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Abstract
Peptides have been identified as having high potential for creating molecular building blocks
for nanoscience, due to their intrinsic biocompatibility, wide availability, and chiral
properties. In particular, these molecules are well suited to the fabrication of functional thin
films via supramolecular self-assembly, because of their wide-ranging functionalities around
a common core, in addition to chemical motifs that facilitate self-assembly, as observed
abundantly in nature. However, relatively few studies of such molecules on surfaces can be
found, leaving a gap in the exploration of the potential of the class. Therefore, the primary
goal of this thesis is to investigate the self-assembly of short peptides, specifically on metal
surfaces. However, in order to ensure high quality thin films are manufactured, peptides
should ideally be deposited on a surface in vacuum via molecular beam epitaxy, a technique
that can result in their decomposition. An understanding of the capabilities and limits of this
technique, in particular with respect to peptides, is currently limited, and so part of this thesis
focuses on tackling this shortfall in a methodical manner. Depending on the primary
structure of the peptide studied, mass spectrometry data indicated a sublimation limit can
be found at just a few residues (~4/5). Additionally, these investigations demonstrated the
possibility for cyclisation by thermal action for aromatic dipeptides, forming
diketopiperazines. Scanning tunnelling microscopy and X-ray photoelectron spectroscopy
data for ultrathin films of aromatic dipeptides and diketopiperazines follow, and reveal
interesting self-assembly behaviour that also sheds light on previous peptide studies in the
literature. Furthermore, it proved possible to chemically modify the diketopiperazines by onsurface annealing, resulting in stark changes to their assembly, and offering a simple pathway
to challenging synthetic products. Key results from the study of L-Tyr-L-Tyr are supported by
computational data for a more complete picture of the nature of the observed assemblies.
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Chapter 1: Introduction
1.1 Practical applications of short peptides
Peptides, or chains of amino acids joined by amide bonds, form the building blocks of large
proteins well-known to biology from a range of structural and functional purposes in nature.
Proteins consist of one or more polypeptide chains, typically comprising hundreds or even
thousands of amino acid subunits, folded into a unique and complex three-dimensional
structure. A short peptide, or oligopeptide, refers to an intermediate chain length between
a single amino acid and a polypeptide, typically describing two to twenty amino acid residues.
While the importance of polypeptides has long been known, short peptides have themselves
generated substantial research interest in recent years, as molecules with specific
applications in their own right.1-4
Significant research attention has been given to the use of peptides to form hydrogels,
materials that can adsorb large quantities of water without degrading, due to the hydrophilic
nature of their internal structure. Hydrogels have a range of potential applications;5,6 these
include tissue engineering, drug delivery, wound dressing, and agriculture; all based on their
capability to store and slowly release water, including dissolved compounds or even cells.
Historically, hydrogels have been created using polymers rather than small molecules, since
each of the long chains can act as an individual fibre of the gel structure, with cross-linking
or other interchain forces completing the porous network.7 This includes the use of
biopolymers such as polypeptides,8-10 which are inherently biocompatible and can be drawn
from a naturally occurring pool of molecules. Over time, oligopeptides of 20 and 16 amino
acid residues that could assemble into a large matrix in solution were found to be equally
capable of making effective hydrogels.11-13 This led to progressively shorter sequences being
investigated, such as a 12-residue peptide from Kisiday et al14 which, in a 4-week in-vitro test,
provided a stable hydrogel scaffold for a cartilage-like extracellular matrix. Even more
strikingly, certain dipeptides and tripeptides have displayed the ability to form hydrogels
under mild conditions in solution.15-17 Such short sequences so far have required the
presence of aromatic side chains on the amino acid residues, with Fmoc-Phe-Phe-OH the
prototypical case.15 The use of small molecules offers a number of advantages over polymeric
materials, in particular in terms of the rational design of the target molecule and its
intermolecular interactions, thereby offering some control over the type of nanostructures
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formed – though the conditions of the assembly process are also important.18 Furthermore,
a hydrogel network based on a small molecule is more easily scalable and potentially much
lower in cost.
The phenylalanine dipeptide (L-Phe-L-Phe or FF), has also demonstrated the capability to
assemble into nanotubes and fibres, structures with a number of functional uses. This
phenomenon was first discovered by the group of Ehud Gazit, where discrete silver
nanowires were grown within the peptide nanotubes to highlight their practical
application.19 The L-Phe-L-Phe dipeptide was selected based on the prevalence of this motif
and similar aromatic sequences in amyloid fibrils,20-22 the well-known but poorly understood
protein plaques involved in various diseases including Alzheimer’s and type II diabetes23,24.
Significant effort has been invested in controlling the growth of these peptide nanotubes,
based on varying the synthesis technique,25,26 C-terminus substitution,27 and thermallyinduced phase transformation;28,29 in doing so the properties of the nanotubes can be finetuned, opening up more possibilities for their utilisation. Examples of the varied application
of these nanotubes include their use in electrochemical biosensors,30,31 as a piezoelectric
material,32 as a way to store quantum dots and protect them from degradation,33,34 and as a
source of mechanical strength in an epoxy matrix.35 The diverse utility of this simple
dipeptide strongly highlights the broad potential of short peptides as functional molecules.

b
)

a
)

Figure 1.1: a) Top-down Scanning Electron Microscopy image of vapour-deposited
dipeptide nanotubes. b) Side view of vertically aligned nanotubes; thickness 40µm. Both
adapted from reference [25].
Another major area of research involving short peptides pertains to cyclic peptides, i.e. those
where the C and N termini have reacted to form an amide bond, creating a ring structure
from the peptide backbone. This class of molecules has been the subject of considerable
research activity, from investigations into functional nanotubes36 to therapeutic applications,
including antifungal and anticancer activity.37-39 A particular focus is given here to 2,52

diketopiperazines (DKPs, see Figure 1.2), a specific sub-class of cyclic peptide that is
comprised of dipeptides cyclised into six-membered rings. The DKP motif is abundant in
nature, either in isolation or as part of a larger structure, making it a feature of great interest
for a wide range of biomimicry and medicinal purposes. In particular, the potential of DKPs
as antimicrobial agents has generated substantial research activity38,40-45, ever since the
tuberculostatic action of the cycloserine dimer was discovered.46 DKPs are especially
advantageous for drug discovery since they offer a small, constrained backbone upon which
multiple functionalities can be imposed by means of peptide side chains with varying
stereochemistry. The core structure is relatively stable in comparison to linear peptides,
while retaining biocompatibility. These properties of DKPs are also invaluable when turned
to other applications, with DKPs showing potential for roles in catalysis,45,47,48 nanostructure
formation,49,50 neurotransmission/neuroprotection,45,51 and a variety of other biological
functions including tumour growth inhibition.45,52,53

Figure 1.2: The general structure of a 2,5-diketopiperazine, or DKP.
The R groups represent the unaltered side chains of the original
peptide residues.

A number of further applications of peptides are underpinned by their interactions with
surfaces, and these are of particular relevance to this thesis. Multiple avenues of research
make use of such interactions, whether as a direct method of surface functionalisation, or as
a means to disrupt the formation of undesirable surface adducts. The archetypal examples
of these cases can be found in the fields of biofunctionalisation54 (for the former) and antibiofouling55 (for the latter). Biofunctionalisation is concerned with modifying non-biological
materials in such a way that they become biologically compatible, whilst adding functionality
or maintaining existing functionality. In recent years, peptides have arisen as strong
candidates for such an application, due to their advantageous properties already discussed
here – including inherent biocompatibility, ready availability and/or simple synthesis, and
the capability for diverse chemical modification of the side chains.56-61 These characteristics
enable the production of peptides that bind to a range of substrates, without hindering their
application in a biological context. Biofouling instead refers to the unwanted build-up of
biological material on a surface, such as layers of algae on ships and underwater cables, or
films of microorganisms on ventilation systems. The reduction or prevention of the growth
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of these coatings is a substantial undertaking, due to various economic and health concerns,
and is termed anti-biofouling or antifouling. While this field may appear to be the antithesis
of biofunctionalisation, peptides also find frequent application here,62,63 due to the same set
of advantageous properties that they possess. As discussed, peptides can be designed in such
a way that they bind to a range of surfaces; by doing so in an antifouling context, a film can
be created that resists the adhesion of further molecules to the surface to be protected, for
example by incorporating hydrophobic residues. Particular success has also been found in
the application of antimicrobial and antifungal peptides onto biomedical devices,40,43,63 in
order to ensure their sterility.
Other fields that make use of peptide-surface interactions include bioinspired mineralisation,
cellular adhesion, and nanoparticle functionalisation. Bioinspired mineralisation refers to
efforts to mimic the biomineralisation that is found abundantly in nature, i.e. the synthesis
of inorganic minerals by living tissue. This is typically done by isolating or recreating sections
of proteins responsible for this behaviour.64 In this way, the highly specific interactions
between the peptides and the relevant inorganic surfaces can be reproduced. As a result,
numerous oligopeptides have been successfully employed for bioinspired mineralisation,
including for silica precipitation, titanium dioxide synthesis and cadmium ion sequestration.65
Cellular adhesion research involves the investigation and modification of the mechanisms by
which cells can adhere to one another, or to other materials. Peptides and proteins are
already heavily involved in these processes in nature by means of antigens and cell surface
receptors, which are frequently composed of peptide chains. The application or even design
of specific peptide chains that enable desirable cell-cell or cell-surface interactions is
therefore an active area of research.66-68 The tripeptide sequence RGD (arginine-glycineaspartic acid) is of particular note in such studies, given its frequent occurrence in the
recognition sequence of peptides that bind to the integrin family of transmembrane
receptors.68,69 As a result, the RGD sequence has received considerable attention in the
synthesis of cell-adhering materials,70 as well as inspiring a broader outlook in the design of
peptide-based biomaterials.71 Peptide chains as large as perlecan domain IV (17 subunits in
length) have been isolated and employed in cell adhesion research, enabling the creation of
a polymer-based scaffold for studying prostate cancer cell pharmacokinetics.56
Nanoparticles, defined as particles having all three dimensions on the 10-9m to 10-7m length
scale,

present an intermediate

between the bulk properties of solids and

atomistic/molecular level behaviour. The vast surface area available, with a variety of
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chemical functionalisation possible, has enabled inorganic nanoparticles to see application
in a range of fields,72,73 including electronics74 and drug delivery.75 Peptides are amongst the
molecular species often used in functionalising such nanoparticles. A particular focus is given
here to peptide-functionalised gold nanoparticles (AuNPs), due to the considerable interest
that this category of nanoparticle has received76 and the potential parallels between peptidebased AuNPs and the self-assembled thin films on gold surfaces explored in this thesis.
Colloidal suspensions based on gold have been used for centuries as a means of colouring
glass and ceramics, but only since the work of Michael Faraday in the 1850s77 has an analysis
of the origin of this colour been developed. These colloids are composed of AuNPs, which
absorb and scatter visible light by means of surface plasmon resonance; the size, shape and
aggregation of the nanoparticles directly influence the resultant colour78. The optical
properties of diverse AuNPs are the subject of ongoing research79-81, but it is specifically the
application of peptide-functionalised AuNPs that pertains most directly to the focus of this
thesis. Here the optical properties of AuNPs can be adapted for analytical and diagnostic
purposes, using colorimetric changes to detect the presence of heavy metals, enzymes, and
even viruses in solution (see Figure 1.3).82 Furthermore, the use of peptides opens up a
number of medical and biological applications, including drug delivery, gene therapy, anticancer treatments and photoresponsive therapeutics.82,83 Together with the flexibility of the
Au-peptide interface, it is the diverse functionality available to peptides that is directly
responsible for the myriad uses of peptide-functionalised AuNPs. Given the further
development of the synthesis of these nanoparticles running in parallel to the
aforementioned research,84,85 it is highly likely that many more applications will yet be
discovered.

Peptide-AuNPs

Figure 1.3: Gold nanoparticles (AuNPs) functionalised with peptides used to detect Hg2+ ions
in solution. A colour change from red to purple is observed, which can be reversed with
EDTA sequestration. Reproduced from reference [82].
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With short peptides demonstrating great potential in such a wide range of research fields,
their status as molecules of interest is clear. A recurring theme across many of the discussed
applications of short peptides is their assembly into larger structures, by means of
intermolecular forces rather than chemical reaction. This process is highly dependent on the
size and chemical nature of the peptides involved, and is also heavily influenced by
interactions with any surface to which the peptides may be adsorbed. Furthermore, the
interactions of peptides with surfaces is in many cases instrumental to their intended
application. These principles that underpin the practical uses of oligopeptides tie in strongly
to a major focal point of this thesis: the self-assembly of small molecules on metal surfaces.

