these modelling methods could not be applied to develop
adsorption models of covalent TP¢¢, due to the complexity of molecules and the
number of possible variables within the system. Adsorption models were instead
produced using STM measurements of dimensions and angles relative to the sur-
face. Structures were positioned relative to the underlying surface by attempting
to align molecule centres to high symmetry sites. A tentative adsorption model
developed using these methods is shown in figure 5.I15p. TPB unit centres were
found to be separated by 1.30 nm, at an angle of 4° to the surface (110) crystallo-
graphic directions. This agrees well with STM measurements (see above, section

5.5.2)) of 1.31 + 0.03 nm unit separation at an angle of 3 + 2° to the surface.

TP Lateral Adsorption Modelling

Using a similar method to that used for TPB, the lateral adsorption geometry of
TP on Ag(111) was investigated by combining NIXSW and STM measurements.
For TP 0, only a single physically reasonable structural arrangement (with all
Ag adatoms positioned above high symmetry sites) was found that agreed with

both STM and XSW measurements. An example model is shown in figure [5.16p.
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Figure 5.16: (a) STM image of TP in the metal-organic phase (TPys0), as shown in
figure [5.13p. TP units and silver adatoms are overlaid to show structures formed with
molecule-molecule separation and surface lattice directions indicated (white - bottom
left). (b) Proposed adsorption model for metal-organic phase of TP ;0 on Ag(111) based
on XSW modelling. (¢) Argand diagram for TP ;o of proposed adsorption model for
organometallic carbon atom locations relative to the (200) plane. Black arrows represent
vectors based on proposed adsorption models. Measured coherent fraction and position
values are shown in red and the model Cy and Cy values are given in the bottom right.
(d) STM image of covalently coupled TP (TP¢¢), as shown in figure . Molecular
model, intermolecular separations and lattice vector directions are overlaid. (e) Proposed
adsorption model for covalent phase of TP (TPc¢). Model based on measurements
obtained from STM images.

Molecule centres are adsorbed at similar bridge sites, with molecules in adjacent
chains adsorbed at a different bridge site. Ag adatoms are found to alternate
between adsorbing at bridge and atop sites and only bridge sites for adjacent
chains.

The adsorption model shows zigzag chains to have a period 2.60 nm, at an
angle of 0° relative to the (110) set of crystal directions, in agreement with STM
measurements (2.63 £ 0.05 nm and -5° respectively). Additionally, the adsorption

model has molecular chains separated by 1.13 nm which is in good agreement with
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the measured value of 1.14 + 0.05 nm.

An Argand diagram showing the resultant C'y and C), values for this model
is shown in figure [5.16p. For metal-organic TP, all valid models gave values
of Craooy—c1s = 0.24 £ 0.01 and Cpo00)—c1s = 0.72 £ 0.03. Similar to models
of TPBys0, both Cy and C), values are lower than expected from measurements
(Cr00)-c1s = 0.39 £ 0.16, Cpa00)—c1s = 0.77 £ 0.11) but still agree within the
experimental uncertainty.

As with TPB¢¢, simulations using NIXSW measurements of C'y and C), values
were not used to develop adsorption models of covalent TP . Instead, adsorption
models were developed based on measured dimensions and angles relative to the
surface, attempting to align molecule centres to high symmetry sites. A tentative
adsorption model developed using these methods is shown in figure [5.I6f. Chains
in this model have a period of 2.25 nm, are oriented at 30° to the underlying
surface and are separated by 1.15 nm. These results are in good agreement with
STM measurements of these structures, which were found to have a period of 2.24
+ 0.05 nm at an angle of 31° to the underlying surface, with chains separated by
1.19 £+ 0.05 nm.

5.6 Conclusion

A combination of XPS, STM, and chemically sensitive NIXSW measurements were
employed to characterise an on-surface Ullmann-type reaction. Through these
techniques, the molecular conformation, adsorption geometries and role of sub-
strate adatoms within the intermediate (MO) and final (covalently bonded) phases
of the reaction were determined. Structural characterisation of the adsorption ge-
ometries for organometallic carbons, within the MO intermediate phase, indicates
that it is metal adatoms that play an important role within the intermediate com-
plex (and not atoms within the surface layer). It is therefore likely that strategies
seeking to control on-surface reactions based upon limiting the availability of such

species are a promising route towards bespoke functional materials.
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This approach of utilising the exceptionally high-lateral resolution of STM
alongside the chemical sensitivity and vertical resolution (relative to the plane
of the substrate) of NIXSW underpins a methodology for accurately determin-
ing the 3D structure (specifically molecular conformations) at various stages of
on-surface reactions. Such information is not easily obtained by scanning probe
techniques in the absence of complementary experimental and/or theoretical ap-
proaches. Importantly, these findings demonstrate a universality for this type of
on-surface reaction, specifically with regards to molecular conformations and the
role of metal adatoms as indicated by the observed similarities for two structurally

different aryl-halide functionalised molecules.



Chapter 6

On-Surface Synthesis within a

Porphyrin Nanoring Template

Within previous chapters, the factors influencing on-surface Ullmann-coupling have
been investigated. So far the focus has been on the role of surface topography on
the geometry of reaction products, as well as determining the presence of surface
adatoms in metal-organic intermediate molecular structures. This chapter builds
on these results by exploring the use of molecular templates as a method to confine
the Ullmann reaction. The use of a surface template in this way aimed to limit the
access of reaction molecules to reaction sites such as metal adatoms and surface
step-edges. Cyclic porphyrin polymer molecules were selected for use as a molec-
ular template. Porphyrin nanorings were initially deposited onto a clean Au(111)
surface, followed by the deposition of a reactant molecule. The sample was then
annealed in order to initiate the Ullmann reaction. The resulting surface was then

characterised by STM to determine the effectiveness of the porphyrin template.

6.1 Introduction

As discussed in chapters[2d]and [f] the on-surface synthesis of 1D and 2D covalently
bonded structures, performed on metal substrates under UHV conditions, has been

achieved through a variety of different strategies |27, [39] [132HI34]: facilitating the

101
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synthesis of molecular chains [46, 47, 66, 97, 135l [136], graphene nanoribbons
[6, 89|, and 2D molecular frameworks[70, [71), [79)].

Many studies have focused on the transfer of classical solution-phase reactions
(for example, Ullmann coupling and Glaser coupling [133]) onto supporting sub-
strates held under UHV conditions. Such reactions are often initiated via the
interaction between the vacuum deposited monomer species and the catalytic sur-
face, resulting in the breaking of covalent bonds (carbon-halogen bonds in the case
of Ullmann coupling). This produces a reactive intermediate species that may then
participate in the on-surface formation of a covalently bonded product. Confining
molecules to two dimensions in this way can lead to stereo- and regioselective re-
action pathways not seen in solution synthesis, due to confinement to the quasi-2D
plane provided by the supporting substrate. This can in turn lead to the selective
formation of low dimensional molecular structures.

Covalently bonded structures produced by implementing current on-surface syn-
thesis protocols often exhibit a high degree of disorder, particularly over length
scales greater than a few nanometers |79, 81]. A promising approach is to influence,
and direct, the on-surface reaction by utilising the structure of the catalytically
active surface. Previous studies have focused on two main areas. Firstly, native
surface structures, such as step-edges [66l, 7] or the topography of anisotropic
crystallographic planes [74], have been used to align reactant molecules in a spe-
cific geometry, assisting the formation of more ordered structures. The results
presented in chapter [4] demonstrate the importance of alignment of intermediate
and product structures with the atomic corrugation of the substrate. Secondly,
surface reconstructions such as Cu(110)-(2x1)O, have been produced for use as
templates; spatially confining molecules in order to influence the structure of the
covalently coupled products formed via an on-surface reaction [98].

More recently, the use of molecular structures as templates has been demon-
strated by employing a self-assembled extended porous network to confine molecules,

facilitating an investigation of reactions within the pores [44]. As discussed in chap-
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ter[2], in this study a porous hydrogen-bonded supramolecular network was formed
on a Ag(111) surface. Reactant species confined within these pores were then found
to undergo breaking of intramolecular carbon-halogen bonds, with the substrate
acting as a catalyst. This approach has the potential to allow catalytic surfaces to
be templated by molecular systems, leading to surfaces with well-defined reactive
regions. However, the internal dimensions of such networks can be similar to those
of the precursor molecules and hence alternative templates for the formation of
extended structures are required.

Some of the largest macromolecular systems synthesised to-date are porphyrin
nanorings [I11], [137] (cyclic structures consisting of 10s of covalently bonded por-
phyrin units) which offer an ideal porous material with which to template a cat-
alytic surface. In this chapter, the use of porphyrin nanorings as a molecular
template to constrain an on-surface Ullmann coupling reaction is investigated via

room temperature STM under UHV conditions.

6.2 Characterisation of reactant molecule and molec-
ular template

The reactant molecule used in this experiment was 1,3,5-tris(4-iodophenyl)benzene
(TIPB), and is shown in Figure . TIPB consists of a central phenyl ring with
three outer iodobenzene groups and is known to react through an Ullmann-type
coupling mechanism [80, 81, [I38]. As part of the reaction the dissociation of the C-1
bond within the TIPB molecule leads to the formation of a 1,3,5-triphenylbenzene
(TPB) monomer unit, from which the extended polymers are formed (as discussed
previously in chapter [5)).