1.2 The self-assembly of small molecules on metal surfaces
Functionalising a surface with small molecules in order to produce a stable macroscopic
material with practical applications is a long-term research goal of the surface science
community. This process in essence defines the ‘bottom-up’ approach to surface
engineering, as opposed to the ‘top-down’ strategy. Top-down strategies impose order on a
surface externally, from ‘above’, and have proved highly successful for many years; with
techniques such as lithography, stamping and moulding86 providing excellent results in the
production of ever-smaller computer components, as a stand-out example. However, such
techniques struggle to operate at sub-nanometre length scales, a regime which must be
explored if the miniaturisation of technology is to continue further. The use of small
molecules that self-assemble into ordered arrays offers a way to build surface functionality
from highly tuneable molecular units, i.e. creating a surface structure from the bottomup.87,88
Self-assembly is a term that defines the method by which certain molecules can pack
together or ‘assemble’ into an ordered system. The ‘self’ prefix means that no external
influence is applied to bring about the assembly – the molecules simply organise themselves
into a thermodynamically favoured arrangement under equilibrium conditions. This means
that typical driving factors such as elevated temperature or catalysis are absent, and so the
assembly process is controlled almost entirely by the intrinsic intra- and intermolecular
bonding of the molecules involved. This bonding is in itself a direct consequence of the
chemical structure of the molecules, meaning that the control of self-assembly derives from
the choice or design of specific molecular targets.
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In the context of surface science, self-assembly in a single layer (also called a monolayer)
occurs in 2-dimensions (2D), with the molecules of interest adsorbed to a surface or
interface. The surface acts as a support for the assembly, with a varying degree of interaction
depending on the choice of both surface and molecule. Constraining an assembly in this way
reduces its complexity, making it simpler to understand and to manipulate through
molecular design. Due to major advances in synthetic chemistry, it is possible to modify a
variety of organic molecules with different functional groups, opening up the possibility for
an extensive library of finely tuned self-assembly building blocks. This field of 2D selfassembly is therefore an area of considerable growth and new research activity.88-91
Applying these synthetic strategies with an understanding of the aforementioned
intermolecular bonding motifs enables the creation of simple model systems, which can be
used in proof-of-concept experiments to demonstrate the broader potential of a class of
molecules for self-assembly. Much of the research in the 2D self-assembly field pertains to
such systems, and a number of different potential controls over the self-assembly process
have been studied and published.88,89,91-96 Research of this fundamental nature is often
complemented by theoretical simulations, which inherently require small/simple model
systems in order to be computationally feasible. To maximise the value of such collaboration,
the experimental data must offer molecular-scale information, acquired in pristine
conditions (without impurities) that permit a straightforward analysis. Therefore, most
experimental data acquired thus far has required the use of ultrahigh vacuum (UHV)
conditions, both to facilitate the relevant analytical techniques and to offer the maximum
cleanliness and stability to any self-assembled film, both of which are independently
advantageous for experimentalists. Additionally, the surfaces employed are typically low
Miller index cuts from crystalline samples, which serve to simplify the molecule-surface
interfaces. In many cases, metal surfaces are used, since they bear greater technological
relevance whilst being well-suited as part of a model system. While these measures make
for a more straightforward analysis of the data, they also impose limitations on the extent of
the conclusions that can be drawn. Though the smaller molecules typically employed can act
as excellent model systems as discussed, they represent a limited pool since larger and more
complex species cannot typically be processed intact in vacuum. Furthermore, macroscopic
‘real-world’ applications will usually expose a self-assembled film to atmospheric conditions,
under which a given assembly may no longer be stable. There may also be harsher conditions
involved such as solvent exposure, high temperatures, or physical abrasion, all of which
would have a significant impact on the molecule-surface interface. Additionally, maintaining
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a single specific surface of a metal becomes prohibitively expensive at larger dimensions, and
as such the scalability of a self-assembled material depends on its behaviour across complex
native metal surfaces, including across defects and discontinuities.
Therefore, despite the numerous advances made in controlling self-assembly on a surface,
thin films grown in vacuum have still yet to make the transition to real-world application.
Though there are several barriers to overcome, progress could be made by adapting the
products of self-assembly in solution or even in Biology to a surface environment. These have
been demonstrated as inherently stable under ambient (or close to ambient) conditions, and
capable of large-scale order. In some cases, macroscale assemblies can be found, for example
the action of self-assembling polymers,97 polypeptides,98 and carbohydrates.99 Working with
such materials is, in effect, working backwards from real-world macroscopic self-assembly to
the nanoscale, and as such is a promising route to building a robust bottom-up strategy.
Control over the assembly, even at the macroscopic scale, ultimately lies in the chemistry at
the molecular and intermolecular level, meaning that there is great scope for bridging the
nanoscale-macroscale gap. This would represent an important first step in the scale-up of
self-assembled films and their transfer to ambient conditions and applications.
From the scalable classes of molecules mentioned, of particular interest are peptides, which
represent a vast pool of naturally-occurring compounds ranging from short oligopeptides to
large proteins. Peptides have long been known to demonstrate hierarchical assembly, known
as ‘primary’, ‘secondary’, ‘tertiary’ and ‘quaternary’ structures in Biology (see Figure 1.4).100
The largest of these, the quaternary structure, refers to the assembly of multiple polypeptide
subunits into a combined functional protein, as for example in haemoglobin.101 Even at this
scale, the assembly is still explicitly determined by the primary structure, i.e. the sequence
of amino acid subunits, because the primary structure determines the secondary structure
(the folding of chain sections), the secondary determines the tertiary (the overall polypeptide
shape), and the tertiary the quaternary. In this way, long-range large-scale order is imposed
by the chemical nature and assembly of small molecules. Additionally, as discussed in section
1.1, short peptides can also assemble into functional structures themselves. Peptides have
therefore generated substantial interest in surface science, but not only due to their inherent
ability to self-assemble. Peptides also have a number of other beneficial properties, including
their chiral nature (a feature of significant value, for example in creating surface-active chiral
agents such as molecular sensors,102-104 or in enantioselective heterogeneous catalysis105,106),
simple synthesis and ready availability, intrinsic biocompatibility, and naturally-occurring
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functional group variation via the side chains. Together these features mean that peptides
are easy to acquire and use, are highly customisable, and therefore offer a tuneable selfassembly process.107-109

Figure 1.4: The hierarchy of protein selfassembly structures, using a model
peptide. Image by Thomas Shafee,
distributed under a CC-BY 4.0 license.

Due to the discussed appeal of these molecules, this thesis focuses on the study of short
peptides and amino acids as model systems for self-assembly on surfaces. If the high
potential of this class of molecules can be harnessed, the implications for the future of selfassembly as a relevant and directly applicable technique would be significant. In order to do
so, the fundamentals of the behaviour of peptides on surfaces and their practicality as selfassembly candidates must be understood. Therefore, starting with the smallest, most basic
peptides is essential, to simplify the analysis and to serve as a guide for larger molecules. In
addition, the use of simple model systems allows close collaboration with computational
chemistry, enabling a more detailed understanding of the assembly process while validating
the simulations themselves, significantly broadening the scope of the work herein. This is
exemplified in chapter 6.2.
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1.3 Characterising self-assembly on a surface
Studying the self-assembly of peptides on a surface in UHV at the molecular scale requires
specialist analytical techniques that can help elucidate the molecular structure of adsorbed
species and the nature of the assembly present. Ideally such techniques operate with subnanometre resolution, so as to provide information at the atomic and molecular scale.
Scanning Probe Microscopy (SPM) can offer sub-nanometre resolution routinely, through
techniques such as Atomic Force Microscopy (AFM) and Scanning Tunnelling Microscopy
(STM). STM in particular has a history of offering molecular and submolecular resolution ever
since its inception in 1981,110 lending itself well to the study of self-assembly, and as such will
serve as the primary experimental tool used in this thesis.

Feedback
loop

Figure 1.5: Schematic representation of an STM experiment, in constant current mode. A
voltage, V, is applied between tip and sample, and a current, I, measured and stabilised via
a feedback loop. Piezoelectric actuators control movement of the tip on the x, y and z axes.
Further details can be found in chapter 2, Experimental. Image adapted from reference
[110].
Additional analytical techniques that are surface-sensitive but provide data averaged over a
larger length scale are highly useful as complementary strategies to STM. STM offers no
direct chemical sensitivity and is impractical for long-range analysis, issues that are easily
addressed by other techniques. Methods such as X-ray Photoelectron Spectroscopy (XPS),
Low Energy Electron Diffraction (LEED), Reflection Absorption Infrared Spectroscopy (RAIRS)
and High-Resolution Electron Energy Loss Spectroscopy (HREELS) can provide information on
the chemical state of molecules across the whole surface, and thus help to build a broader
picture of the overall assembly process rather than just the nanoscale ordering. In this thesis,
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XPS is used in cases where the chemical state of a molecule was unclear from STM data alone,
and provides data that enables an on-surface reaction to be tracked. In addition, computer
modelling and simulations are employed to assist in the analysis of STM data.
Many of the experimental techniques used in analysing self-assembly on a surface operate
either preferentially or exclusively under vacuum conditions, more specifically UHV. UHV
conditions, defined as <10-9mbar, also offer the maximum control over the cleanliness of a
sample to be studied, and therefore over the final nature of an adsorbed layer. A more
detailed description of UHV as well as all experimental and theoretical methods can be found
in chapter 2 (“Experimental”).
Generating an adsorbed layer of molecules on a surface in vacuum also makes use of
specialist techniques. Solution-based methods employed in ambient conditions are simple
to use and control, but the quality of the deposited film can be degraded by impurities
present and by contamination from the environment. Transferring samples prepared in this
way to vacuum can be suboptimal as a result, and is a time-consuming process. In vacuum,
tailored techniques such as Pulsed Jet Deposition,111 Pulsed Laser Deposition112 and
Molecular Beam Epitaxy (MBE)113 enable molecular deposition without breaking the vacuum,
enabling greater regulation of the nature of the deposited film generated. In particular, MBE
(also called OMBE when working with organic molecules) is capable of an extremely high
level of control over the rate of molecular deposition and total exposure time, and as such is
a widely-used method for creating thin films on surfaces.114 OMBE operates by sublimation
of the molecules of interest at a specified temperature, thus generating a molecular beam
to which the surface can be exposed for a measured length of time. Controlling the rate, time
and temperature of the deposition directly affects the quality of the surface molecular layer,
making it much more likely that the desired coverage and surface chemistry are attained.
Furthermore, OMBE creates molecular films with abrupt interfaces, which are essential for
many applications, as well as permitting sequential deposition of different molecules without
the concerns of solvent compatibility. The process is also highly reproducible. For these
reasons, molecular depositions are performed by OMBE throughout this project.
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1.4 Thermally-induced chemical transformation of short peptides
In parallel with the self-assembly of short peptides on surfaces, this thesis explores some of
the thermally-induced chemical transformations that these molecules can exhibit. Since
OMBE uses thermal sublimation to produce a molecular beam, a molecule to be deposited
must be stable enough to remain intact at the temperatures required to effect sublimation.
If OMBE remains as a dominant deposition technique in vacuum, then the capability of
peptides to sublime intact is essential in assessing their suitability as self-assembly
candidates. Furthermore, as a direct consequence of investigations into sublimation in this
thesis, some peptides were found to undergo a chemical reaction when a self-assembled
monolayer on a surface is heated.
The question of whether or not a molecule can be sublimed intact is ultimately resolved by
a balance between intra- and intermolecular forces. In order for sublimation to occur, all the
intermolecular bonds must be broken, while fragmentation results after only a single
intramolecular bond breaks. Therefore, as the number of intermolecular bonds increases, or
if stronger intermolecular bond types are added, fragmentation becomes more likely as one
attempts to sublime the molecules.115 This is noticeably manifested when comparing larger
molecules to smaller ones, which for peptides means those with longer backbone chains and
larger side groups, and therefore higher molecular weight. While most amino acids have
been reported to survive the sublimation process – through the interpretation of data from
analytical techniques including XPS, Near Edge X-ray Absorption Fine Structure (NEXAFS) and
Reflection Absorption Infrared Spectroscopy (RAIRS)116-139 – only a relatively small number of
short peptides appear to have been successfully sublimed and studied. These include
numerous dipeptides118,126,140-147 and tripeptides,140,141,146,148-152 but the list becomes much
smaller when moving to tetrapeptides,153 or indeed longer peptides. The lack of data for
peptides beyond four amino acid residues already suggests an issue with subliming such
molecules, but a systematic study of the effect of peptide length on sublimation is
nonetheless absent. The relationship between chain length of peptides and their sublimation
behaviour is thus the focus of chapter 4 (“The sublimation of short peptides”), which also
doubles as a test of the limits of the sublimation technique itself. A further point of study
arises when it becomes clear that certain peptides have a tendency to cyclise when sublimed,
meaning that it must also be determined whether they can be deposited on a surface in
vacuum in their native form or only the cyclic form.

12

The cyclisation of a specific peptide, Phe-Phe, is of particular interest since this molecule has
already received substantial interest in the literature, including a study of its self-assembly
on Cu(110) (see Figure 1.6).118,142 In this study, the deposited molecules (described as linear
L-Phe-L-Phe) were found to change their self-assembly pattern upon on-surface annealing, a
transformation attributed to conformational change. However, in light of new sublimation
data contained in this thesis, it is apparent that the cyclisation of L-Phe-L-Phe likely plays a
role, and as such further investigation of this molecule and its on-surface reactions becomes
a point of interest. The cyclisation of a dipeptide such as L-Phe-L-Phe produces a DKP, a
molecule of great interest in research as described in section 1.1, which adds additional
significance to the outcome of the experiments discussed here. Following on from this,
similar dipeptides to L-Phe-L-Phe can be identified to explore the generality of the
phenomenon, based on common structural elements such as an aromatic group in the side
chains.

b
)

a
)

Figure 1.6: STM images of: a) A deposition of L-Phe-L-Phe molecules on Cu(110), annealed
to 400K. b) The same deposition annealed to 450K. The evident change in self-assembly
pattern was attributed to conformational change. Adapted from reference [118].