The molecule used to template the surface was a cyclic porphyrin structure
[137, 139] - ¢-P40, shown in figure [6.1p. The ring consists of 40 Zn-centred
porphyrin units, each with two 1,3-bis(octyloxy)benzene side groups, covalently

bonded to form a cyclic polymer. ¢-P40 nanoring is synthesised using a method
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Figure 6.1: Chemical structures of TIPB and ¢-P40 molecular species. (a) Schematic
diagram of the TIPB Ullmann-type coupling reaction forming covalently bonded struc-
tures. (b) Chemical structure of the ¢-P40 nanoring. (c) Schematic showing a ¢-P40 ring
with examples of covalently bonded structures which may be formed via Ullmann-type
coupling of TIPB inside the ring.

based upon Vernier templating described here [I11) 137]. The geometry of the
rings allows molecular species to be confined within a well defined area. This has
been demonstrated previously using smaller nanorings (c-P24) to confine islands
of Cgo [140]. In this experiment, Cgy was found to form close-packed islands of up
to 37 units within the nanorings. In this work it is demonstrated that the pores
are of sufficient size to allow extended covalent structures to form inside of them.

In order to visualise the relative dimensions of TIPB and the nanoring template,
a structural model for a ¢-P40 ring and several potential reaction products (1D,
2D, and dimer) are shown in figure [6.1c. A single ¢-P40 (shown in blue) is used
to contain several covalently bonded TIPB structures (red). These may consist
of various linear chains and 2D networks, formed through Ullmann-type coupling
of TIPB monomer units deposited inside the ring. Preliminary experiments to
characterise TIPB and ¢-P40 individually on Au(111) via STM, were performed.

Images of both molecules and the structures they form are shown in figure |6.2
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Figure 6.2: (a) STM image of the self-assembled TIPB zigzag structures formed on
the Au(111) surface; demonstrating that iodine has not dissociated from the molecules
(Iset =30 pA, V = —1.8 V). (b) Close up of TIPB structures observed on Au(111), prior
to annealing. (c) Structural model showing the regular zigzag arrangement formed by
TIPB when deposited onto a Au(111) surface, prior to annealing. Purple circles represent
iodine groups and grey lines the carbon backbone of the molecule. This structure has
previously been reported [80]. (d) STM image showing a region of the two-dimensional
extended network of covalently bonded TPB formed on Au(111) following activation of
the on-surface reaction (Ise; = 50 pA, V = 1.8 V). (e) Example overview STM image
showing several stacks of ¢-P40 nanorings on Au(111) (Ise; = 30 pA, V = —1.8 V). (f)
Close-up STM image of a stack of ¢-P40 nanorings on Ag(111) showing clear resolution
of individual porphyrin units (Is¢¢ = 10 pA, V = —-1.8 V).

6.2.1 STM characterisation of TIPB

TIPB was deposited via sublimation from a Knudsen cell evaporator, heated to
180°C, for 5 minutes onto a Au(111) sample held at room temperature (Figure
and b). This was found to form a ‘zigzag’ phase, as observed previously
[80], indicating that iodine had not dissociated from the molecule immediately
following deposition. A model of this phase is shown in figure [6.2c, where grey
trefoils represent the aromatic backbone of the molecule, with the position of iodine

species indicated by purple circles. Annealing the surface to ~110°C induced
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catalytic cleaving of the C-I bonds within TIPB, leading to the formation of TPB
as part of the Ullmann-type coupling reaction. TPB molecules were then observed
to form two-dimensional networks, shown in figure [6.2d. The structures formed
exhibit a non-regular arrangement, with cells of square, pentagonal, hexagonal,

and higher-order polygonal symmetries [81], [83].

6.2.2 STM characterisation of ¢-P40

The large size of the ¢-P40 nanorings rings prohibits deposition via traditional
UHV techniques, such as thermal sublimation, therefore an electrospray ionisation
deposition technique was employed (see section for details). This has been
previously used for similar porphyrin based systems [137, [141]) and allows the
molecules in solution to be transferred to a surface held under UHV. Similar ap-
proaches have been applied to investigate a range of molecules including proteins
[142], single molecule magnets [141] [143], and a variety of other species [144] [145].

¢-P40 was deposited from a solution of toluene and methanol (3:1 mixture) onto
a clean Au(111) surface held at 107¢ mbar. A syringe pump was used to supply
a constant flow of solution at a rate of 4 pl/hour to the spray emitter needle.
Depositions were performed for a period of 30 minutes, with the electrospray event
initiated by applying a potential difference of ~1.8 kV between the emitter needle
and entrance capillary to the UHV system.

When deposited onto a separate, clean Au(111) surface the ¢-P40 rings were
observed to form stacks on the surface (figure ), typically 2-4 units high (be-
tween 0.4 and 1.0 nm). This is similar to that observed in previous experiments
(~ 0.4 nm for double stacks, ~ 0.7 nm for triple stacks, and ~ 0.1 nm for single
height rings [137]), where the number of rings in a stack can be affected by the
composition of the solvent used for electrospray deposition [146].

No diffusion of the rings was observed during the STM measurements, with
the adsorbed rings mainly present at step-edges. Sub-molecular resolution STM

images of rings (performed of Ag(111)) allows features corresponding to individual
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a)

Figure 6.3: (a) Diagram showing major (a) and minor (b) axes of an ellipse. (b)
Example image showing how measurements were made to calculate values for major and
minor axes for nanorings. Image parameters: I;; = 10 pA, V = —-1.8 V.

porphyrin units to be resolved (figure ), providing confirmation that each ring
contained 40 units. The separation between each unit was found to be 1.31 +0.09
nm, in agreement with previous results (1.33 4+ 0.07 nm [46]). Rings were found
to have an average internal diameter of 13.0 £ 0.2 nm.

Additionally, ¢-P40 is known to be flexible and very few circular rings were ob-
served, with most arranged in stacks of ovals. This was quantified by determining
the average flattening factor, a measure of compression of a circle, for all observed
rings on the surface. The flattening factor, f, of an ellipse is defined such that

_a—b

f= , (6.1)

a

where a and b are the lengths of the major and minor axes of the ellipse respec-
tively (figure [6.3p). A flattening factor of f = 0 corresponds to a perfect circle
and a value of f =1 to a flat line. Within this experiment, the flattening factor
for nanorings was determined by measuring the lengths of the major and minor
axes of each ring, and was found to be f = 0.31 £ 0.03, from 61 measurements.

An example of this is shown in figure [6.3p.
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Figure 6.4: STM images acquired following the deposition of TIPB onto a Au(111)
surface pre-patterned with ¢-P40 nanorings, followed by annealing the surface to ~110°C.
Images acquired with I;; = 20 pA, V = —1.8 V. (a) Image showing TPB covalently
bonded structure inside ¢-P40 ring (blue arrow) and broken chains of porphyrins (white
arrows). (b) Close up of (a) showing clear TPB covalent structure. Porphyrin chain
covering structure indicated with white arrow. The size and direction of the average line
profile of this TPB structure (shown in figure is indicated in green.

6.3 Results

Following the studies of the homomolecular systems, a templated Au(111) surface
was prepared by first depositing ¢-P40, obtaining a surface coverage of approx-
imately 1.1 £ 0.3 ¢-P40 stacks per 100 nm?. TIPB was subsequently deposited
using the methodology described above. Heating the surface to ~110°C initiated
the Ullmann coupling reaction between the TIPB molecules and resulted in the
formation of extended TPB structures. These were observed at several locations
on the surface, both inside and outside of the stacked c¢-P40 rings. An example
STM image of a ¢-P40 ring on the Au(111) surface is shown in figure[6.4h. Sections
of porphyrin polymers, which are not part of the cyclic ¢-P40 rings, are observed
on the surface, both inside and outside of the rings (indicated by white arrows in
Figure [6.4h) and are attributed to ¢-P40 species in which a covalent bond con-
necting neighbouring porphyrin units has been broken. It is evident from these
structures that the elevated temperatures required to initiate the on-surface cou-
pling of TIPB also led to disruption of the ¢-P40 ring structures (via the breaking
of covalent bonds within the nanoring).

Characterisation of the surface following annealing reveals that TPB structures
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Figure 6.5: (a) STM image showing TPB structures seen inside and outside of a broken
c-P40 ring. (b) STM image shown in (a) with adjusted contrast. TPB are structures seen
inside and outside of ¢-P40 ring indicated with blue arrows. (c) Close up STM image
of of TPB structures shown in (a) and (b). (d) Proposed molecular structures of TPB
overlaid on (c). The size and direction of the average line profile for this TPB structure
(shown in figure is indicated in red. Images acquired with Is,; = 20 pA, V = —1.8
V.

are present inside the ¢-P40 rings (figure - blue arrow). A close-up image
acquired within this ring is shown in figure [6.4pb. The structures here are at-
tributed to a chain of covalently bonded TPB units, potentially incorporating a
TPB macrocycle (partially obscured by the broken ¢-P40 ring - white arrow).
An additional set of structures is shown in figure [6.5] where a distorted stack
of nanorings is observed, with several cyclic network features present both inside
and outside of the ring (the contrast in[6.5b has been ’enhanced’ from (a) to show
details of structures within the ring, leading to a corresponding reduction in the
definition of the ¢-P40 ring). Figures and d show a close up view of the TPB

structures inside this ring.
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Figure 6.6: Average of 5 line profiles showing separation of TPB covalent structures in

figures (green) and (red).