These reactions are highly relevant to the creation of functional, ordered molecular films on
surfaces, as the change of structural chemistry has a substantial impact on intermolecular
bonding and molecule-surface registry, both of which strongly influence the self-assembly
process. Furthermore, any on-surface reaction initiated simply by heating offers the
possibility to transform a molecule-surface system from one state to another, changing its
functionality in-situ. While only demonstrated here for a system composed of short peptides,
the prospective broader utility of the process in general is high.154 Additionally, performing a
reaction of this nature on a surface can be viewed as an alternative synthetic pathway to
traditional organic chemistry, potentially simplifying and avoiding a complex multi-step
procedure.45,155
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1.5 Self-assembly of short peptides on surfaces
Despite the significant interest that peptides offer as a class of molecules for functionalising
surfaces, relatively little experimental data can be found concerning their on-surface selfassembly behaviour, particularly in terms of UHV studies at the molecular level. One reason
for this is the equally limited data on the sublimability of peptides, and the potential for
fragmentation as described above. A small number of studies of self-assembled amino
acid116-125,127-134,136-139 and peptide thin films on metal surfaces can be found however, which
together can provide insight into how the peptides selected for study in this thesis might
behave. The short peptide sequences studied to date are Gly-Pro-Glu,141,148,151 Glu-CysGly,140,149,150 Gly-Pro,140,141 Ala-Ala,145 Ala-Ala-Ala,152 Leu-Leu-Leu,152 Gly-His,146 Gly-His-Gly,146
Gly-Gly-His,146 Gly-Gly,147 Lys-Phe-Phe-Glu and Lys-Val-Val-Glu,153 and as previously
mentioned, Phe-Phe.118,142-144 A range of experimental techniques are employed to probe the
resultant thin films, including NEXAFS, LEED, RAIRS, XPS, and STM, with the latter being of
the most interest due to the focus of this thesis. Focusing specifically on STM data, the list of
peptides studied is reduced to Gly-Pro-Glu on Au(110) and (111), Phe-Phe on Cu(110), AlaAla on Cu(110), and Lys-Phe-Phe-Glu and Lys-Val-Val-Glu on Au(111). In most cases the
peptides were capable of self-assembling into highly ordered networks, though any assembly
of Gly-Pro-Glu is masked by its tendency to alter the reconstruction of the gold surface on
which it is deposited.148,151 Both Ala-Ala145 and Phe-Phe118,142,143 assemble preferentially into
chains, with molecules aligning in a regular fashion but largely in 2-dimensions. Lys-Phe-PheGlu and Lys-Val-Val-Glu both assemble into islands dominated by a row-by-row pattern of
molecules,153 though conformational differences are discernible between the two. These
results, while few in number, indicate the potential not only for ordered, self-assembled
peptide thin films, but the variation possible in the size and structure of the domains created,
simply through small variations in amino acid residue and peptide length. Such differences
occurring within a very limited set of peptides also serves to illustrate the lack of existing
knowledge in this area, and highlights the need for a body of fundamental high-resolution
data.

1.6 Project goals and thesis structure
As discussed, this project is focused on the study of amino acids and short peptides, in order
to assess their potential as building blocks for functional self-assembled thin films. To
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evaluate the possibilities of working with such a broad set of molecules as peptides, a logical
series of test cases should be used, to serve as a baseline for the peptides class in general.
The alanine series was identified as a strong model candidate, since alanine is the simplest
chiral peptide with only a methyl group in its side chain. Therefore, the first stage of
experiments consists of sublimation tests on alanine and its oligopeptide derivatives, of
increasing chain length. This is followed by a series based on a somewhat more complex
amino acid residue, phenylalanine, and the effect on sublimation described. Phenylalanine
residues will have different intermolecular interactions to alanine, but remain unable to form
stronger bonds such as hydrogen bonds or Coulombic interactions. The structure of
molecules before and after sublimation is determined by electrospray ionisation (ESI) mass
spectrometry.
Due to the cyclisation of L-Phe-L-Phe encountered in the sublimation experiments, and the
history of research into this molecule, self-assembly experiments involving L-Phe-L-Phe
became a priority. L-Phe-L-Phe was deposited on a Cu(110) surface and studied by STM,
followed by cyclic derivatives used to determine the nature of the thermally induced onsurface reaction. In addition, the cyclisation and self-assembly of diastereomers of L-Phe-LPhe are examined, to explore the effect chirality has on the reactions of this molecule.
Leading on from this, other naturally occurring, proteinogenic aromatic dipeptides are
studied on Cu(110) and Au(111) surfaces to identify any trend in behaviour of dipeptides
with aromatic side chains. The specific dipeptides studied in this way are L-Tyr-L-Tyr and LTrp-L-Trp. Homopeptides are used in order to simplify the interpretation of the data. L-HisL-His could also be considered for such experiments since it contains the aromatic imidazole
groups in its side chains, but this group is also relatively basic (pKaH 6.04156) and thus can be
protonated even in mild pH conditions, giving rise to different reactivity. Furthermore, L-PheL-Phe, L-Tyr-L-Tyr and L-Trp-L-Trp are all hydrophobic peptides,157,158 whereas the imidazole
groups lend more hydrophilicity to L-His-L-His. Therefore, L-His-L-His is currently omitted in
order to establish a clearer trend of the behaviour of aromatic dipeptides without additional
factors to consider.
In support of the STM data, XPS experiments are performed that assist with the identification
of surface species in experiments on L-Phe-L-Phe and L-Tyr-L-Tyr. Also, the conclusions of the
L-Tyr-L-Tyr experiments are supported by theoretical atomistic simulations.
The longer-term scope of this project is to work with a broader range of peptides, both in
terms of functional groups and chain length, to investigate further possibilities in self15

assembly and on-surface reactions. However, as already discussed, OMBE as a deposition
technique becomes limited when molecules of interest fragment under the conditions used
for sublimation. This restriction is one of the driving factors behind a search for alternative
strategies for depositing molecules in vacuum. Of particular interest is the adaptation of ESI
to molecular deposition, as the technique is well-known in mass spectrometry as a ‘soft’
ionisation method, i.e. one that is unlikely to fragment the sample.159,160 The use of ESI in
preparing functionalised surfaces in vacuum is a growing field,161-167 with molecules as large
as proteins161,163,168 and DNA165 already having been successfully deposited and analysed by
STM. In order to fully explore the use of peptides for self-assembly, a wide range of
candidates must be readily available for deposition, and so techniques such as ESI that can
circumvent the limitations of OMBE could be invaluable to the future of this project. For this
reason, it was resolved that a new UHV system that could accommodate alternative vacuum
deposition techniques be constructed, with a particular focus on incorporating ESI
deposition. An OMBE source would still be essential due to the study of sublimation and
thermal cyclisation of short peptides as has been described. In advance of the presentation
of data in this thesis, the specifications of this new system are presented.
Therefore, this thesis is divided up into 7 chapters, the first of which is this introduction. In
chapter 2, the specific experimental and theoretical techniques used throughout this work
are discussed in-depth. Subsequently, chapter 3 presents the details of the planning and
construction of the new UHV system, including the rationale behind each of the major design
choices.
Chapters 4 through 6 are concerned with experimental results and their analysis. Chapter 4
covers the sublimation of short peptides, using mass spectrometry to identify the products
of this process, and provides a basis for the further investigations of the thermal
transformations of this class of molecule. Particular interest is given to the thermal
cyclisation of Phe-Phe.
Chapter 5 is focussed on the dipeptide L-Phe-L-Phe and derivatives thereof, presenting a
thorough analysis of the deposition of these species on a Cu(110) surface, as well as thermal
transformations on-surface after annealing. The effects of modifying the chiral centres in this
molecule are also investigated, including on a Au(111) surface, in order to provide a complete
picture of the ways in which the effective stereochemistry of the surface can be controlled.
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Chapter 6 expands the scope of some of the conclusions of chapters 4 and 5 by means of
experiments with other dipeptides containing aromatic side groups. Specifically, depositions
of the dipeptides L-Tyr-L-Tyr and L-Trp-L-Trp are studied on a Cu(110) surface, and in the case
of L-Tyr-L-Tyr, also on Au(111). The data for L-Tyr-L-Tyr is also supported by computer
simulations, enabling a greater understanding of both the initial self-assembly and the
transformations brought about by surface annealing.
Finally, chapter 7 summarises the conclusions of the experiments described in this thesis, as
well as presenting the broader outlook that these conclusions give rise to. In addition,
potential future experiments are discussed that would continue the work herein and serve
to further enhance the impact of this work.
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Chapter 2: Experimental
Experimental and theoretical methods
In this section, the experimental details of the work in this thesis are described, as well as
the theoretical methods employed. The UHV STM, as the primary tool used for gathering
data, is discussed first, together with aspects of the system design and operation.
Complementary techniques employed to support and enhance the STM experiments are
described subsequently, namely mass spectrometry and X-ray photoelectron spectroscopy
(XPS). The procedure for testing the sublimability of peptides is also discussed. Finally, the
theoretical models used to assist the interpretation of specific STM datasets are detailed.

2.1 UHV STM
2.1.1 Theoretical background: Scanning Tunnelling Microscopy
Pioneered in 1981 by Binnig, Rohrer and co-workers,1 STM permitted quantitative atomic
resolution of surfaces for the first time, and thus revolutionised the field of surface science.
This field has rapidly developed in recent years, due to the increasing ability of modern
systems to routinely image molecular and even sub-molecular features at the surfaceadlayer interface. As such, STM is an ideal technique for studying the supramolecular selfassembly patterns explored in this thesis.
The essence of STM lies in the phenomenon of quantum tunnelling, whereby conducting
materials brought within a few Å of one another can produce a flow of current (with an
applied potential bias) even though physical contact is not achieved (Figure 2.1). This occurs
due to a small but finite overlap of the wavefunctions of the two materials. The magnitude
of this current depends exponentially on the separation of the materials, meaning that even
movements on a subatomic length scale cause a substantial and measurable change in
current. By creating a sharp tip from one of the materials, an extremely high spatial
resolution of the remaining surface can also be attained, since the very end of the tip will
give rise to the vast majority of the current. In the ideal case, the tip used will be terminated
by a single atom, which allows for atomic resolution of the features on the surface.
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b)

a)

Figure 2.1. Schematic of energy level alignment and quantum tunnelling at a metal-surface
interface, with separation d along an arbitrary distance axis z, against an energy axis E.
Subscript t denotes the tip and s the surface. a) The Fermi energies are shown equal (i.e. the
same material), meaning no net current will flow. b) The effect of applying a potential bias
V is seen, in this case favouring net electron flow from tip to surface. The now favourable
energy difference is indicated by the dashed lines.
However, the current measured by an STM tip is not only dependent on tip-surface
separation and the surface topography, but also on the electronic density of states (DOS). A
mathematical description of the tunnelling current can be derived from quantum theory, but
is difficult to solve analytically without simplifications. Through several key assumptions, all
of which can be safely made under typical STM experimental conditions, a simplified
description of the tunnelling current is obtained. These assumptions include a perfectly sharp
tip (atomically sharp), relatively small bias voltages, and a minimal contribution of thermal
effects. The resultant equation can be expressed as:2

𝐼=

4𝜋 𝑒𝑉
∫ 𝜌 (𝐸 𝑇 − 𝑒𝑉 + 𝜖)𝜌𝑆 (𝐸𝐹𝑆 + 𝜖)𝑒 −2𝑘𝑑 𝑑𝜖
ℏ 0 𝑇 𝐹

where I represents the tunnelling current, ℏ the Planck constant over 2π, ρ the DOS (T for
tip, S for surface) at energy ϵ, EF the Fermi energy, V the applied bias, d the tip-surface
separation distance, and k a constant that includes the mass of an electron and the work
function (φ).2
The equation above demonstrates that the tunnelling current is dependent exponentially on
the tip-surface distance, which is, as discussed, the source of the extreme sensitivity of STM
to surface topography. Once a tip is brought into tunnelling contact with a surface and a bias
applied, it can be raster scanned over the surface in order to build up an image which
represents the feedback from the tip-surface interaction at each point. Piezoelectric
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materials, which change length in response to applied voltages, are used to control the
position of the tip with sub-nanometre precision. The current readout from the tip is typically
in the pA to nA range, which is small enough to be susceptible to electronic noise. A preamplifier is used to convert the signal to a voltage, and scale it up by a large factor (often
~109) to minimise this noise, before it is then sent to the STM controller hardware.
Automated processes within computer software control the STM tip position in one of two
scanning modes: constant current, or constant height mode. In the former, a target current
is set and maintained by a feedback loop including the piezoelectrics and computer software.
By monitoring the current feedback from the tip, the bias applied to the piezoelectrics can
be constantly adjusted in order to maintain a constant magnitude of that current. The STM
image in this case is constructed from the voltage adjustments made to the piezoelectrics in
order to maintain the constant current. In constant height mode, the tip is simply held at the
same height and the changes in current are recorded, reducing the overall complexity.
Constant height mode performs exceptionally in cases of a highly flat scan area, but in many
cases a surface has too many contours, meaning that a substantial risk of the tip ‘crashing’
into the surface exists. Constant current mode is therefore frequently preferred, as it greatly
reduces the risk of tip crashes compared to constant height mode. In this thesis, constant
current mode is used exclusively.
It is important to note that while an STM image can indeed represent surface topography, it
also reveals electronic information about the surface, since the tunnelling current also
depends on the local density of states (LDOS) of the surface. The LDOS represents the
number of electronic states per interval of energy, with the relevant energy being the Fermi
energy. A higher LDOS therefore corresponds to a higher probability of tunnelling, which
leads to a higher current compared to a point of the same height with a lower LDOS. The
final image is a convolution of the topography and LDOS of the surface. A clear example of
the effect of the LDOS can be seen in the adsorption of oxygen atoms, which are
electronegative, on metal surfaces. Despite the obvious height of the adsorbed object, the
tendency is for a depression to appear in the STM image, due to the charge transfer from the
substrate and a screening of the metal conduction electrons.
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2.1.2 UHV
All of the STM experiments outlined in this thesis were performed in UHV conditions (<10-9
mbar). Working in UHV is a significant advantage for STM, primarily due to the superior
sample cleanliness that can be achieved and maintained for long periods, which in turn
allows for precisely controlled surface molecular layers to be created. A simple calculation
can be derived from kinetic gas theory to estimate the number of gas molecules colliding
with a surface, at a given pressure and temperature.3 For instance, the arrival rate of N2 at a
surface, at room temperature and atmospheric pressure, can be estimated at 2.95x1023
molecules cm-2 s-1. In a ‘worst case’ situation where all molecules stick to the surface, this
would create a monolayer within approximately 4ns. Reducing the pressure to 10-10 mbar
causes the time for monolayer formation to increase to over 10 hours. While real adsorption
rates would be lower, and a number of other gases must be considered, it is clear that only
UHV conditions can offer the chance to keep a surface pristine for STM studies (and indeed
for other surface science techniques).
In order to achieve and maintain UHV conditions, a system of dedicated pumps and vacuum
chambers must be setup. Such chambers are typically made of stainless steel, and subdivided
into sections based on the required functionality. System components are mounted through
a series of flanges, with electrical and mechanical feedthroughs as necessary so that the
vacuum can be continuously maintained throughout normal operation. UHV pressures are
obtained using different tiers of vacuum pump, starting with low vacuum roughing pumps.
These pumps back turbomolecular pumps, which may already bring a system to UHV. In
many cases, turbomolecular pumps are used to achieve the initial vacuum but are then
superseded by pumps which operate only at or near UHV conditions (e.g. ion pumps and
non-evaporable getter pumps). In the new instrument described in this thesis, scroll pumps
were selected for the roughing pumps, and a combination of ion pumps and getter pumps
for maintaining UHV. Pressures are monitored with a set of gauges, in this case Bayard-Alpert
or ‘hot cathode’ gauges for HV-UHV ranges, and thermal conductivity (Pirani) gauges at
higher pressures. The composition of gases within a vacuum chamber can also be analysed
for reference, using a small quadrupole mass spectrometry device known as a residual gas
analyser (RGA). Further details and discussion of the new UHV system build can be found in
chapter 3 (“Design and construction of a new UHV-STM system”).
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Ultimately, to obtain UHV pressures inside the chambers, a vacuum system must also be
‘baked’ after every exposure to air. Air contains many contaminants, in particular water
vapour, which stick to the walls of vacuum chambers in significant quantities. At a certain
vacuum level (approximately 10-8 to 10-9mbar) the outgassing rate of water from the
chamber walls matches the rate at which the pumps remove gas, meaning the final UHV
pressures cannot be obtained on a realistic timeframe. To overcome this problem, the
system must be heated for a period of time in order to accelerate the removal of water. This
process, known as baking, uses thermal shielding and large heaters to ensure the entire set
of chambers is held at the same elevated temperature. Typical conditions are a 2-day bake
at 120°C. Following a bake, the system is cooled, during which any filaments can be degassed,
such as those in the RGA apparatus, to ensure later usage does not contaminate the
chamber. Normal operation of the instrument can then resume once the instrument has
fully cooled.

2.1.3 STM instrument
The STM instrument used for the majority of experiments described in this thesis is the
Aarhus STM 150 (release 2), manufactured by SPECS GmbH (see Figure 2.2). The STM is
mounted in a custom-designed set of UHV chambers, purchased separately and described in
chapter 3. The procedure for designing the UHV chambers is described below, in 2.1.4 (UHV
system design).
b)

a)

Figure 2.2. a) Image of the STM head from the SPECS Aarhus advertising material, b) Sample
plate (orange) inserted into the STM (green), inverted so that the mounted sample faces the
tip approaching from below.
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The Aarhus 150 is a variable temperature STM, designed to operate in a temperature range
of 90-400K. The scanner is embedded inside a heavy copper block suspended by springs, in
an inverted configuration so that the tip approaches samples from below. The small
mechanical loop of the scanner, combined with the heavy block and spring dampening,
serves to minimise any mechanical noise that might affect the STM scans. Samples are
inserted into the sample holder stage facing downwards, so that the tip can approach as
indicated by Figure 2.2b. For sample transfer, a locking piston is employed that fixes the STM
block in place, so that it is no longer hanging free from the support springs. For scanning, the
piston must be retracted again so as not to electrically ground the system, and to minimise
the effect of any external vibrations. Engaging the piston also permits rapid cooling of the
STM, as it provides a strong thermal contact to the cryogenic cooling mechanism. This
mechanism consists of two tubes for transporting cryogens that pass into and out of the
piston arm, and can be accessed externally. One entrance is used to flow cryogen inside,
while the other can be pumped on or simply left open for the exit flow. Once the desired
temperature is reached in the STM, the flow can be reduced to a minimum and the piston
retracted. The heat capacity of the large copper block, together with soft copper braids that
maintain a limited contact with the heat sink of the cryogen flow, allows for the STM
temperature to remain stable enough for several hours of scanning. The temperature of the
copper block can be constantly monitored via a K-type thermocouple. Under these
conditions, the tip is held at room temperature through dedicated counter-heating, so that
the piezoconstants of the scanner can be kept the same.
In order to scan a sample, the tip must be brought safely into tunnelling contact (at a typical
distance of about 1 nm) with the surface. This movement is performed through the use of
several piezos in the form of an inchworm motor, with a further set of piezos being dedicated
to moving the tip on a finer scale to perform scans. The inchworm motor functions by
gripping and releasing the central rod on which the scanner is fixed in a cycle of steps, that
once completed has caused the rod to move up (or down) by one increment (see Figure 2.3).
In this way, the scanner moves closer to the surface in a way that is highly controllable
through tuning of the piezo voltages and the time per movement cycle. The piezos for fine
movement operate in a simpler fashion, with the scanner tube divided into four independent
piezo sections that each correspond to a particular direction of movement in the X-Y plane.
A final Z-piezo controls the Z movements required during scanning, on a smaller scale than
those of the inchworm approach.
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Figure 2.3. Illustration of the operation of a piezo inchworm motor. Black colouration
indicates the active piezos in each step, with the arrows showing the direction of movement.
After step 6, the cycle repeats as necessary. Image in the public domain.
The approach process is controlled in two stages through the STM software, the first manual
and the second automated. The manual movement is required to reduce the time to
approach, since the maximum travel of the scanner is several millimetres. The manual
approach consists of driving the tip towards the surface at a relatively high speed until the
tip-surface gap is greatly reduced. A viewport on the STM chamber can be used to guide the
manual approach, as it provides visibility of the target surface in the sample holder. Using
the tip’s reflection once it becomes visible on the surface, the tip-surface distance can be
reduced to 0.1mm or even less. Subsequently, the manual process should be stopped and
the automated begun. The automatic approach involves a series of individual steps of the
inchworm motor, with a full extension of the Z-piezo after each step to test if tunnelling
contact is within its reach. If no tunnelling current is measured, the inchworm takes another
step and the process continues as such. The user can set the parameters of the automatic
approach, in order to find the balance between time taken and minimised risk of tip crashing.
Once in tunnelling contact, the X-Y (lateral) scanning range of the STM is 1.5µm x 1.5µm,
while the sensitive Z range is (±) 175 nm. The lateral thermal drift under normal operating
conditions is <0.15 nm/min, and the vertical drift is <0.05 nm/min, given a system at room
temperature. Thermal drift refers to the tendency for the tip and sample to gradually move
relative to one another, as a result of any temperature difference between them – a smaller
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difference meaning a lower drift rate. In order to scan areas more than ± 0.75µm away from
the initial approach centre point, the tip must be retracted and the sample holder moved
manually with the wobblestick, before re-approaching.
The STM tips used in the Aarhus STM are pre-made by electrochemical etching of 0.3mm
diameter tungsten wire, and the oxide layer is subsequently removed in vacuo using an ion
sputter gun mounted to the STM chamber for this purpose. During sputtering, a target is
bombarded with argon ions (Ar+), generated in the ion gun and accelerated by a high voltage,
resulting in layers of surface material being removed over time. In order to sputter the STM
tip, a special sample holder with a central hole is placed in the sample stage. The tip is moved
upwards so that it passes through this hole, exposing it to the ion beam while leaving the
piezos and the rest of the scanner shielded by the sample holder plate. The whole stage is
then grounded by engaging the locking piston, so that there is no build-up of positive charge
on the tip or sample holder plate, allowing a sputter current to be recorded. Typical
conditions for sputtering a new tip were an argon pressure of 1x10-5mbar and a high voltage
of 2kV, creating 5µA of sputter current on the tip. A 15-minute sputter time was standard,
but repeat cycles could be employed if the tip still did not produce suitable scans. The sputter
gun was also used on occasion to assist in reforming in-use tips with persistent scanning
issues, in order to reduce the need to replace a tip completely, which requires a vent of the
system.
An electronic control system is used to both monitor and directly govern most of the STM’s
functions. The system used here is the Nanonis base package 4.5, also acquired from SPECS.
All aspects of approaching the tip, moving the tip for scans, changing the scan conditions
(bias voltage, current setpoint, time), measuring feedback including noise, and recording
data are managed by the Nanonis system. Computer software provided with the Nanonis
hardware enables the user to access the various functions and parameters. Both the control
system and the instrument can be adapted for AFM functionality, operating in addition to or
even simultaneously with STM scans. Furthermore, while our instrument can work at 90400K, a model designed for temperatures up to 1300K is available. Neither of these options
were selected and so are not described in detail here.
The experiments detailed in chapter 5 (“Chemical transformations of the Phe-Phe
dipeptide”) were not carried out with the Aarhus STM but with an existing low temperature
STM from CreaTec Fischer GmbH. In comparison to the Aarhus STM, the CreaTec STM is
always kept at liquid nitrogen temperatures (approx. 77K) using a bath cryostat, operates
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with a Besocke-beetle type scanner, and is housed in a vacuum system purpose-built by the
manufacturer.4 Much of the practical difference between the STMs is procedural and as such
the data is very comparable, provided the lower temperature is considered in terms of the
reduced thermal motion of molecules on the surface.

2.1.4 UHV system design
The new UHV system, together with its supporting frame and bakeout tent, was designed
entirely within the SolidWorks 2012 CAD software (Dassault Systèmes). The software allows
the user to transform 2D and/or 3D sketches into rendered 3D objects, which can be
individually manipulated to edit their shape, size, material properties and aesthetics, and can
also be combined into ‘assemblies’. Constraints can be made on the relationships between
different objects, so that features of the system can be re-designed and have the rest
automatically update in response. New additions can also be readily incorporated in this way.
This permits rapid and facile changes to a draft design, particularly useful when both costs
and the instrument footprint must be brought to a reasonable minimum, meaning an optimal
configuration can take several attempts.
The specific design for the UHV-STM setup described here was produced in an overarching
assembly comprised of many sub-assemblies with varying complexity. In this way, the system
as a whole could be viewed and edited, but also divided up into sections of differing sizes as
required. The largest and most important sub-assemblies were designated “analysis
chamber”, “preparation chamber”, “loadlock chamber” and “manipulator”. The analysis
chamber was based on the design of the SPECS turnkey system, since its primary functions
were the same and only a few alterations were needed. The preparation chamber and
loadlock chamber were custom-designed from scratch. The manipulator head was designed
in collaboration with VAb Vakuum-Anlagenbau and Wolfgang Stiepany of the Max Planck
Institute for Solid-State Research (Stuttgart), while the remainder of the manipulator build is
standard VAb design and similar to that of the Createc LT instrument in our own laboratory.
Furthermore, sample storage ‘garages’ were also designed with the help of Wolfgang
Stiepany. It was possible to send drafts between collaborators by employing the technical
drawing functionality, as well as saving files in the STEP format, which can be opened as 3D
renders in most CAD software.
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Another less discernible but equally important aspect of the UHV system is the supporting
frame, which was also drafted in SolidWorks. The frame was modelled using drawings of
Bosch profile frame pieces and connection components, downloaded from the manufacturer
website to ensure the precise specifications were used. Once the desired thicknesses and
lengths of frame profile were selected, they were sent to a local distributor (Mid West
Automation) to be cut from stock.
To ensure the best pressures in the vacuum chambers, the system must be baked (see 2.1.2
[UHV]). The selected approach to the bake was the use of a ‘tent’ constructed of separate
flexible parts that can be assembled together when required, and fan heaters inserted
through the tent walls. The bakeout tent was planned out in a way that fit efficiently around
the vacuum system, including frame, without creating technical and costly complications for
manufacture. For this latter reason, work was conducted in close contact with Hemi Heating,
exchanging files in a similar fashion to the main UHV system. Hemi were able to feedback
with any issues foreseen in the design, such as manufacturing or material limitations. Exact
reproductions of the tent within SolidWorks were unnecessary, and simple ‘dummy’ pieces
could be used. Upon completion of these drawings at Warwick, Hemi were able to add in the
precise technical details, before manufacturing the tent after a final approval.
Further details on the specifics of the UHV system design can be found in the next chapter,
“Design and construction of a new UHV-STM system”.