The separation of TPB units within the observed structures was then compared.
Line profiles were taken between vertices of observed structures, from positions in-
dicated in figures[6.4p and [6.5d in red and green respectively. These measurements
are shown in figure[6.6] The separation of TPB units in both structures was found
to be 1.33 £ 0.02 nm. These measurement agree with the expected value of 1.31
nm for four covalently bonded aryl units [81] and suggests that the observed struc-
tures are formed from covalently bonded TPB. Based on the covalent nature of
the bonding between molecules, a model is proposed for the structures observed
in figure [6.5] This is shown overlaid on an STM image in figure and reveals
a number of covalently bonded, cyclic TPB structures within the ¢-P40 ring.

Due to the mobility of material on the surface (e.g. motion of the porphyrin
chain forming part of the broken ring) achieving stable imaging conditions within
the stacked rings is challenging. However, it is evident from these measurements
that the molecular structures observed within the ¢-P40 rings have the expected
dimensions and geometry for the coupled product formed from TIPB species re-

acted within the porphyrin nanorings.
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6.4 Discussion: Use of c-P40 as a porous molecular
template

The methodology described above provides a promising route towards the appli-
cation of macromolecular structures as templates for on-surface synthesis. It is,
however, evident that there are also several technical limitations encountered as
part of the current methodology which affect the formation and characterisation
of extended TPB structures within the ¢-P40 rings. These limitations are outlined

below

6.4.1 Thermal stability of ¢-P40 on Au(111)

Experiments conducted to determine the thermal stability of the rings in the pres-
ence of TIPB revealed that ¢-P40 thermally degrades at similar temperatures to
those required to initiate the Ullmann-type coupling reaction (~110°C). Heating
samples to ~105°C resulted in sections of the rings breaking (figure[6.7h). Further
heating to ~115°C produced similar results, with a slightly greater numbers of
broken rings observed (figure [6.7b). Finally, after heating to ~120°C almost no
rings were observed on the surface, likely due to the majority of rings decomposing
(6.7F).

Looking at these results in more detail, figure shows two stacks of rings
which have been affected by the anneal. The topmost ring of the left stack ex-
hibits discontinuities in the observed contrast around the circumference of the ring
(indicative of a break in the ring), and a section of the detached polymer material
is observed within the pore of the ring. Similarly, the topmost porphyrin rings of
the right stack exhibit discontinuities in contrast, but also appear to have been
laterally displaced, with the upper layers of rings not resting upon the lower ones.
Also commonly observed are linear chains of porphyrins, assigned to broken rings,
seen both inside and outside intact rings. Examples of these are highlighted by
white arrows in figure [6.7p.
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Figure 6.7: Details of the effect of elevated temperatures on the ¢-P40 rings in the
presence of co-deposited TIPB. (a) STM image showing ¢-P40 rings after annealing the
Au(111) surface to ~105 °C for 30 mins. Rings are broken in several places and rings
within stacks have been laterally displaced (Iz: = 30 pA, V = —1.8 V). (b) STM image
of ¢-P40 rings on Au(111) after annealing to ~115°C for 20 mins. Broken porphyrin
chains inside and outside rings are indicated (white arrows), (Iset = 20 pA, V = —1.8
V). (¢) STM image acquired after an anneal of the surface at ~120°C for 30 mins. The
majority of rings on the surface are observed to break, with very little evidence for the
presence of intact nanorings (I = 30 pA, V = —1.8 V).

These thermally decomposed structures create difficulties in both finding and
imaging TPB structures on the surface. The weak intermolecular binding between
the stacked rings (most likely mediated by m-7 stacking) means that under stan-
dard tunnelling parameters (Is; = 20 pA, V' = —1.8 V) it was observed that a
spontaneous tip-sample interaction could result in the displacement or distortion

of a stack of rings, preventing further imaging of that area.

6.4.2 Characterisation of co-deposited species

STM characterisation of the surface following electrospray deposition of ¢-P40
revealed that a contaminant species had been co-deposited. This was found to
be present over the majority of the surface, as shown in Figure [6.8a, with such
domains observed both inside and outside of the rings. A higher resolution image
of this area (Figure ) shows several domains of the contaminant arranged in
rows oriented at 120° relative to each other; likely to be aligned to the major

crystallographic directions of the surface lattice. The separation of these rows
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Figure 6.8: (a) STM overview image showing several large domains of co-deposited
contaminant material the on surface (Iser = 20 pA, V = —1.8 V). (b) Close up of area
in a) showing various domains of contaminant material (Iz; = 20 pA, V = —1.8 V).

was found to be 0.51 4+ 0.03 nm. Linear alkane chains are known to adsorb and
form ordered domains similar to those observed here [13, 147]. It is therefore
proposed that the contaminant consists of alkane chains either originating from
the electrospray solvent, or potentially via decomposition of the ¢-P40 side groups.
The observed contaminant is likely to have prevented TIPB adsorption on the
surface in many areas (via a reduction in the sticking coefficient for TIPB incident
upon the surface). In particular, the presence of the contaminant may have acted
to passivate the surface, reducing the effectiveness of the surface as a catalyst.
Overall, the co-deposition of the contaminant has the potential to limit the initial
step of the Ullmann-type coupling process (C-I bond cleavage) required to form

covalent bonds, reducing the efficiency of the on-surface reaction.

6.4.3 Implications for STM resolution within porous struc-

tures

It is also worth noting a more general point with regards to obtaining STM images

within the pore of the cyclic porphyrin rings; in such cases the sharpness of the
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Surface

Figure 6.9: Schematic of tip-surface structure within a circular pore. Inset shows three
dimensional perspective of the model.

STM probe (which can be qualified by the radius of curvature) may be comparable
to the dimensions of the pore. Therefore, when imaging near the inside edge of
c-P40 rings, the probe-surface separation and the separation between probe and
the topmost ring within the stack may be of a similar magnitude - resulting in the
measured tunnel current signal containing contributions, of similar magnitudes,
from both the probe-surface and the probe- ¢-P40 ring interactions. Images pro-
duced this way will then be a convolution of both ring and surface states, resulting
in the ‘blurring’ of the areas near the edges of rings. This effect is exacerbated for
stacks containing several c-P40 rings, making the acquisition of images from an
area inside a ring difficult. This issue can, in principle, be mitigated by prepar-
ing a high aspect-ratio STM probe. However, maintaining such a probe at room
temperature (where diffusion of atoms at the apex of the probe is likely to be
an important consideration) with a multi-component surface preparation (where
diffusing molecular species may adsorb upon the probe) is particularly challenging.

The effect of imaging within a pore, with appreciable vertical height, upon the
resolution obtainable can be seen through a simple model, shown in figure as
a cross section of the surface. The stack of rings is modelled as a hollow cylinder

of height h. The STM tip can be considered a sphere of radius R, positioned a
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distance horizontal D away from the ring stack and a height z above the surface.
The distance s is the shortest separation between the edge of the ring stack and

any part of the tip. Using this model, it can be shown that

(s+ R)*=D?+ (2 + R — h)?, (6.2)

and this can be rearranged to give

s—z=+/D?+(z+R—h)2—R~— 2 (6.3)

When the tunnel current originating from the ring stack (tunnelling through
distance s) becomes comparable to the main tunnel current between tip and sur-
face, the ring stack will have an effect on images produced. Due to the sensitivity
to distance of STM measurements, with tunnel currents changing by an order of
magnitude for a 1 A change in separation, effects will be seen in images when
s &~ z. The closest horizontal distance (D = D,,;,) the tip can get to the ring
stack before tip-ring interactions are noticeable in the tunnel current signal there-

fore occurs when s — z = 0. Using this, equation [6.3| can be rewritten

Drnin = VVh(2R + 27 — h). (6.4)

Figure [6.10p is a graph showing the variation of D,,;, with tip radius R at
various ring heights and tip-surface separations. In this graph A was chosen to be
0.4, 0.7, and 1.0 nm, corresponding to the heights of 2, 3 or 4 nanorings respectively
[137] and and z was chosen to be 0.1, 0.5, and 1.0 nm above the surface. From
this graph several factors can be noticed. Firstly, variation in tip height has very
little effect on tip ring interactions compared to other factors. An increase in
tip radius however results in a large increase in D,,;,. This is as expected as a
blunter tip (larger radius of curvature) will produce less clear images with lower

resolution. The height of rings also has a significant impact on D,,;,, such that tip
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Figure 6.10: Graphs showing variation in the closest distance (D) the tip can
approach a ring of height h before tip-ring interactions become comparable to tip surface
interactions. (a) shows variation for a regular metallic tip of radius R and (b) shows
variation for a tip of radius R, terminated in a Au atom of radius r = 0.144 nm. In each
graph, variation is shown for ring heights of 0.4, 0.7 and 1.0 nm, corresponding to stacks
of two, three and four nanorings respectively. Tip heights, z, above the surface of 0.1, 0.5
and 1.0 nm are also shown for each h value, with lower z values producing lower values
of Dmm.

ring interactions occur at shorter distances for shorter ring stacks meaning that
the STM tip can image closer to the ring for small heights and will need to be
further away from the ring for taller stacks of rings. Overall it can be seen that for
all tip sizes and ring heights, images of areas taken within at least 1 nm of a ring
will be affected by tip ring interactions and this distance is significantly increased
for higher ring stacks and blunter tips.

This can be explored further by considering a tip terminated with a single Au
atom of radius r = 0.144 nm, shown in figure [6.11} Following the derivation steps

above, it is found that

s—z=+/D?>+(z+R+2r—h)2—R—z, (6.5)

and under the conditions of s — 2z =0 at D = D,,;»

Dpin = \Vh2R+2Z —h) —4r(Z + R+r — h). (6.6)
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Surface

Figure 6.11: Extension of the model in figure to include a tip terminated with a
single Au atom.