2.1.5 Samples and preparation
Two metal substrates were used for the studies described in this thesis, namely Cu(110) and
Au(111). As discussed in chapter 1 (“Introduction”), low Miller index surfaces such as these
are ideal for fundamental studies of self-assembly. The Cu(110) sample is a single crystal,
while the Au(111) is a Physical Vapour Deposition(PVD)-grown film on mica. Such a film is
composed of a number of ‘grains’ that grow in various orientations, creating boundaries
where the grains meet. In practice, few grain boundaries are imaged in the STM since they
occur every 5-10µm by manufacturer specification, which is approximately 4-6 times greater
than the maximum scan range of the instrument. Therefore, the Au(111) on mica sample is
largely treated as behaving like a single crystal for the experiments herein.
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The substrates selected represent different average molecule-surface interaction strengths
as well as different surface atomistic structures. These factors strongly affect the selfassembly of deposited molecules, and so by working with two substrates distinct from one
another in these respects, the relative strength and effect of (otherwise constant)
intermolecular forces on an assembly can be probed in detail. More specifically, the typical
organic molecule-surface interactions for a Cu(110) surface are stronger than those on
Au(111),5 excluding compounds containing thiol groups.6-8 On a Cu(110) substrate therefore,
the self-assembly of deposited peptides might be guided more by the surface than on a
Au(111) substrate. Additionally, the (110) plane of a copper crystal is unreconstructed,
meaning the surface atoms arrangement is that of an as-cut face-centred cubic (fcc) crystal.
The resultant series of rows of copper atoms provides a contoured energy surface for the
binding of molecules, and creates a plane of symmetry along the [11̅0] axis, which bears
particular relevance for stereochemical considerations. Furthermore, this structure results
in a preferential direction for the diffusion of many species across the (110) surface, since a
lower energy barrier typically exists for movement within a particular row of atoms, rather
than across the rows. A (111) surface of gold, however, does display a reconstruction – into
the so-called herringbone pattern.9 This reconstruction occurs due to the tendency for
surface gold atom rows to contract unilaterally, which is locally energetically favourable for
each atom, leaving 23 surface atoms over 22 hollow sites.9 In order to optimise the
interactions with the layer below, the surface reforms, giving rise to the distinctive
corrugation as demonstrated in Figure 2.4. The parallel corrugation lines separate fcc and
hexagonal close-packed (hcp) regions of the surface in which surface atoms can sit on or
close to hollow sites, while within the corrugation lines themselves atoms must sit on quasibridge sites. The fcc regions are larger since they are energetically favourable over the hcp
due to their resemblance to the bulk phase.9,10 The hcp therefore lies between a pair of
parallel lines, separated by 44Å, and the fcc is between neighbouring pairs, separated by 63Å.
The unilateral nature of the original contraction still leaves a long-range strain in the other
directions of the surface, which is compensated for by the zig-zag of the corrugation lines.
This periodic direction change brings a contraction component into all three of the surface
directions, thus relieving the long-range strain without preventing the local energetic
benefit.10 In Figure 2.4, bright spots can be observed at the ‘elbow’ sites of the reconstruction
pattern, which is a relatively common observation in STM scans of Au(111) surfaces. This
occurs due to the particularly high reactivity of these elbow sites, meaning that even on a
cleaned surface, impurities are found preferentially adsorbed here.
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10nm
Figure 2.4. Room temperature STM image of a typical Au(111) herringbone reconstruction
pattern, captured using the SPECS Aarhus system described in this thesis. The bright lines
mark the boundary between fcc and hcp regions.

The Cu(110) and Au(111) samples used in this thesis were mounted on identical sample
plates that are compatible with the Aarhus STM. The STM supports multiple sample holder
types provided that they can be inserted for scanning upside down, and that they fit into the
spring clamps of the sample stage. The simplest type of holder was employed for our
samples, consisting of a single 18mm x 15.5mm plate (1mm thick) to which the sample is
affixed by spot-welded tantalum foil. A small ‘handle’ protruding from one edge of the plate
permits the sample holder to be locked into the head of the wobblesticks, and subsequently
moved around in 3-dimensions and rotated as required (see Figure 2.5).

a)

b)

Figure 2.5. a) Render of a standard sample holder plate, without mounted sample. b) Photograph
of a sample holder inserted into the manipulator arm, protruding as highlighted in blue. The
wobblestick is visible below.
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Once mounted and inserted into the vacuum chamber, a sample must be cleaned before use
to allow for high quality STM scans to be obtained. Furthermore, the surface would ideally
be atomically flat, so that molecules may assemble in 2-dimensions unfettered by high
surface corrugation or defects. The process for obtaining a clean, flat surface in UHV consists
of cycles of sputtering and annealing (heating). The sputtering process bombards the surface
with Ar+ ions, resulting in layers of atoms being ejected from the surface. This therefore
removes adsorbed material but also damages the surface, and so an annealing cycle follows
each sputter to allow the substrate atoms sufficient thermal energy to rearrange and form a
stable and flat surface. The sputtering conditions used for the Cu(110) surface were an argon
pressure of 1x10-5mbar and a high voltage of 1kV, generating approximately 4µA of current
through the sample. Sputtering was typically carried out for 20 minutes. For the Au(111)
surface, a slightly lower current of 3µA was the target, in order to prolong the lifetime of the
thin gold layer on mica. Annealing could be performed with one of two heaters fitted to the
manipulator arm, an e-beam heater or a pyrolytic boron nitride (PBN) heater. The vast
majority of experiments used the e-beam heater, located at the OMBE deposition stage (see
chapter 3 for discussion of OMBE and ESI deposition stages). An e-beam heater operates by
the generation of free electrons from a hot filament, which are then accelerated towards the
target by means of a high voltage. The collision of the electron beam with the target induces
a rapid local heating effect. The annealing conditions for both surfaces were 3.5A through
the filament and a high voltage of 2kV, generating 10mA of current through the sample so
that its temperature rises to 773K. Annealing typically lasted for 15 minutes, but could be
continued if the surface was found to be corrugated in the STM. Additionally, while two
cycles of sputtering and annealing was standard, repeat cycles could be used as necessary if
the surface cleanliness was deemed insufficient.

2.1.6 Organic Molecular Beam Epitaxy
The molecular depositions onto metallic substrates described in this thesis were performed
using Organic Molecular Beam Epitaxy (OMBE). This technique, applied in UHV conditions,
offers a very high level of reproducibility and control over the cleanliness of the surface,
molecular coverage, and the chemical state of deposited species. Molecules are placed into
alumina crucibles that are heated by tungsten filaments in order to effect sublimation in
vacuum, producing a molecular beam in front of which a target sample can be placed. Four
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crucibles could be loaded with material into the OMBE ‘source’ mounted on the UHV
chambers. The source used was purchased from Dodecon Nanotechnology GmbH, and
features a cylindrical design with the four crucible cells positioned symmetrically. These cells
are angled so that together they produce a focal point at which all four molecular beams
would theoretically overlap, making sample positioning and co-depositions simpler. Each
crucible cell has independent heating, as well as temperature measurement by means of a
K-type thermocouple. The crosstalk between cells is <10K at a 300K temperature difference,
which ensures that only the selected molecule will be deposited in any given experiment.
The typical crucible used is a hollow 9mm length by 5mm diameter cylinder of alumina, open
at one end. A shutter is mounted close to the crucible exit holes, with openings that can be
rotated into position at the start and end of depositions to permit precise timing and
therefore a predictable surface molecular coverage. This shutter also includes a pair of
diametrically positioned openings for simultaneous co-depositions as required.
In order to avoid fragmenting the molecules to be deposited, a sublimation temperature
must be determined in advance, since for excessively high temperatures the intramolecular
bonds will start to break (this is discussed further in chapter1 [“Introduction”] and chapter 4
[(“The sublimation of short peptides”]). Having tested each molecule in a separate HV system
as described in chapter 4, an approximate sublimation temperature was already determined.
The specific design of each sublimation apparatus and the conditions therein mean that exact
sublimation temperatures can only be ascertained in situ. The approximate values from the
HV experiments were used as a guideline, and a slow ramping of temperature until molecules
could be seen in STM scans was employed to obtain the ‘real’ sublimation temperature.
Table 2.1 below shows the temperatures ultimately used for each molecule, and from where
the molecules were acquired. All molecules were used as received, without further
purification. Once in the OMBE source under vacuum, molecules were however outgassed,
to remove residual solvents and water by heating the crucible to close to the sublimation
temperature for approximately 30 minutes. If a significant pressure rise was detected from
the gas produced during this process, the time was extended until the pressure recovered,
ensuring a clean deposition of molecules when desired.
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Molecule name
L-Phe-L-Phe
Cyclo-(L-Phe-L-Phe)
Singly Dehydrogenated Cyclo-(L-Phe-L-Phe)
Doubly Dehydrogenated Cyclo-(L-Phe-L-Phe)
D-Phe-L-Phe
L-Phe-D-Phe
L-Tyr-L-Tyr
L-Trp-L-Trp

Sublimation T
443K
443K
443K
443K
413K
413K
513K
553K

Origin
Sigma-Aldrich
L. Alkhalaf, Challis group
L. Alkhalaf, Challis group
L. Alkhalaf, Challis group
Bachem
Bachem
Bachem
Bachem

Table 2.1. A reference list of all peptides used in STM experiments in this thesis, their
sources, and their sublimation temperatures.

2.1.7 STM data gathering
Preparation for an experiment with the Aarhus STM, starting with sample cleaning and
ending with the first scans of a new molecular deposition, typically has a duration of 3 hours.
The process is comprised of two cycles of sputtering and annealing, followed by a deposition
from the OMBE source, and transfer to the STM. All depositions were onto room
temperature samples and the majority of STM data was gathered at room temperature, and
as such the transfer process was fast and straightforward. For experiments at low
temperature, samples were transferred before engaging the locking piston and starting the
cooling process, to ensure thermal equilibrium. The STM scans of particular depositions were
taken over varying time periods, ranging from 1 hour to several days based on the quality of
the deposition. Individual scans were also captured on different timescales, depending on
the scan size and the desired resolution and image quality. An average scan took
approximately 1 minute, but could be as short as 16s or as long as 15 minutes. All scans were
taken in constant current imaging mode, typically with 10pA to 100pA of tunnel current as
the target. The bias voltages used ranged from -2.5V to +2.5V, depending only on the most
stable scanning conditions, since the resolution of the molecular features in this thesis
proved to be largely unaffected by the bias sign or magnitude. In order to sample a significant
area of the surface, scans were conducted across the whole 1.5µm x 1.5µm range in a
number of distinct positions on the sample, accessed by macroscopic movements as
described above in 2.1.3 (STM instrument). Analysis of the STM images gathered was
performed using the free WSxM software.11 The only major modification of the raw data was
the application of plane flattening, to account for the tilt of the sample surface with respect
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to the plane of the STM tip’s movements. All distances and angles reported are as measured
from this processed data, with quoted errors of one standard deviation where applicable.

2.2 Additional experimental techniques and theoretical methods
2.2.1 Mass spectrometry
Mass spectrometry is a widely-used technique for identifying unknown molecules, studying
how molecules have been modified after a reaction, and for establishing the presence of
known molecules and/or fragments in a solution or on a surface. The latter was particularly
relevant for the sublimation tests of this thesis, where the primary goal was to recognise
whether a particular amino acid or peptide remained intact after being sublimed. In addition,
the mass difference between linear and cyclised peptides is an invaluable aid in identifying
this transformation. Furthermore, due to the relative ease of use of mass spectrometry, and
the low requirements for sample concentration, mass spectrometry was selected as the
routine analysis technique for the sublimation experiments over other methods, such as
Nuclear Magnetic Resonance (NMR) spectroscopy.
The instrument used for the majority of these experiments was an ESI time of flight (TOF)
mass spectrometer, namely the Bruker MicroTOF of the Chemistry mass spectrometry
facility at Warwick. This instrument features a resolution of >10,000 (full-width halfmaximum/fwhm) and a mass accuracy of 5ppm in a mass range of 50-3,000 m/z. Solutions
of sublimed and non-sublimed material were made up separately for comparison, with
concentrations in the range of 1-10µM. The amino acids and many peptides were soluble in
water, with L-Phe-L-Phe and derivatives instead dissolving in MeOH, and Tri-L-Phenylalanine
through to Penta-L-Phenylalanine requiring acidification (1% formic acid) in AcN-H2O to
solubilise. The use of electrospray, a soft ionisation technique, avoids fragmentation within
the mass spectrometer, and therefore the data obtained is solely due to the effects of the
sublimation process on the molecules. By comparing the sublimed samples with the pristine,
unsublimed material, any differences can be identified, in particular focussing on the
molecular ion peak and the presence of lower mass peaks corresponding to fragments.
A higher resolution instrument was used on occasions where a more detailed examination
of specific fragment peaks was required. Greater resolution, coupled with an improved mass
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accuracy, means that for a given peak, the m/z value can be more precisely determined. This
substantially narrows the pool of valid molecular formulae that could yield an ion at a
particular m/z value. Using the smaller pool of ions, it becomes possible to identify realistic
fragments of the parent molecule, and thus better understand its sublimation behaviour.
The instrument used for these experiments was the Bruker MAXIS II, a liquid
chromatography-quadrupole TOF (LC-QTOF) which features a resolution of 80,000 (fwhm)
and a mass accuracy of <1ppm in a mass range of at least 50-20,000 m/z.

2.2.2 Sublimability tests
In order to have a molecular sublimation test that acts as a useful reference, one must
employ a technique and environment similar to that of the intended UHV sample
preparation, preferably without sacrificing speed and reliability. An existing HV system in the
lab, constructed for a similar purpose, was ideal for carrying out such tests. The system
comprises a small 5-way cross stainless-steel vacuum chamber, fitted with a linear drive
transfer arm for positioning a deposition target, a custom-built crucible furnace for subliming
powders, and a Quartz Crystal Microbalance (QCM) to measure deposition rates. The setup
is completed by a fast-entry door, a wide-range vacuum gauge, and a turbomolecular pump
backed by a rotary pump. Further discussion of this sublimation technique, known as OMBE
was presented in 2.1.6 (Organic Molecular Beam Epitaxy).
Though the pressures attainable by this system are not as low as UHV, the difference in
sublimation temperature between UHV and HV is much smaller than that between HV and
ambient, and so the loss in accuracy is minimal. Additionally, the time gain from pumping to
HV rather than UHV is substantial due to the absence of any baking. Therefore, the use of
such a chamber allows for relatively rapid and reliable data gathering on the sublimation
conditions of various molecules, and it is for these reasons that the HV system was employed
during the experiments of this thesis.
The typical procedure for a sublimation test begins with loading a crucible with the relevant
material, which for this project was always a powder. The crucible is mounted in its furnace
in the vacuum chamber, and a glass slide inserted into the slot on the transfer arm, which is
opposite the crucible aperture at an approximate distance of 450mm. The chamber is then
sealed and pumped until it reaches a pressure in the 10-7 to 10-6mbar region, i.e. HV.
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Molecules were degassed in a similar fashion to that discussed in 2.1.6 (OMBE), but since
many sublimation temperatures were not already known, the degassing temperature used
was ~373K. The arm with the glass slide is retracted during this time. During a sublimation
experiment, the crucible temperature is slowly ramped up, checking the QCM rate at each
interval until an appreciable deposition rate is detected. Occasionally a sublimation
temperature is already reported in the literature, in which case it can be used as a guide.
Once a stable molecular beam is achieved in this way, the transfer arm is moved so that the
glass slide intercepts the beam, thus beginning the deposition. Typically, a sample is left
depositing for approximately 15 hours (overnight) before the crucible temperature is
dropped to 0. This is to ensure a sufficient amount of material is present on the slide for
detection by mass spectrometry. In order to obtain a mass spectrum, the chamber is vented
to atmosphere and the slide removed and washed with an appropriate solvent. The solvent
wash is used directly as a mass spectrometry sample, provided the solvent is appropriate,
otherwise a dilution in MeOH/AcN is required. For comparison, a mass spectrum is also taken
of a solution of unsublimed powder beforehand, as well as sample of clean solvent. Glass
slides are washed with acetone, followed by the solvent to be used in the mass spectrometer,
to minimise contaminants present before a deposition.
To assess whether it is possible to sublime a molecule intact, the “minimum” sublimation
temperature is the key goal. This concept, however, is somewhat arbitrary due to its
dependence on the precise conditions within an experimental setup and, in particular, on
the choice of sublimation rate. In the experiments here, it was decided that the minimum
sublimation temperature would generally be defined as the lowest value for which a signal
in the mass spectrometer could be seen from the slide wash, determined in an iterative
fashion as necessary. After observing a molecule’s fragmentation, an experiment was
repeated in order to check if a lower sublimation temperature could be found. In some of
these repeat experiments, deposited material can be detected in the mass spectrum despite
the absence of a noticeable rate on the QCM. Such cases are found when gradually
decreasing the temperature from a point where the QCM indicated a rate, but the mass
spectrum indicated fragmentation. In doing so one tests the limit of sublimation, such that
the rate is too low to appear above the noise in the QCM signal.
Uncertainties in temperature readings for the sublimation tests are expected to be 10°C,
due to inherent issues of reproducibility with thermal conductivity by mechanical contact.
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Figure 2.6. The system used for testing the sublimation of peptide samples, with key sections
highlighted. Green: Central chamber for target slides; Blue: QCM apparatus above the main
chamber, in-line with the deposition beam ; Orange: Crucible furnace mounted below the
main chamber; Red: transfer arm with pressure gauge below.

2.2.3 X-ray Photoelectron Spectroscopy
XPS is a surface-sensitive analytical technique that provides information about the chemical
composition of a target sample. At the heart of the technique is the photoelectric effect,
whereby atoms subject to an electromagnetic beam can emit electrons. In this case, a
monochromatic beam of X-rays is used, whose photons are absorbed by core-level electrons
causing them to be ejected from the sample. Since emitted electrons must pass through any
remaining sample material to escape (facing collisions, recombination, trapping etc.), the
vast majority of detected photoelectrons are from the top few nm of the sample. This is the
cause of the inherent surface sensitivity of XPS. The resultant kinetic energy of the emitted
electrons can be measured and used to determine the binding energy of the electrons within
the sample, though only for photoelectrons that have not undergone any interactions that
induce energy loss. The following formula is used:12
EB = hν – Φ – KE
where EB is the electron binding energy, hν is the energy of incident photons, Φ is the work
function and KE is the photoelectron kinetic energy. Since the photon energy and the work
function can be predetermined, the binding energy is thus easily calculated from measured
kinetic energies. Binding energies of electrons are highly specific, not only to each element
but also to the chemical bonds formed by that element within different environments
(chemical shift). Additionally, the intensity of XPS peaks is proportional to the number of
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atoms of each type present in a sample, as well as the photoionisation cross-section for the
particular element. Therefore, an XPS spectrum can act as a molecular ‘fingerprint’, as the
number, type and size of the peaks present provides detailed information on the chemical
composition of the sample being studied. Precise quantitative evaluations of the ratio of
each species on the surface can be challenging, however, due to difficulties in interpreting
the exact size of a given peak and fitting its component curves. In addition, in some cases the
depth attenuation of an XPS signal must be factored in, such as for layered systems, or those
with molecules that are not parallel to the surface.
When XPS is applied to a thin molecular film on a metal surface, information can be obtained
about the chemical state of the atoms within those molecules, allowing the structure to be
much more precisely determined than with STM alone. The two techniques offer
complementary information about a surface deposition, and so applying both together is
highly advantageous. This proved particularly helpful for the studies of cyclo-L-Phe-L-Phe
(cFF) and cyclo-L-Tyr-L-Tyr (cYY), and determining the extent of their dehydrogenation, if any.
The XPS measurements were all performed on the Omicron UHV XPS system of Warwick’s
Interdepartmental Photoemission facility, located in the Physics department, on Cu(110) and
Au(111) surfaces prepared in situ. This instrument uses a monochromated Al Kα X-ray source,
with beam energy 1486.6 eV. Following a full-width survey sweep to identify the peaks
present in the sample, repeated scans were taken over energy ranges relevant to C1s, O1s,
N1s and Cu2p3/2/Au4f7/2 peaks as required. Typically, 20 scans were taken and averaged per
data point. Fitting and analysis of XPS data was performed using the CasaXPS software.13 A
Shirley-type background subtraction was applied across all the peaks, with fittings achieved
through the use of a combination of Gaussian and Lorentzian functions, typically the GL(30)
mix. Binding energies were calibrated with respect to the largest peak from the respective
metal surface used, i.e. the Cu2p3/2 or Au4f7/2. These peaks were comparable with literary
references14 and demonstrated no marked changes in position before calibration, enabling
their use as reliable reference points. Estimates of stoichiometry were obtained from the
ratios of the areas of peaks to the photoionisation cross-section for the respective element.

2.2.4 Molecular models and simulations
Predicting the behaviour of molecular systems through theoretical modelling can help
support the analysis of experimental data, as well as shed light on the reasons for any
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observed behaviour, based on energy-minimised thermodynamic calculations. In principle,
the time-independent Schrödinger equation can be used to describe the exact state of any
system (not evolving over time), in terms of a wavefunction and its eigenvalues.15,16 However,
exact solutions for the Schrödinger equation cannot be calculated for all but the simplest of
cases, for example a single hydrogen atom. Approximations must be made in order to
simplify the equation so that it can be solved for real molecular systems, largely by reducing
the number of interdependent variables. Typically, these approximations are balanced
between reducing the complexity of the calculation, and obtaining an accurate and reliable
result. There are a number of approaches to this challenge, one of which is examined here:
Density Functional Theory (DFT). Alternatively, some techniques use classical mechanics
applied to ‘particles’ of interest, as another means of simplifying calculations on large
systems, such as Molecular Dynamics (MD). Both techniques were used to assist the study
of the adsorption of Cyclo-(L-Tyr-L-Tyr) (cYY) and its dehydrogenated form, on Au(111) and
Cu(110) surfaces.
DFT is based on the principle that the electron density of a many-atom system (in its ground
state) can be used to predict its electronic properties,17-19 a theory which relies on the BornOppenheimer approximation. Under the Born-Oppenheimer approximation, due to the
orders of magnitude of difference in the relative mass (and therefore speed of motion) of
atomic nuclei and electrons, the nuclei are considered to be stationary on the timescale of
the electron movement. This effectively decouples electron-electron and electron-nuclei
interactions, since the nuclei now present a stationary Coulomb potential field. The
Hohenberg-Kohn theorems show that under these conditions, the potential field and the
ground state electron density are explicitly linked by a unique functional, and therefore the
total energy of the system can also be calculated.17 This represents a substantial
simplification compared to the Schrödinger equation, as the individual movements of each
electron no longer need be considered, with the overall electron density being the only
variable. DFT can be used to calculate several key ground-state properties of a moleculesubstrate interface, in particular proving effective at determining optimal adsorption
conformations and their energies, and how these are affected by intermolecular interactions
and the presence of adatoms.
The specific DFT calculations performed for this project were carried out by using the
Quantum Espresso computer package.20 Plane wave calculations using the revPBE-vdW-DF
functional make up the majority of the DFT data, though a small number of calculations were
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also performed using the optB88-vdW-DF functional to ensure another method produced
the same trends. The revPBE-vdW-DF functional was selected because it has previously been
used successfully to reproduce the experimental non-covalent adsorption energy of
adsorbed molecules on the Au(111) surface.21-28 The underlying metal surface is represented
by a ‘slab’, which is four atomic layers thick in the case of Au(111) and seven atomic layers
thick in the case of Cu(110). The supercell composed of the surface slab and molecule(s) was
scaled so as to minimise adsorbate-adsorbate interactions that were not part of the intended
calculation, for example across periodic boundaries when simulating small clusters or
isolated molecules. For a single molecule on Au(111), a p(8x4) supercell was used, changed
to p(8x5) and p(10x4) for pairs of molecules and adatom calculations respectively. For the
single molecules on Cu(110), a p(4x8) supercell was used.
MD can be seen as a complementary technique to DFT, since it is focused on the study of
atoms and molecules in motion. Larger scale DFT calculations for multiple molecules become
prohibitively expensive in terms of computation time, particularly when evaluating a range
of different possible molecular positions. MD however operates by solving Newton’s
equations of motion for the molecules of interest, using force fields (FF, from molecular
mechanics) or interatomic potentials to define the interactions between them.29 MD is used
to simulate the movement of a group of molecules over a set period of time which, if long
enough, permits the lowest energy configuration to be found. Such an approach is ideal for
predicting the result of a self-assembly process, where a long-range thermodynamic
optimisation is expected, provided thermal equilibrium is reached. The classical mechanics
used in MD are of course an intrinsic simplification, such that the technique is not applicable
for determining electronic properties, and can be ill-suited to determining accurate energy
minima, in particular in cases where electron-electron interactions are more explicit, such as
chemical bond formation. For cases such as these, DFT might be a more appropriate
technique. However, the energy values produced by MD are self-consistent and can be
defined relative to one another, meaning that comparing different self-assembly motifs is
typically a reliable source of data.
The MD simulations for this project were carried out using the Gromacs 5.0.1 software
package. Adsorbate molecules were modelled via the CHARMM22 FF, and their interactions
with the Au(111) interface were described using the GolP-CHARMM FF. The GolP-CHARMM
FF is a polarisable FF specifically designed to simulate peptides/proteins at gold interfaces.30
The Au slab representing the (111) surface is assumed to be not reconstructed and is five
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atomic layers thick. Molecules were simulated in groups of 8 and 12 in a p(20x24) supercell,
groups of 16 in a p(30x27) supercell, and groups of 30 in a p(42x48) supercell. Simulations
typically had a duration of 5 to 15ns, at various temperatures between 300 and 500K. A
caveat exists for the stated MD temperature, as the GolP-CHARMM FF is parameterised at
0K and validated at 300K. At higher temperatures, it is possible the FF is not reproducing the
correct ensemble of conformations for that given temperature, and so the ‘real’ temperature
may deviate from what is expected. Nevertheless, a higher set temperature will always give
a higher real temperature regardless of its exact value, and so a broad comparison of the
effects of raising temperature can still be made.
A number of simpler molecular models are used in this thesis to aid in the descriptions of the
self-assembly patterns observed. These models, unless otherwise stated, are the product of
the Avogadro software, and are energy-minimised conformations for isolated gas-phase
molecules. The Avogadro default MMFF94 force field was used for these optimisations, since
it is designed to work with common organic structures,31-33 a category which covers small
peptides. In some cases, the conformational search was guided by literary references, where
simulations of similar molecules had already been performed. This strategy was particularly
useful for cyclo-L-Phe-L-Phe (cFF) and cyclo-L-Tyr-L-Tyr (cYY), as a number of studies of
diketopiperazines in general could be found.34-46 A recurring conformation was found across
these references, that features both side groups projecting out from the same face of the
DKP, with all three rings in approximately parallel orientations (Figure 2.7). Thus, these
studies provided a starting point for the Avogadro minimisation, thus providing a more
realistic conformer from this process. The nature of the Avogadro optimisations means they
serve as a first approximation of how the molecules might be expected to land on the
surfaces studied, but are not necessarily an accurate description of the final conformation
once adsorbed. Therefore, the Avogadro conformers are only used as a guide, in the absence
of more accurate dedicated DFT and MD simulations.