This is similar equation but with an additional factor in the square root.
This factor results in a reduction in D,,;, for all h, R and z values. A graph of
equation (figure [6.10b) shows a similar trend to the case with no atom on the
tip (figure [6.10R) but with all values of Dy, reduced. This is as expected as tips
terminated with surface atoms often produce images with better resolution. The
result is significant however as it shows that images can be taken from 0.5 nm
of the ring edge without significant contributions from tip-nanoring interactions.
However, this requires very sharp tips, which can be difficult to prepare under
room temperature conditions. This further increase the difficulty seen of imaging
structures within rings, as seen in experiments. For these reasons it is possible that
for "blunt" tips with R =~ 15 nm, the area inside three or four unit high stacks of
rings will be convolved and have poor resolution.

Overall, from this geometric model, it is found that for stacks of rings consisting
of three rings, combined with spherical probes of radius 15 nm or greater, it is
expected that imaging inside a ring would lead to a considerable contribution to
the measured tunnelling current from the interaction between the tip and the stack
of rings, and hence STM images acquired in these regions will exhibit reduced

resolution. This prediction supports the experimental observation that imaging
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molecular structures within the rings is non-trivial, and potentially explains the
low contrast variation between the TPB networks and the surface, (see figure[6.5p)

as the STM current signal is influenced by the probe-ring interaction.

6.5 Conclusions

In conclusion, it has been demonstrated that c-P40 porphyrin nanorings can be
used as a macromolecular template for the confinement of a reactant species, which
can subsequently participate in an Ullmann-type on-surface coupling reaction. Co-
valently bonded reaction products were observed both inside and outside of rings
and these products were characterised by room temperature UHV-STM. The use
of ¢-P40 as a template for confinement however is limited by a number of tech-
nical issues; most notably the low thermal stability of the rings, and the require-
ment for deposition of ¢-P40 via electrospray (introducing contaminant species to
the surface), both of which limit the probability for the on-surface reactions to
proceed. Issues with characterising any structures within ¢-P40 have also been
demonstrated, primarily due to the difficulty of preparing and maintaining a suit-
able sharp STM tip at room temperature on a multi-component surface. However,
the results presented here demonstrate that large macromolecular structures can
be used to template catalytically active surfaces, that on-surface reactions can
be initiated within the pores of this templating structure, and that the reaction

products can be observed within these templates.
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Molecular Quantum Rings

Following on from the use of c-P40 as a molecular template for on-surface synthe-
sis, this chapter focuses on characterising the electronic structure of these nanor-
ings. The effects of quantum confinement upon electrons within molecular nanor-
ings 1s tnvestigated, and through this their potential to act as quantum rings is
explored. A combination of STM and STS measurements were used to experi-
mentally probe the electronic states of c-P40 rings. These findings are supported
through computational tight binding and density functional theory calculations. It
was found that c-P40 molecules possess quantised energy states and localisation of

electron densities, consistent with expected properties for quantum rings.

7.1 Introduction

Quantum rings are nanoscale ring structures that have been previously shown to
exhibit interesting quantum phenomena due to the confinement of electronic states
within a cyclic geometry. A notable example of such phenonema is persistent ring
currents. Typically, electric currents induced in a circuit will dissipate energy
without an applied voltage, with the current rapidly decaying to zero. However,
quantum mechanics predicts that electrons may be able to flow through a resistive
circuit, without dissipating. This effect has been demonstrated experimentally

within quantum rings [I48]. In addition to this, quantum rings have been shown
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Figure 7.1: (a) STM image showing a chain of 22 In adatoms on InAs(111)A. Blue and
red X’s indicate positions of STS spectra acquisition. (b) A conductance map showing
the localisation of energy states along the chain. Image obtained at a bias of 145mV
and shows the n=6 quantum state. (c) STS spectra for different sections of the chain
(blue and red, positions indicated in (a)) as well as a background spectra (green) of the
pristine InAs(111) A surface for reference. Adapted from [150].

to exhibit the Aharonov-Bohm effect, where charged particles are found to be
influenced by an electromagnetic potential, even in a region of zero electric or
magnetic field [I149]. Demonstrations of both of these effects act as verification for
unique aspects of quantum mechanics.

Experiments have previously been performed to investigate the electronic struc-
tural properties of quantum rings and linear chains (acting as 1D potential wells),
as well as detailing the quantum effects associated with them. One experimental
approach is to use an STM tip to manipulate (see ref [I]) In adatoms into a linear
chain, as shown in figure where 22 In adatoms were aligned. The In adatoms
within the chain are positively charged, creating an electrostatic potential which
acts to confine electrons from the InAs surface. Electrons trapped in this way
lead to quantisation of energy states within the chain. These can be modelled by
considering confined electrons as a ‘particle in a box’, such that, for a chain of
length L, the quantised energy states of the electron are given by

h2k>2 h?
En = no—
2m* 2m*

(%)Qn{ n=123._, (7.1)

where k, is the wave vector for the nth state, L is the length of the chain and
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*

m* is the effective electron mass. This behaviour was investigated by acquiring
conductance maps in order to image the density of states around the chain for
different energies. Imaging the nth state of the chain revealed n lobes and n-1
nodes along the chain, as expected by the wavefunction for a particle in a box.
An example of this is shown in figure [7.Ip where the n = 6 quantised state is
imaged by scanning at an applied bias of 145 mV. Here, 6 clear lobes of high
electron density can be seen. Additionally, STS spectra were acquired at different
sections of the chain, indicated in[7.Th by blue and red X’s. The spectra, shown in
[7.Ik, reveal clear resonant energy states when compared to a background spectra,
taken above the clean InAs surface (green). Each of these states were assigned
a quantum number n, and were found to agree well with predicted theory, with
energy states E, scaling approximately by n?.

This idea was extended further to create a ring structure in order to examine
quantum ring properties. As previously, an STM tip was used to manipulate 78
In adatoms into a hexagon structure on the surface [I50]. This is shown in figure
[7.2h. Using a similar model as described above and approximating the hexagon

structure as a ring of radius R, the quantised energy states are given by

Ey

B h? ﬁ h? (7r
C2m*R2 2m*

2
Z) (202,  1=0,+1,42,+3.., (7.2)

where L is the ring circumference and [ is the quantum number of angular mo-
mentum. As with the chain, conductance maps similarly showed localisation of
the density of states around the ring. Imaging at increasingly higher energy states
revealed 2[ lobes of high electron density around the ring (figure ) Further
to this, STS measurements acquired at different locations around the ring (indi-
cated in ) demonstrated the quantisation of energy levels, with resonant peaks
observed up to quantum numbers [ = £9 (figure ) These results show quali-
tative agreement with electrons confined to a closed loop and act to demonstrate
the energy structures within quantum rings.

The use of atomic manipulation to assemble quantum rings demonstrates that
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Figure 7.2: (a) STM image showing 78 In adatoms assembled into a hexagonal quantum
ring. (b) Conductance maps showing formation of localised density of states for different
imaging biases. (c) Comparisons of ST'S measurements taken at different positions around
the ring (see crosses in (b)) showing quantisation of energy levels. Adapted from [151].

quantum confinement effects can be visualised within an idealised ring structure.
However, assembling structures in this manner is labour intensive and time con-
suming, relying entirely on manual manipulation of atoms, making this technique
difficult to scale up.

Efficient fabrication of quantum rings however can currently be achieved through
growth on semiconductor samples (for example GaAs), using molecular beam epi-
taxy. In this technique, self-assembled quantum dots are capped with a semicon-
ductor layer, thinner than the dot height. Subsequent annealing of the sample
leads to redistribution of the quantum dot material and the formation of elon-
gated ring shaped islands with a central crater. An example AFM image of the
rings formed this way is shown in figure [7.3p. Using this method, a large num-

ber of quantum rings can be fabricated on a sample, reaching area densities of
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Figure 7.3: (a) AFM image showing semiconductor quantum rings. Taken from [152].
(b) Overview AFM image of large area (1x1 pm?) showing the distribution of quantum
rings over a sample. (c) Cross-sectional STM image showing example cross sections of
quantum rings from two perpendicular directions. Inset shows modelled quantum ring
based on these measurements. Adapted from [I53].

~100 rings/pm? [153] (see figure [7.3p). However, rings produced in this way ex-
hibit a large variation in size, with outer diameter varying between 60 and 140
nm [I52]. Additionally, it has previously been shown that these rings exhibit
uneven morphology. Figure shows example cross sections of semiconductor
quantum rings, acquired from orthogonal cleavage planes using a cross-sectional
STM technique [I53]. Here it was found that higher sections within rings were
preferentially produced along the [110] direction top) compared to the [111]
direction bottom). This produces an asymmetric ring shape, with two higher
lobes on opposite sides of the ring (7.3c inset). Computational studies have shown
that variations in geometry such as these are likely to give rise to inhomogeneous
broadening and shifting of the energy levels with quantum rings. [154, 155].

The methods for producing quantum rings outlined above show two extremes,
between complete control of the structural properties of rings (adatom manipula-
tion) and the ability to mass produce them (semiconductor rings). Each of these
methods have a number of problems, as discussed above. A potential alternative
is the use of molecular systems, for example cyclic porphyrin polymers, as molec-
ular quantum rings. These cyclic polymers possess a delocalised m-conjugated

electronic structure and have previously been shown to exhibit ring currents for
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systems containing up to 12 porphyrin sub-units [156, [157]. The molecules are rel-
atively simple to produce using a Vernier templating method [I11] and porphyrin
rings can be synthesised with a range of sizes, varying between 5-50 porphyrin
units [137, 139, 158|]. These can be preferentially selected through purification af-
ter synthesis to ensure a consistent geometry for all rings. Additionally, molecular
rings are highly customisable, offering the option to functionalise the rings with
different molecular groups or to substitute metal atoms at the centre of porphyrins.