Figure 2.7. Energy-minimised model of cyclo-(L-Tyr-L-Tyr) using the MMFF94 force field.
Similar structures can be found across the literature, for example see refs. 34, 42, and 46.
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Chapter 3: Design and construction of a
new UHV-STM system
3.1 Design philosophy
As discussed in chapter 1 (“Introduction”), it was decided that a new UHV-STM system would
be constructed to meet the needs of the proposed investigations into the vacuum deposition
of large molecules, in particular oligopeptides. While OMBE studies could be carried out in
an existing turnkey system, the particular desire to incorporate an electrospray deposition
source necessitated building a new system, designed in such a way to accommodate the
required components in an efficient manner. It was also resolved that the best way to create
an effective setup that would both be cost-efficient and have a minimised footprint was to
custom-design the system in-house. The STM head to be mounted into the new system
would, however, be purchased, as a bespoke design here would be an unnecessary
complication. Custom-designing the rest of the system allowed for specific tailoring towards
having multiple integrated molecular deposition techniques, including electrospray
deposition which typically requires differential pumping and ion optics, resulting in a
relatively large build. Furthermore, producing new drafts or even minor revisions to the
design was a faster process without the need to communicate with a third party. Any
restrictions of the design based on the layout of the lab were also more easily worked around
through direct access to the space.
The design philosophy of the new system can be summarised in three key aspects, which
were then used to guide the overall structure of the vacuum system as well as individual
choices about specific components. The first and most important criterion, as already
mentioned, was that the system be designed with the electrospray setup in mind. More
specifically, this meant not only ensuring sufficient space to build or attach the electrospray
system, but constructing the main chambers in a way that is conducive to electrospray
deposition without major modification. OMBE experiments were also essential, and so
accommodating both facilities required some thought, especially in terms of the manipulator
arm and the target sample plates. Additionally, the effects of the electrospray on the vacuum
pressure had to be borne in mind.
Secondly, and directly related to the goal of comparing electrospray deposition with OMBE
(and other deposition techniques), the system had to be designed for relatively rapid usage
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and high sample turnover. To study the effectiveness of a deposition method, one ought to
perform a large number of experiments to test a variety of conditions as well as ensuring
reproducibility of data. To this end, it is advantageous to have a short time between
molecular deposition and completion of an STM experiment, in order to enable a higher
turnover rate. The main way of meeting this criterion was through the choice of the type of
STM head itself, which is discussed below, but certain elements of the vacuum system also
factored in this ethos.
Finally, the efficiency of the system was an important consideration, both in terms of its size
and ease of use, and its cost. One simple way of ensuring the inclusion of all necessary
components would be to have a very large preparation chamber, but this of course is costly
and would slow down operations within the chamber, due to the travel distance between
components. In vacuum, mechanical processes are already inherently much slower than in
air, due to the limitations of air-vacuum coupled arms, manipulators, and actuators, and so
further delay is highly undesirable. This also ties in to the second criterion of producing a
fast, high turnover system. Larger chambers can also cause problems in terms of the
footprint of the system, making it difficult to work around, connect to power and gas lines,
and bake. Therefore efficient, operator-friendly use of space was essential in the design.
The system design and acquisition of components was split into two broad stages, as a result
of the decision to custom-build the vacuum setup. The first step was a >6 month tendering
process for the STM head, required due to the high cost of the item. In parallel to and
following on from this, the vacuum chambers were designed and their manufacture
arranged, along with the purchase of other essential components such as pumps, gauges,
wobblesticks, the OMBE apparatus and the manipulator.

3.2 STM head
The STM head itself was chosen with the above design philosophy in mind. The ideal case
was an STM that was compact and facilitated a higher sample turnover rate without
compromising on scanning capabilities. Experimental flexibility in terms of sample type and
experiment temperature was also considered advantageous, to permit greater variety in
testing the OMBD and electrospray deposition processes. Low temperature capabilities are
particularly useful, in order to minimise the thermal motion of deposited molecules, many
of which have high mobility at room temperature, thus enabling better resolved STM images.
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For these reasons, it was apparent that a variable temperature (VT) STM head was required,
i.e. one which is designed to operate at either room temperature or with cryogens (and
sometimes at elevated temperatures). As well as the evident temperature flexibility of a VTSTM, there is an additional advantage of speed of use compared to a dedicated low
temperature instrument. Low temperature STMs use a cryostat to maintain liquid nitrogen
or liquid helium temperatures (77K or ≈4K respectively), meaning that samples must always
be cooled before scanning to avoid major drift issues from the thermal gradient. The time
lost here can be significant, especially relative to scanning time if one only wishes to perform
quick survey scans while testing a deposition technique. A VT instrument operating at room
temperature avoids such considerations altogether, but maintains the ability to scan at low
temperature if desired by means of a smaller in-built cryostat. The differences to be found
in minimum temperature and maximum resolution were considered acceptable
compromises for the benefit gained.
Of the responses to the tender, the STM head selected was the SPECS Aarhus 150. Technical
details of the instrument are provided in chapter 2 (“Experimental”). Particular advantages
of this model compared to its competitors were better low temperature stability, better
vibrational stability, and a compact design. Resistance to external vibrations was especially
important due to the intention to incorporate an electrospray deposition source into the
system, meaning multiple pumping stages generating significant vibrational noise. This
vibrational stability is provided by the small mechanical loop of the scanner, and the heavy
metal block suspended by springs in which it resides. This block also acts a sizable heat sink
that helps with temperature stability, which combined with thermal radiation shields
provides a stable operating temperature of ≈115K with a liquid nitrogen flow. Additional
features of the system to highlight include fast cooling (room temperature to 115K in approx.
1 hour), the capability for in-situ molecular deposition, and a simple sample stage design that
enables quick transfer of samples into and out of the STM. Diagrams of the STM head can be
found in Figure 3.1.
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Main spring

Electrical feedthroughs

Sample stage

(Optional AFM assembly)
Cryogen flow aperture

Scanner body (inverted),
hidden inside copper block

Cooling piston and clamp
Opening for in-situ OMBD

Figure 3.1. The Aarhus STM 150. This a standardised model provided by SPECS, and as such
some components will appear different to the real product. In particular, the radiation
shields fitted to our system are absent in the diagram, and the optional AFM assembly shown
was not purchased.

3.3 Vacuum chamber design
The design of the vacuum system in which the VT-STM would be housed was broken down
into four major parts: the analysis chamber (STM chamber), preparation chamber, loadlock
chamber and manipulator arm. This reflects an early design choice that the vacuum
chambers would be separate entities (rather than, for example, being welded together with
fixed gate valves incorporated, as seen in some commercial setups). Though the integrated
approach can help reduce the system footprint and sample transfer times, the benefits of
decoupling the chambers were considered more important. Primarily, the ability to isolate
and detach chambers from one another is very useful if a fault develops, making repairs
simpler and occasionally even permitting continuation of experiments, albeit in a limited
capacity, in the remaining chambers. Furthermore, theoretically one could re-design a
partitioned system to meet new requirements at a later date, which is not possible for an
entirely integrated design. Major changes to a functioning UHV system may be unlikely, but
having the possibility is useful when planning a significant expansion such as the electrospray
deposition source. As discussed in chapter 2 (“Experimental”), all components were designed
using the SolidWorks software package. Each section was created individually before
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merging into a single large file, to check and finalise distances between components and their
connections.
The logical starting point for the four key parts was the analysis chamber, since it houses the
STM head, and other system functions revolve around the endpoint of an STM experiment.
Annotated diagrams of the analysis chamber are presented in Figure 3.2a. The basis for the
structure of this chamber was the SPECS 260mm diameter spherical chamber for an Aarhus
STM, since this already contained optimised angles for in-situ OMBE deposition, tip
sputtering, and observation of the tip position and sample transfers. Space for sample
storage is also provided via the CF63 port adjacent to the viewport, through the use of a
‘garage’ mounted on a linear shift stage. The garage itself, also custom-designed, was built
with simple space-efficient storage in mind, and simply comprises four sample holders of
similar dimensions to the STM sample stage. Modifications to the base chamber were made
according to custom requirements we had for our system. Due to the desire to have
chambers that could operate independently of one another, the CF150 port that protrudes
vertically down was extended, to allow for a turbomolecular pump to be incorporated in
addition to the standard ion pump. This permits tip sputtering without the use of the
preparation chamber as well as self-sufficiency in terms of pumping down and baking. The
other adjustments made were relatively minor, being related to some of the smaller ports
on the chamber, moved or replaced to accommodate the pumping change and offer more
flexibility in the mounting of components. Overall the chamber design is compact and
efficient, and allows for rapid sample transfers into and out of the STM via a wobblestick and
the help of the viewport indicated in Figure 3.2b. Smooth operation of the STM itself is
assured by staying close to the manufacturer’s blueprint.
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a)

Main viewport

STM

b)

Sample garage port

Expansion port

Wobblestick for
sample transfers

To preparation chamber

To ion pump

Figure 3.2. a) The analysis chamber, with pumps and other external components hidden for
clarity. b) View through the main analysis chamber viewport.

Figure 3.3. Overhead view of the full system, with the analysis chamber highlighted green
and the preparation chamber highlighted red. The central axis along which the manipulator
arm travels is indicated in blue. All system functions can be accessed with only small
deviations from this axis.

The second key section to be designed, and the largest, was the preparation chamber. This
has to house a large number of components for cleaning samples, depositing molecules, and
analysing the ambient conditions via pressure and RGA, as well as transfer ports to the STM
chamber and loadlock. Additionally, the XYZ manipulator must be mounted at the end of the
preparation chamber so it can service the whole length of the vacuum system. Therefore,
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this chamber had to be considerably larger than the analysis chamber, whilst still having a
space-efficient design. Another important factor in the planning of the preparation chamber
is the fast usage/high throughput criterion of the overall ethos, meaning that ideally all
functions (especially different types of molecular deposition) can be performed on a single
axis. This means a sample on the manipulator can go through all stages of preparation via
rotations and by movements on the z-axis, with little to no adjustments in x and y. This
enables simpler and faster movement between relevant positions in the chamber, and
between the preparation and analysis chambers. In light of these considerations, a logical
shape was an extension of the spherical-type chamber, i.e. a cylinder, aligned on the same
central axis as the analysis chamber Figure 3.3 demonstrates the overall system layout. The
structure of the chamber can be seen in Figure 3.4, where the main ports are labelled. Using
a cylindrical shape with a diameter of 260mm and length of 380mm allowed all of the
important components to be incorporated. Crucially, both the OMBE source and ESI
deposition port could be placed on the same side of the chamber, 120° and 90° from the
vertical angle respectively. An OMBE source (and certain types of metal source) cannot be
mounted horizontally or at an elevated angle, and so an additional constraint was found in
maximising the number of ports in the lower hemi-cylinder. The ion source for argon
sputtering is mounted vertically, sample heating is built into the manipulator, and the
wobblestick is mounted opposite the ESI position with the loadlock vertical. With this setup,
a sample can be introduced into the preparation chamber, cleaned, and receive a molecular
deposition, all on a single axis with minimal z movement and rotation, reducing the time
taken for a complete experiment. Sufficient space is also available for further components
to be added at a later date, such as a gas doser or an additional OMBE source. Maintaining
the flexibility for future expansion of the system was key to the initial design, especially in
terms of the ESI and the overall comparison of different deposition techniques. Though
factoring in extra space on a system intended to be compact and efficient can be
problematic, the benefits proved substantial, as will be discussed at the end of this chapter.
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To loadlock
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Manipulator port

Turbo pump port
To analysis
chamber

Electrospray
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expansion port

Wobblestick
port

OMBD apparatus

To ion pump

Figure 3.4. a) The preparation chamber, with pumps and other external components
hidden for clarity. b) Rear view, with OMBD apparatus mounted.