In this chapter, the potential of cyclic porphyrin polymers as molecular quantum
rings is explored. A combination of STM and STS techniques are employed to
access the energy, and spatial position, of the electronic states of a 40 unit cyclic
porphyrin polymer within stacks of 2-3 rings supported on a Ag(111) substrate.
Additionally, computational calculations of the electronic structure of ¢-P40 rings
were performed to support the experimentally obtained results. These calculations
were preformed by Anton Nizovtsev in the group of Elena Besley (University of
Nottingham, School of Chemistry). Experimental results were compared with
density function theory (DFT) and extended tight-binding (GFN1-xTB method
[159]) based calculations. Together, these indicated that the electronic states of
the porphyrin rings within the stacks are similar to those of an isolated ring, and
that the spatial distribution of the observed states is a consequence of coherent

quantum confinement within the molecular quantum ring.

7.2 Geometric structure of ¢c-P40 nanorings

The structure of the cyclic porphyrin nanoring (¢-P40) studied here is shown
in figure [T.4h. ¢-P40 rings were synthesised using a vernier templating method
[111,[139]. Nanorings used in experiments consisted of 40 Zn-porphyrin units, func-
tionalised with two 3,5-bis(octyloxy)phenyl side groups (Ar;), covalently bonded
via butadiyne linkers to form a cycic polymer.

c-P40 was deposited onto clean Ag(111) via electrospray ionisation (see chap-

ter [0] for details). The sample was then transferred to an Omicron Low Tem-
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Figure 7.4: (a) Chemical structure of ¢-P40; side groups used in experiment (AR;)
and calculations (ARg) are shown. (b) STM image of several ¢-P40 nanoring stacks
on Ag(111) in different conformations, showing resolution of individual porphyrin units
(Iset = 10pA, V = —1.8 V). (¢) and (d) Energy minimised structure of ¢-P40 model (c)
and structure of ¢-P40 constrained to average dimensions observed in experiment (d),
calculated using an extended tight-binding approach (xTB).

perature STM system using a “vacuum suitcase” where resulting structures were
characterised by STM with the substrate held under ultra-high vacuum (UHV)
conditions at cryogenic temperatures (~78 K).

The STM image presented in figure shows stacks of between one and three
c-P40 rings on Ag(111). The stacked nanorings are observed in a variety of non-
circular geometries (due to the flexibility of the rings [I37]) and the change in
the observed contrast indicates variation in the number of rings within the stack
[146] (a broken c-P40 ring to the upper left of the image exhibits image contrast
comparable to that of an un-stacked polymer on the Ag(111) surface).

In order to facilitate computational analysis of these molecules, a geometry

optimised structure of a single circular ¢-P40 molecule was calculated using a
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xTB approach (details provided in Appendix [C]). This is shown in figure [7.4k,
with the calculated diameter of the ring and separation between porphyrin units
indicated, which are in good agreement with previous experimental observations
(1.33 £ 0.07 nm [46]). In order to reduce computational time, the porphyrin side
groups are substituted for truncated alkyl chains (Ar,, figure [7.4h). In addition,
an optimised structure using starting conditions based on the average dimensions
of experimentally observed rings is shown in figure [7.4d. The small difference in
energy between the two structures (AE = 0.15 eV, structure shown in figure

is more favourable) accounts for the range of ring conformations observed in the

STM data.

7.3 DFT and xTB calculations of electronic states

of c-P40

The discussion of the electronic properties of the rings is underpinned by calcula-
tions of the energy levels of unoccupied/occupied orbitals and the spatial distri-
bution of these states. The computational expense to calculate energy levels and
molecular orbitals using DFT for the ¢-P40 structure is prohibitive due to its large
size. Therefore a semi-empirical approach based on the GFN1-xTB method [159]
was employed for the complete ring. The validity of the computational approach is
first demonstrated by comparing short linear chains of porphyrins investigated by
xTB and DFT levels of theory (see Appendix [C| for details). The highest/lowest
lying occupied /unoccupied electronic orbitals were calculated for linear porphyrin
chains consisting of N monomer units (I-PN, N = 1-7) using both xTB and DFT
methods (figure [7.5p). Investigations were also performed into the use of the A
self-consistent field (ASCF) technique to calculate the ionisation potential (IP)
and electron affinity (EA) of the compounds under study, as these values have

previously been shown to be comparable with experimentally measured quantities

(see ref [160]).
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Figure 7.5: (a) Calculated energies of occupied and unoccupied states for linear por-
phyrin chains (I-PN, N=1-7) and ¢-P40 calculated with xTB and DFT methods (eigen-
value and ASCF techniques used to calculate the HOMO/LUMO and -IP/-EA values,
respectively). Exponential curves are fitted using I-PN N = 1-7 and extrapolated values
for ¢-P40 based upon DFT are shown (hollow markers). Break in x axis after 1-P7 in-
cluded for clarity. (b) Molecular orbital structures calculated for 1-P7, (LUMO = lowest
unoccupied molecular orbital, HOMO = highest occupied molecular orbital); calculated
using xTB and DFT methods.

From figure it can be seen that irrespective of the level of theory applied,
the energy for all states converges as the length of the polymer chain is increased
(I-P1 to 1-P7). This convergence was modelled as an exponential dependence
which shows good agreement with data. In the case of the xTB approach, direct
comparisons between the extrapolated value for an 1-P40 chain to that calculated
for the ¢-P40 ring could be made. Energies for the lowest unoccupied molecular
orbital (LUMO) were found to be -9.93 eV for the calculated xXTB method and
—9.96 eV for the extrapolated value from exponential model. The high level of

agreement between these values allowed for a similar extrapolation, based upon
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the DFT calculations for the chains 1-P1 to 1-P7, to obtain values for the ¢-P40
ring (hollow markers in figure [7.5h).

Comparisons were also made between the spatial distribution of molecular or-
bitals for I-.PN (N = 1-7) as calculated by xTB and DFT methods (details of the
I-P7 chain are shown in figure ) It is evident that there is good agreement with
respect to the spatial position of the two orbitals immediately above the LUMO
and below the highest occupied molecular orbital (HOMO). Both theoretical pro-
tocols predict a similar shape to the molecular orbitals, showing the same spatial
distribution of localised clusters of higher electron density which match qualita-
tively with the expected solutions to electron confinement within a 1D potential
well. The equivalence of these results indicates that xTB is a suitable method for

the qualitative analysis of the electronic structure of large ¢-P40 nanorings.

7.3.1 Experimental characterisation of the electronic states

of ¢c-P40

Scanning tunnelling spectroscopy (STS) was subsequently used to gain insight into
the electronic structure and molecular orbitals of the stacked ¢-P40 rings. In this
technique the differential conductance (dI/dV) is measured as a function of applied
sample-bias, with the tip held fixed at a specific point above the surface [99] (see
chapter . Conductance spectra were acquired using a lock-in technique with
a RMS bias modulation of 10 mV, with three repeat measurements averaged to
produce one spectra. The acquired differential conductance is proportional to the
density of states at that location and hence provides information on the energies
at which resonant tunnelling occurs (attributed to electronic states present at that
location).

STS spectra were obtained for a number of locations above stacks of ¢-P40. An
example spectrum is shown in figure [7.6h, acquired on a nanoring at the position
indicated in figure (blue). A background spectra (figure [7.6b) taken above a

clean area of the Ag(111) surface (green dot, figure [7.6f) shows no significant res-
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Figure 7.6: (a) Example forward (blue) and reverse (black) STS spectrum showing
differential conductance as a function of applied sample bias. Peak positions indicated
by dashed red lines and band gap energy (AEg,,) shown. (b) Background dI/dV spectra
taken above the Ag(111) surface. (¢) STM image showing locations where spectra were
acquired. The blue dot shows the spectra acquired above the nanoring (a) and the
green dot above the surface (b). Discontinuities in image occur due to small amounts of
thermal drift between spectra measurements. (Is; = 40 pA, V = 1.5V). (d) Histogram
showing the position of peaks observed in dI/dV spectra. 203 peaks were measured from
spectra taken over 8 different rings. Red dashed lines indicate the estimated positions
of resonances. (e) Energy levels of various electronic states as a function of polymer
length. The experimentally determined values for electronic resonances Ry, R1, and Ro
are shown.

onances, suggesting the STS measurements taken above ¢-P40 are not influenced
by potential contaminants on the tip.

Three distinct electronic resonances are observed in the ¢-P40 spectrum. Those
at approximately -1.00 V and 0.70 V, are labelled Ry and R, respectively, with
the additional higher energy resonance at 1.10 V being labelled Ry. The following
interpretation of the observed resonances is based upon a comparison with the
DFT calculated ionisation potentials, discussed above, and previously reported
optical transitions of linear and cyclic porphyrin polymers, acquired by UV-vis
absorption spectroscopy [161HIG3].

In figure [7.6f, the DFT-based ionisation potentials and electron affinities for

I-P1 to 1-P7 and ¢-P40 are presented. Also included are two data sets showing the
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predicted excited state energies of the ¢-P40 structure based upon the calculated
IP and literature values for the optical transitions (E,;): i.e. Q, (~820 nm, 1.51 £
0.08 eV) and Q, (~580 nm, 2.14 £ 0.07 eV) bands for ¢-P40 [163] 164]. A similar
approach has been implemented for the STS-based analysis of oligoacenes [160].
Finally, the positions of the experimentally determined tunnelling resonances (Ry,
Ry, and Ry) are referenced to the work function of Ag(111) (4.74 eV [165]).

Good agreement is found when comparing the expected separation between the
Q. and Q, bands (0.63 & 0.11 €V) and the measured gap between the R; and Ry
resonance (equivalent to 0.40 £ 0.14 eV). In addition, the measured separation
between Ry and Ry (1.70 £ 0.18 ¢V) matches to the Q, transition (1.51 + 0.08
eV). From the data presented in it is apparent that there is alignment between
the DFT-calculated ionisation potential of the ¢-P40 ring and the experimentally
observed electronic tunnelling resonance Ry; indicating that Rg is associated with
the electronic ground state of the molecular rings. The observation that the R;
resonance does not agree with the calculated EA has been previously observed,
for related systems [160], and may be attributed to the transient population of an
excited state during tunnelling resonance as opposed to the creation of a negative
charged species in the case of EA. However, one may interpret the resonances
labelled R; and Ry by considering -IP+E,,; with Ry corresponding to the Q,
transition (c.f. Ro = -3.64 £ 0.14 €V and -IP + E,, (Q,)= -3.81 £ 0.07 eV)
and R; assigned to the Q, transition. It should be noted however that intrinsic
flexibility of ¢-P40 will introduce variation in Q, and Q, [I61], which may account

for the discrepancy between R; and the Q, transition.

7.3.2 Spatial Distribution of Molecular States

To study the spatial distribution of the molecular states at various energies (in-
cluding resonant features Ro, Ry and Ry) differential conductance maps, recorded
over a range of sample biases, were acquired for several stacks of ¢-P40 nanor-

ings. Figure [7.7] shows conductance maps of a single stack of rings on a flat arca
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Figure 7.7: Differential conductance maps for a single ¢-P40 nanoring stack acquired for
sample bias values +1.3 V to -1.3 V (intensity is normalised to maximum measured dI/dV
across all images). Colour scale shows normalised differential tunnelling conductance
(Ise¢ = 40pA, image dimensions 28.4 x 28.4 nm). Bright contrast features occur at
bias values matching observed peaks, Ry, R, and Rg, in dI/dV spectra. Bright “stripe”
features visible for several biases.

(acquired at +1.3 V to - 1.3 V). In general, greater intensity is seen in images
with biases in the ranges of -0.9 to -1.0V and 0.7 to 0.9 V (corresponding to the
positions of the electronic resonances, Ry and Ry, observed in STS spectra - figure
). For conductance maps acquired with an applied bias of -0.9 V and -1.0 V
(corresponding to ~Rg) the distribution of electronic structure is delocalised and
although a variation in intensity is observed there is no obvious periodic structure.
This is therefore likely due to a dominant contribution from the orbital structure
of the ¢-P40 HOMO, where no spatial variation in orbital density was found. In-
creasing the sample bias to -1.1 V, allowing access to additional occupied states,
results in the observation of a regular arrangement of ‘stripe’ features around the
rings (qualitatively similar to that expected for coherent electronic states confined
within a conducting quantum ring).

Focusing on the conductance maps acquired at the resonances R; and Ry (+0.7

V and +1.1 V, respectively); the images show regions of higher and lower intensity
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around the rings producing aperiodic bands. As the xTB calculations predict a
very small difference in energy between molecular orbitals (e.g. <10 meV - see
table in Appendix , and as the energy resolution of the dI/dV maps is lim-
ited to = 14 mV, the acquired conductance maps are likely to be a convolution of
several molecular orbitals within this energy range. As such, the features observed
will be a convolution of several structures and may exhibit a majority contribution
from a particular state, depending on relative strengths of the tunnelling probabil-
ities. The conductance map associated to R; is relatively diffuse, likely indicating
a contribution from the LUMO and some higher lying unoccupied molecular or-
bitals. For the Ry resonance the conductance maps show the appearance of banded
structures; potentially indicating a contribution from a range of LUMO + N states.
Returning to the spatial distribution of the bright ’stripe’ features observed at
-1.1 V, figure [7.8a shows a differential conductance map of the same ring as shown
in figure [7.7] with the location and separation of each bright stripe feature indicated
in figure [7.8b. At this energy nine stripes are observed, with an average separa-
tion of 5.8 & 0.2 nm. Figure [7.8c shows how these separations were measured.
The variation in differential conductance around the ring was visualised using the
Straighten Path tool, from image processing software Gwyddion [166]. By defining
a path around the ring, beginning at the red line shown in and following the
dashed blue line around the edge of the ring, a linear presentation of the contrast
variation is produced , right). From this, an averaged line profile , left)
was then taken of the distorted ring, and the separation of peaks measured.
These features can be compared to the xXTB model of a nanoring with similar di-
mensions (figure ), where a spatially varying electron density is also observed.
The periodic features observed in the experimental data will contain a contribution
from several occupied states (the dI/dV image at -1.1 V is acquired at 100 mV be-
low the experimentally determined HOMO which, based on the xTB calculations,
would result in contributions from occupied states around the HOMO-8; see table

C.1]). Therefore, it is expected that the spatial distribution of the electron density
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Figure 7.8: Comparisons of stripe features observed in computational models and ex-
periment. (a) Conductance map measurement acquired at -1.1 V showing bright stripe
features. (b) Conductance map shown in (a) with blue lines highlighting the position
of stripe features. The average separation of bright features (measured approximately
along dashed blue line) is shown for each feature. (Is; = 40 pA). (c) Example showing
how stripe feature separations were measured. Beginning at the red line (shown in (b)),
a distorted image (right) of the ring was produced. An averaged line profile (left) was
then taken of the distorted ring, and the separation of peaks measured. (d) Model of
c-P40 HOMO-8 energy level (xTB), showing alternating areas of high electron density
separated by 6.7 nm.

related to all accessible energy levels should be visible, with the intensity observed
in the image weighted due to the electron-tunnelling transition probability.
Based upon the separation between the ‘stripes’ in the dI/dV image in figure
[7.8b, qualitative agreement is found with the calculated structure of the HOMO-8,
where eight regions of higher electron density are observed with a separation of
6.7 nm between them. Such a finding indicates that there is a contribution from
the HOMO-8 state. However, it should be noted that the intensity of the ‘bands’
is not uniform, denoted by the variation in contrast within [7.8h, and in agreement
with the assertion that a convolution of electronic states is observed in conduction
maps. The relative contributions from different states will be dependent upon
both the local density of states at a given energy and the tunnel barrier (which

will increase for states further away from the Fermi level). It is important to note
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that such features (irrespective of the electronic state they originate from) are
a characteristic of coherent electron state which is delocalised around the c¢-P40

nanoring.

7.4 Conclusions

In summary, it has been experimentally shown by a combination of STM and STS
that stacks of conjugated porphyrin polymers supported on a Ag(111) surface
possess quantised states and that these states are coherent around the ring with
well-defined spatial distributions. These findings are supported by DFT and xTB
calculations in combination with literature values of optical band gaps for these
systems. This is the first demonstration of the characterisation of the spatial and
energetic electronic structure of such porphyrin rings which have the potential
to act as molecular quantum rings. Tuning the properties of these rings may be
facilitated in future work by altering their chemical composition, for example by
varying the metallic species within the macrocycle, or changing their size/structure

in order to provide customisable quantum molecular rings.



Chapter 8

Conclusions

This chapter summarises the work performed within this thesis and outlines the

important findings.

8.1 Summary of findings

The work within this thesis has focused on understanding the progression of on-
surface reactions and how such reactions can be influenced. A detailed understand-
ing of these concepts offers the potential to better control on-surface reactions,
which in turn can lead to methods to produce more organised surface structures
or discover unique reaction pathways for synthesis.

Investigations were performed in chapter [4]into the effects of surface topography
on the formation of molecular surface structures as part of the Ullmann coupling
reaction. The precursor molecule, DITP, was deposited onto two different surface
facets of silver, Ag(111) and Ag(110), producing islands of zigzag structures, with
molecular units linked via Ag adatoms, through metal-organic bonds. For each
surface, the structural dimensions were characterised via STM imaging, through
which adsorption models for each system were proposed. It was found that C-
Ag-C bonds stretch to allow the formation of commensurate structures, producing
different sized structures on each surface. Annealing the samples then led to the re-

moval of metal adatoms and the formation of covalently coupled zigzag structures.

135
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Comparisons of metal-organic and covalently coupled products revealed structures
on Ag(111) underwent a 30° rotation in order to achieve commensurability with
the surface, whereas this was not observed for the Ag(110) surface. These results
clearly demonstrate the influence of substrate on formation of surface structures
within on-surface synthesis. In particular, the alignment of both the intermediate
and product along the same crystallographic direction on Ag(110) may provide a
route to more efficient synthesis.

This work was then built upon in chapter [f] by using a combination of NIXSW
and STM measurements to generate 3D adsorption models for DITP and TIPB
molecules on Ag(111). Initial characterisation through XPS found dissociation of
iodine from molecules upon deposition, and the presence of two carbon environ-
ments, assigned to aromatic and organometallic carbon atoms, with subsequent
annealing showing only aromatic carbon atoms present on the surface. NIXSW
measurements were then used to characterise the vertical adsorption of molecules
through use of (111) surface reflection. From these results, it was determined that
end phenyl groups within molecules were twisted by ~30° relative to the central
phenyl group. Additionally, organometallic carbons were found to adsorb signifi-
cantly closer to the surface than aromatic carbons within each molecule, however,
not close enough to form metal organic bonds with bulk surface atoms. This was
used to determine molecules most likely form metal-organic bonds with surface
adatoms.

Additional NIXSW measurements were then acquired from the (200) reflection
for use in triangulation calculations. These were combined with STM imaging
measurements of structure dimensions and their alignment relative to the sur-
face. Utilising these results, models were developed to determine lateral adsorp-
tion locations for organometallic carbon atoms in both molecules, from which the
adsorption locations of the rest of the molecule could be inferred. Overall these ex-
periments provide a greater understanding of the process of the Ullmann coupling

reaction.
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Methods to control on-surface coupling reactions were then explored in chap-
ter [f] Large cyclic porphyrin polymers, ¢-P40, were utilised as molecular tem-
plate to confine the Ullmann coupling reaction of TIPB, in an attempt to limit
the reaction sites accessible by molecules, such as surface step edges and diffus-
ing metal adatoms. Both molecules were successfully deposited onto a Au(111)
surface utilising a combination of sublimation and electrospray deposition tech-
niques. After annealing the surface to initiate the Ullmann coupling reaction,
covalently bonded structures within the nanoring template were observed through
STM imaging. Limitations in the thermal stability of ¢-P40 nanorings however
reduced its effectiveness as a template. Additionally, the co-deposition of a con-
taminant species was observed, which likely acted to reduce the catalytic effect of
the surface, hindering the reaction. Overall however, these results demonstrated
that macromolecular structures can be used to template a surface and on-surface
reactions can be initiated within them to produce covalent products.

Finally, chapter [7] further investigated c¢-P40 nanorings, focusing on their elec-
tronic properties as well as their potential to act as molecular quantum rings.
These nanorings offer advantages over current methods to produce quantum rings,
such as their relative simplicity to mass manufacture (compared to other tech-
niques) as well as being highly customisable through altering their size and struc-
ture or their chemical composition. STS spectra were obtained for stacks of ¢-P40
rings on Ag(111), revealing three quantised energy resonances. These measure-
ments were supported by computational xXTB and DFT calculations of molecular
orbital energies which showed good agreement with experiment. Further to this,
conductance maps revealed localisation of electron densities around the ring which
varied with applied bias. This was compared to computational calculations of the
distribution of molecular orbitals and revealed quantum confinement effects. Com-
bined, these ideas demonstrate the quantum effects seen within c-P40 and suggest
the possibility for porphyrin nanorings to act as quantum rings.

This work provides a greater understanding of on-surface reactions and the fac-
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tors that influence them. Going forward, this offers the potential to better control

on-surface reactions, leading to improved order in extended surface structures and

enhanced selectivity of reactions.



Appendix A

List of Abbreviations

AFM Atomic force microscopy
BrTPP  Bromo-tetraphenyl porphyrin
cC covalently coupled

CHP cyclohexa-m-phenylene
c-P40 40 unit cyclic porphyrin
DFT Density functional theory
DITP 4,4”-diiodo-m-terphenyl
DMPT  4,4"-dibromo-m-terphenyl
ASCF A self-consistent field

EA Electron affinity

fec Face-centred cubic

GNR Graphene nanoribbon

hep Hexagonal close-packed

HOMO Highest occupied molecular orbital
IP Ionisation potential

LDOS  Local density of states

LEED  Low-energy electron diffraction

LUMO  Lowest unoccupied molecular orbital

MO Metal-organic

NIXSW  Normal incidence X-ray standing wave
PTCDI  3,4,9,10-perylene tetracarboxylic acid diimide
SPM Scanning probe microscopy

STM Scanning tunnelling microscopy
STS Scanning tunnelling spectroscopy
TIPB 1,3,5-tris(4-iodophenyl)benzene
TP m-terphenyl

TPB 1,3,5-triphenylbenzene

TPP tetraphenyl porphyrin

UHV Ultra high vacuum

XPS X-ray photoelectron spectroscopy
XSW X-ray standing wave

xTB Extended tight-binding
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Appendix B

Structural Characterisation of an

On-Surface Reaction

This chapter provides additional information on the ‘twisting model’ employed
within chapter [J as part of the structural characterisation. The model is used
to determine the angle of rotation of outer phenyl groups in deposited molecules.
The mathematical model s presented in greater detail and the equation used to
determine twist angle is shown. The values used for calculations and results of the

model are tabulated.

B.1 An Idealised Twisting Model

In order to determine the twisting of side groups in DITP and TIPB from NIXSW
data, a simplified model was developed (as employed within chapter [5). This is
shown in figure Within this model, the central phenyl group for all molecules
is flat and planar relative to the surface and rests at a single distance, d, from
the closest reflecting plane. This position is defined as the molecular plane. Side
phenyl groups are twisted around a central axis on the molecular plane (orange

dot) by an angle ©. This results in carbon atoms towards the edge of the phenyl
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Figure B.1: Model for calculating twisting angle for TP and TPB using NIXSW mea-
surements. Average molecule height is shown as the molecular plane a distance d above
the closest reflecting plane. Grey circles represent carbon atoms as part of the phenyl
side groups of TP/TPB, with blue highlighted atoms in line with the molecular plane and
green highlighted atoms twisted by angle © such that they are offset from the molecular
plane by distance di;s¢. Green carbon atoms are a distance r from the axis of rotation
(orange dot). Inset (top right) shows an example TPB unit with twisted side phenyl
groups as in this model.

group being displaced from the molecular plane by a distance dy,;s; such that
yist = 78I O, (B.1)

where 1 is the separation of an atom and the axis of rotation.

Due to the rotation, one side of the phenyl group is brought closer to the
reflecting plane (—dys¢) and the other further away (+dgyist). This has the result
that the average height of the molecule is still on the molecular plane. From this,
the total coherent position (C)) of all molecules in the model can be defined such
that

Cp=—= (B.2)

where D is the separation of the reflecting planes.
Using this model the coherent fractions (Cf) of different atoms can be defined

such that

Cffiaced _'_ Cftwist = 17 (BS)
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Figure B.2: Example Argand diagram showing for coherent fraction (Cy) and position
(Cp) values for the ideal twisting model. Blue vector represents fixed atoms (in line with
molecular plane) and green vectors represent twisted atoms (above or below molecular
plane). Black vector represents the total coherent fraction and position vector for the
model.

where Cfy,, ., is the fraction of atoms on the molecular plane and Cy,,,, is the
fraction located above or below due to twisting. The coherent position values for
fixed atoms can be seen to be equivalent to the total coherent position (C =

Pfized

C,) and the coherent position for twisted atoms are C), £ C, This is shown as

twist

an Argand diagram in figure [B.2

B.2 Derivation of the relationship between coher-
ent fraction and twisting angle

For a discrete number of atomic positions, n, equation becomes

C«erWiCp = Z Cfn€2mcp". (B4)
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Applying this to the ideal twisting model above, C'y and C), values can be calculated

such that

2miCp 2miCl .
Cfe - Cffizede fiwe

1 st O (5.5

1 .
2mi(Cp . —Cp, .
+ _Cftwiste m ( Pfized pthst)’

2

where the first term describes fixed carbon atoms and the second and third terms
describe twisted up and twisted down carbon atoms respectively.

As discussed above, C, is equivalent to the coherent position of the molecule,

fized

C,, so equation simplifies to

Cf€2ﬂ-lcp - 627”017 (Cffized + §Cftwi8t (e27mcptwist + e27mcptwi5t)> ’ (B6>
and
1
Cf = Offi:):ed + écftwist (2 COS (27T0ptwist)) ° (B7)

From equation , this can be expressed in terms of Cy,, .
Of = Cffized + (1 - Cffized) COs (27TCptwist)' (B8>
Finally, using equations [B.I] and [B.2] this becomes

2mr Sin@) (B.9)

Cf = Cffized + (1 - Cffized) cos < D

All of these, except ©, are known quantities and so can be used to calculate a

value of twisting angle for each system used in experiments.

B.3 Results

Using equation [B.9] values for © were determined for both TP and TPB in MO
and covalent phases of the Ullmann reaction. r was determined to be 0.1205 nm,

based on molecular mechanics simulations of TPB and TP [167]. Cy,,,., values
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Molecule Cy Cy fized ©

MO / Aromatic 0.49+0.03| 1/2 |28.7+1.1°
Covalent / Aromatic | 0.56 £0.03 | 5/9 |27.941.2°
MO / Aromatic 0.50+0.02 | 9/21 | 26.1+£0.6°
Covalent / Aromatic | 0.43+0.06 | 1/2 | 31.042.6°

TP

TPB

Table B.1: Values used and results of end phenyl twisting calculations

were determined from the number of carbon atoms at each position. For exam-
ple TPBoe has 12 carbon atoms level with molecular plane (6 for the central
phenyl group and 2 in each of the outer phenyls) out of a total 24 carbons, giving
Civea = 1/2. Tt should be noted that organometallic carbon atoms are excluded
from calculations of Cf,,  , for MO phase structures, as only the C'y values for aro-
matic carbons are used here. C, , values were multiplied by 0.95 to account for
small fluctuations in atomic positions caused by effects such as thermal vibration.
Finally, C'y values were obtained from NIXSW measurements of molecules relative
to the (111) reflection (see section [5.3).

Results of all calculations are given in table B.I} Uncertainty values associated
with © are calculated from propagation of uncertainty of experimental C'; values,
from equation [B.9] From these results, it can be seen that all twist angles have
similar values of ~30°. It should be noted that in section ([5.3.4)) molecules in the
MO phase were found to not be fully planar to the surface, with organometallic
carbons bending towards the surface. This is not considered in these models for

simplicity and the effect on calculated twist angle, © ~ 30°, is not included here.



Appendix C

Details of Quantum Ring xTB and

DFT calculations

This chapter outlines in more detail the computational calculations used throughout
chapter [ Initially, the computational methods used for TB and DFT calcula-
tions are described. This is followed by full details of results for the calculation of
molecular orbital energies and structure. All computational calculations were per-
formed by Anton Nizovtsev and Elena Besley of the Theoretical and Computational

Chemistry group, School of chemistry, University of Nottingham.

C.1 Computational Methods

Atomic positions of compounds under study were fully optimized using recently
developed tight binding GFN1-xTB method [159], which was subsequently used
for analysing molecular orbitals. Molecular orbitals of I-PN (N=1-7) systems were
also calculated within density functional theory (DFT) using wB97X-D3/def2-
SVP computational protocol [TI68-172]. The total energies of 1-Pn (n=1-7) cations
and anions were computed using quasi-restricted orbitals [173] generated from the
unrestricted DFT solutions. The RI-COSX resolution of identity approximation
[174, 175] was employed in DFT computations to accelerate convergence and the
integration grid was controlled by grid6 and gridx6 keywords. GFN1-xTB and
DFT calculations were performed with the xTB and ORCA 4.1 [I76] software

packages, respectively.
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C.2 Molecular Orbital calculations
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Figure C.1: Highest occupied molecular orbitals (H) and lowest unoccupied molecular
orbitals (L) of 1-Pn (n=1-7) model compounds calculated at the GFN1-xTB level of
theory.
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Figure C.3: Highest occupied molecular orbitals (H) and lowest unoccupied molecular
orbitals (L) of ¢-P40 model compound calculated at the GFN1-xTB level of theory.
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-P1 1-P2 -P3  1-P4 1-P5  1-P6 I-P7  ¢-P40
¢(LUMO+9) | -549 -6.99 -7.01 -797 -862 -875 -875 -9.14
¢(LUMO+8) | -5.65 -7.01 -776 -812 -875 -875 -875 -9.18
¢(LUMO+T7) | -6.01 -7.02 -790 -864 -875 -875 -875 -9.18
e(LUMO+6) | -6.70 -7.02 -8.09 -876 -8.76 -875 -876 -9.21
e(LUMO+5) | -6.70 -7.81 -8.67 -876 -8.76 -877 -876 -9.21
¢(LUMO+4) | -7.01 -8.04 -876 -877 -877 -877 -879 -9.23
¢(LUMO+3) | -7.03 -874 -877 -877 -877 -885 -892 -9.23
¢(LUMO+2) | -7.93 -8.78 -877 -882 -892 -899 -9.04 -9.24
e(LUMO+1) | -879 -878 -892 -9.02 -9.08 -9.12 -9.15 -9.24
e(LUMO) -892 -9.09 -9.16 -9.19 -9.21 -9.22 -922 -9.25
¢(HOMO) |-10.32 -10.13 -10.05 -10.01 -9.99 -9.97 -9.96 -9.93
¢(HOMO-1) | -10.63 -10.44 -10.28 -10.17 -10.11 -10.07 -10.04 -9.94
¢(HOMO-2) | -11.30 -10.61 -10.49 -10.36 -10.26 -10.19 -10.14 -9.94
¢(HOMO-3) | -11.30 -10.61 -10.60 -10.51 -10.41 -10.32 -10.25 -9.95
e(HOMO-4) | -11.34 -11.23 -10.60 -10.59 -10.52 -10.44 -10.37 -9.95
¢(HOMO-5) | -11.37 -11.29 -10.60 -10.59 -10.59 -10.53 -10.47 -9.97
¢(HOMO-6) | -11.38 -11.29 -11.16 -10.60 -10.59 -10.59 -10.53 -9.97
¢(HOMO-7) | -11.40 -11.29 -11.28 -10.60 -10.59 -10.59 -10.58 -10.00
¢(HOMO-8) | -11.65 -11.29 -11.28 -11.12 -10.60 -10.59 -10.59 -10.00
e(HOMO-9) | -11.65 -11.32 -11.29 -11.24 -10.60 -10.59 -10.59 -10.03

Table C.1: Molecular orbital energies (eV) of I-Pn (n=1-7) and ¢-P40 model compounds

calculated at the GFN1-xTB level of theory.

\ I-P1 1-P2 1-P3 I-p4  1-P5 1-P6 1-P7  ¢-P40
Eigenvalues
¢(LUMO) | -892 -9.09 -9.16 -9.19 -921 -9.22 -9.22 -9.25
¢(HOMO) | -10.32 -10.13 -10.05 -10.01 -9.99 -9.97 -9.96 -9.93
AEp_1gap | 1.40 1.03 0.89 0.82 0.78 0.76 0.74  0.68
ASCF

¢(LUMO) | -7.35 -8.02 -831 -848 -86 -868 -875 -9.16
¢(HOMO) | -11.88 -11.19 -10.89 -10.71 -10.59 -10.5 -10.44 -10.01
AEp_rgap | 4.53 3.17  2.57 2.23 1.99 1.82 1.69 0.85

Table C.2: Energies (eV) of the highest occupied molecular orbitals (HOMO), lowest
unoccupied molecular orbitals (LUMO) and HOMO-LUMO gaps of 1-Pn (n=1-7) and
c-P40. Model compounds calculated at the GFN1-xTB level of theory by using corre-

sponding eigenvalues and ASCF technique.®

a - €(HOMO) = -IP; e(LUMO) = -EA; AEy_1,gap = IP-EA;
IP - ionization potential, EA - electron affinity.
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I-p1 P2 1-P3 1-P4 1-P5 1-P6 1-P7

e(LUMO+9) | 341 181 149 071 -0.98 -0.98 -0.98
e(LUMO+8) | 341 181 1.06 047 -0.98 -0.98 -0.99
¢(LUMO+7) | 299 180 085 -0.98 -0.98 -0.99 -0.99
¢(LUMO+6) | 2.37 150 0.53 -0.98 -0.99 -0.99 -1.02
e(LUMO+5) | 235 1.02 -0.98 -0.99 -0.99 -1.03 -1.13
e(LUMO+4) | 1.80  0.65 -0.99 -0.99 -1.05 -1.17 -1.31
¢(LUMO+3) | 1.80 -0.99 -0.99 -1.07 -1.23 -1.39 -1.51
e(LUMO+2) | 0.92 -099 -1.11 -1.32 -1.50 -1.62 -1.72
e(LUMO-+1) | -1.00 -1.18 -1.47 -1.66 -1.77 -1.85 -1.90

e(LUMO) |-1.37 -1.73 -1.88 -1.95 -1.98 -2.01 -2.02
¢(HOMO) |-6.78 -6.40 -6.26 -6.19 -6.15 -6.13 -6.12

¢(HOMO-1) | -7.03 -7.02 -6.68 -6.48 -6.37 -6.29 -6.24
¢(HOMO-2) | -831 -7.04 -7.04 -6.85 -6.65 -6.52 -6.42
¢(HOMO-3) | -8.33 -7.04 -7.04 -7.04 -6.95 -6.78 -6.64
¢(HOMO-4) | -8.95 -8.29 -7.05 -7.04 -7.04 -7.02 -6.86
¢(HOMO-5) | -8.97 -831 -7.11 -7.05 -7.04 -7.04 -7.03
¢(HOMO-6) | -9.07 -8.33 -826 -7.05 -7.04 -7.04 -7.03
¢(HOMO-7) | -9.13 -8.33 -830 -7.15 -7.05 -7.04 -7.04
¢(HOMO-8) | -9.19 -854 -830 -8.23 -7.05 -7.05 -7.04
)

¢(HOMO-9) | -9.23 -8.95 -832 -829 -7.18 -7.05 -7.05

Table C.3: Molecular orbital energies (eV) of I-Pn (n=1-7) and ¢-P40 model compounds
calculated at the wB97X D3/def2-SVP level of theory.

| -P1 P2 1P3 P4 1P5 1-P6 LP7 P40
Eigenvalues

¢(LUMO) |-1.37 -1.73 -1.88 -1.95 -1.98 -2.01 -2.02 -2.02
¢(HOMO) | -6.78 -6.40 -6.26 -6.19 -6.15 -6.13 -6.12 -6.12
AEp_rgap | 541 467 438 424 417 412 410 410
ASCF
¢(LUMO) |-1.56 -1.88 -2.12 -2.11 -217 -213 -217 -217
¢(HOMO) | -6.57 -6.20 -6.00 -5.97 -595 -5.95 -598 -5.95°
AEp_rgap | 501 432 3838 386 3.78 381 381 378

Table C.4: Energies (eV) of the highest occupied molecular orbitals (HOMO), lowest
unoccupied molecular orbitals (LUMO) and HOMO-LUMO gaps of 1-Pn (n=1-7) and
c-P40. Model compounds calculated at the wB97X D3/def2-SVP levels of theory by
using corresponding eigenvalues and ASCF technique.®

a-€(HOMO) = -IP; ¢(LUMO) = -EA; AEy_1,4ap = IP-EA;

IP - ionization potential, EA - electron affinity.

b - Exponential fit.
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