The decision to place the loadlock vertically was somewhat unconventional, but greatly
reduces the system footprint since the long sample transfer arm is moved into otherwise
unused space. This arm uses a rack-and-pinion mechanism so it can be safely locked in place
at any position, and the overall height of the system was tailored to ensure the arm was not
impractically high. The loadlock chamber itself is of relatively simple structure, because the
only major requirements for its design were the ability to load external samples, pump down
to vacuum, and transfer the samples to the preparation chamber. As such, the chamber is
essentially a CF40 cross piece with customised angles for the attached ports Figure 3.5. The
access hatch and viewport are positioned for optimal loading and removal of samples, with
the remaining non-vertical CF40 port hosting the gauge. A small turbomolecular pump can
be mounted on the lateral CF63 port, leaving the final vertical ports for the transfer arm and
gate valve. The transfer arm itself comprises a small garage of similar design to that of the
analysis chamber, only with three sample storage spaces instead of four.
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Transfer arm port

Turbo pump port

Viewport

Access hatch port
To preparation chamber

Figure 3.5. The compact vertical loadlock chamber.

The final major component designed was the manipulator head/sample stage. The external
parts and moving parts of the manipulator as well as the electronic feedthroughs are
standard VAb components, adapted to our requirements. Therefore, only the manipulator
head needed a custom design, one which reflected the two types of molecular deposition
planned. In particular, it is the electrospray deposition that imposes special requirements on
the deposition stage, since some level of deceleration of the beam must occur to permit softlanding, and the beam must be in some way focused onto or captured by the sample. The
retardation of the beam is typically achieved with a bias applied to a grid or mesh, with
steering and focusing of the beam on to the sample realised via biased plates with apertures.
Building-in such functionality on the manipulator can cause problems for sample cleaning by
sputtering, as it is important not to block the argon ion beam from reaching the full sample
area. Furthermore, in an optimal setup for sputtering, the sample should be the closest
object to the ion source, so that the surface is not contaminated by re-deposition of atoms
sputtered off a material at higher elevation. It was therefore decided that the manipulator
head would have two sample stages, one ‘standard’ stage to be used for sample sputtering,
annealing and OMBE deposition, and one stage designed for electrospray deposition with
the capacity to mount deceleration grids and focusing plates. This second stage would also
feature sample heating (although with a smaller temperature range), to enable a variation in
deposition temperature. In Figure 3.6 the resulting design of the manipulator head can be
seen. Samples can be accessed in either position with the wobblestick of both the
preparation and analysis chambers, and by rotation of the manipulator a deposition can be
carried out by OMBE or electrospray as required.
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OMBD deposition stage

ESI deposition stage

Ion focusing/deceleration
Sample heaters

Figure 3.6. The manipulator head, viewed from the side accessed by the wobblesticks. Blank
sample plates can be seen highlighted in green.

3.4 Support frame and baking tent design
With the main design phase complete, there remained the planning of a structural support
frame for the system, and a baking setup to ensure that UHV conditions are achieved. A
simple solution to the frame build was the use of aluminium strut profiles, which provide the
necessary strength and support while offering excellent flexibility in terms of connectivity
between parts. These profiles come in a range of cross-sectional areas (and can be cut to any
length), and are easily joined together with a series of bolt connectors, angle connectors and
t-bolts. Avoiding welding and other permanent fixings in this way means that the frame can
be readily adapted to accommodate new components as the system expands.

Figure 3.7. The support frame structure and complete set of chambers. The preparation
chamber ion pump is shown to illustrate the role of the supporting plate.
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Figure 3.7 shows the completed frame design and how it fits around the constructed vacuum
system. The height selected is optimised so that wobblesticks and viewports are
appropriately positioned, and to ensure enough space under the chambers for large ion
pumps to be mounted. Any gaps in the frame are to allow access to important components
and prevent ports from being blocked. A mock-up of a special support for the heavy load of
the manipulator arm is highlighted in Figure 3.8a, which comprises a stiff spring under
tension acting to oppose some of the moment the heavy manipulator applies about the
mounting flange. Such considerations are important for a UHV system because the effect of
the weight on the flange can open a small gap, one that cannot be seen but is sufficient to
cause a leak that prevents UHV pressures from being maintained. Additional support is also
provided for the large mass of the ion pump, by means of springs on a stainless steel plate
bolted to the horizontal frame profiles Figure 3.8b. Finally, the overall shape of the frame
should provide sufficient space around the vacuum chambers for a baking setup to be
directly mounted, simplifying its design and potentially making a bake faster to set up in
practice.

a)

b)

Figure 3.8. a) Frame-mounted support for the manipulator arm, highlighted in green. b) Steel
plate and springs mounted under the ion pump to partition its heavy load, highlighted green.
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2100mm

1260mm

Depth (average)
500mm

Figure 3.9. Side views of the full system, divided into major sections by colour. The analysis
chamber is highlighted green, the preparation chamber red, the loadlock orange and the
manipulator blue. Top: viewed from the ‘front’ side where the wobblesticks are accessed.
Bottom: viewed from the ‘back’ side where the STM is mounted.
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The complete system together with the frame is further illustrated in Figure 3.9. This was the
final design produced before sending specifications to manufacturers and orders to
suppliers. It is worth noting here that the typical style of ion pump (shown underneath the
preparation chamber) was replaced for the analysis chamber by a much smaller pump at a
late stage of designing the system (the smaller pump is not modelled). More specifically, it
was decided that a combi non-evaporable getter (NEG) and small ion pump would be used.
The NEG component is proficient at pumping most residual gases, and is especially suited for
pumping H2, which is typically the largest component of the residual gas at UHV pressures.
The small ion pump helps to deal with the inert gases that the NEG cannot handle. Since the
analysis chamber should not regularly be exposed to either inert gases or high gas load in
general, a combi pump of this kind is more than adequate to maintain UHV pressures, while
the preparation chamber still requires the larger ion pump due to its more frequent exposure
to argon sputter gas and higher pressures from the loadlock and pumping lines. The major
advantage of substituting a combi pump for an ion pump is the greatly reduced size and
weight, making the mounting easier and the load on the frame and chamber connection
points lower.

The method chosen for baking the system was the use of a so-called ‘tent’, consisting of a
flexible heat-resistant material (Nomex aramid) creating an enclosure, and two fan heaters
to bring the system to approximately 120°C by heating the air to a uniform temperature. By
using a relatively soft material in place of, for example, metal plate bake shields, it is easier
to modify the baking setup in the future. Furthermore, the inherent flexibility can
accommodate small changes in the vacuum system without the need for formal
modifications. The facility for system expansion, in particular for the electrospray deposition
source, was built into the tent design by means of small holes that are covered with Velcroattached patches when not in use. An outline of the coverage to be provided by the tent is
shown in Figure 3.10. The fan heaters are easily accommodated by bolting them to the frame
profiles, and gaps are left in the tent for the heater placement. Additional gaps are found
where components must be outside the bake, e.g. turbomolecular pumps. The loadlock
chamber and manipulator are also outside of the tent to simplify its design, since these
components are more easily baked with simple heating tapes.
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Figure 3.10. Side and overhead views of the system with the baking tent model in blue.

3.4 Final system build
Photographs of the constructed system can be found in Figure 3.11, and the completed
baking tent (in isolation) is presented in Figure 3.12. The final setup of the system as-built
was largely unchanged from the design phase, though a few changes were made to the
design while in contact with manufacturers (and as such are undocumented in SolidWorks).
Firstly, and most importantly, the overall height of the system was lowered, to simplify
aspects of the frame and baking tent design without sacrificing usability of the system. This
explains the slight difference in appearance of the complete setup in the photos of Figure
3.11, compared to the models of Figures 3.7 and 3.9. Other changes made to the final design
were relatively minor technical changes based on manufacturer recommendations.
Therefore overall the real system is a close match for the model, indicating that the design
was realistic and functional. The design was also effective in meeting the ethos of being
space-efficient while providing adequate room for the expansion required for the
electrospray deposition source. The system’s ease of use and sample turnover rate would
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also prove to be optimal over the course of the experiments described in this thesis, due to
a combination of the STM head chosen and design features of the chambers and sample
transfer methods. Thus, the goals set out at the start of the process were met, and a new
system for the investigation of different vacuum deposition techniques has been produced.

Loadlock chamber

Preparation chamber
Analysis chamber

Loadlock chamber

Analysis chamber

Preparation chamber

Figure 3.11. Photographs of the constructed system. Above: viewed from the ‘front’ side
where the wobblesticks are accessed. Left: viewed from the ‘back’ side where the STM is
mounted.
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STM cable feedthrough
Manipulator opening
Turbo pump opening

Space for second heater

Heater unit

OMBD source opening

Figure 3.12. Photograph of the baking tent, viewed from the back (STM) side of the system.

Additionally, since the completion of the experiments contained in this thesis, the system
has been expanded to incorporate not only the planned ESI deposition apparatus, but also a
Molecular Spray modular ESI source (a simpler but quicker to use instrument than the inhouse design), and a gas doser, which enables the deposition of volatile samples through a
leak valve. Space still remains on the preparation chamber for the addition of a second OMBE
source or a metal source, which would bring the total to 5 separate deposition techniques
on a single system. There is also the scope for mounting deposition sources on the STM
chamber. The current setup therefore serves to highlight the great flexibility built into the
design, all of which was done without pre-existing diagrams of the additional deposition
apparatus to work with. All of the deposition techniques see frequent use in the day-to-day
operation of the system, whilst the STM itself continues to provide the same quality of data,
thus illustrating the success of the multi-functional system as a whole.
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Chapter 4: The sublimation of short
peptides
4.1 Background
In most nanoscience and nanotechnology applications the most accurate technique available
for transferring organic molecules onto a target substrate is OMBE in vacuum. As described
in chapter 1 (“Introduction”), this simply involves thermal sublimation to generate gas-phase
molecules, which pass through one or more small apertures in order to create a well-defined
and oriented beam that can be directed towards a surface to grow a molecular film. This
technique offers precise and reproducible control over the thickness and composition of
organic thin films and, as such, is highly advantageous. In order to sublime a molecule for
OMBE, the temperature in the crucible must be sufficiently high to result in the breaking of
intermolecular bonds.
In many cases, an elevated temperature will inadvertently cause fragmentation of the
molecules in question, due to the breaking of intramolecular bonds. This is particularly
prevalent for large molecules or those with relatively weak internal bonds (e.g.
coordinate/dative bonds),1 which includes many biologically relevant systems, such as large
peptides and proteins. However, since both the intermolecular and intramolecular bondbreaking are thermally-activated processes with an Arrhenius-type rate dependence, the
outcome of a sublimation experiment will depend strongly on the conditions employed, in
particular the relationship between the evaporation rate and the sublimation temperature
chosen. Therefore, ultimately whether a molecular survives sublimation is strongly linked to
the intended application of the process, as this directly influences the choice of sublimation
conditions. With OMBE, the goal is typically to functionalise a surface through the creation
of a thin film of a particular molecule or molecules. This requires a well-controlled
sublimation and deposition process, which precludes the use of certain strategies such as
flash annealing – where a very high temperature is applied but for a very brief period of time.
The strategy applied in this thesis is instead one of using the minimum possible temperature
that facilitates a measurable sublimation rate, adjusting deposition time as required. This
approach enables the identification of the limits of the OMBE technique as a means of
functionalising surfaces.
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As discussed in chapter 1 (“Introduction”), relatively little is known about the precise limits
of sublimation as a thin film sublimation technique, despite the importance of this issue for
nanoscience. The concept of a limit itself is also difficult to define, since different types of
molecules are not easily compared due to their varying structural features. However,
gathering data for a specific class of noteworthy molecules would still be very instructive,
and could act as a reference base for other compounds. Here, an effort to tackle this issue is
undertaken, by conducting a study on the sublimability of simple peptides, primarily in
relation to their size. The peptide class of molecules serves as an excellent model system,
and are also attractive molecules for nanoscience in their own right, as detailed in chapter 1.
While most amino acids have been reported to survive sublimation, relatively little data
exists for larger peptides, especially beyond two and three residues in length. A systematic
study of peptide sublimation as a function of length is, therefore, still lacking.
As briefly mentioned in chapter 1 (“Introduction”) and chapter 2 (“Experimental”), to
determine if a molecule survives sublimation one must employ analytical techniques capable
of directly identifying a molecule, such as mass spectrometry or NMR. Mass spectrometry
was selected as the primary analytical technique for these sublimation experiments due to
the low requirements for sample concentration, and the relative ease of use of the
technique. Mass spectra for the pristine unsublimed material and the sublimed samples were
compared in order to identify fragmentation. In addition, ‘theoretical’ m/z values were taken
from the Bruker Data Analysis software corresponding to the molecular formulae of each
peptide and fragment, to assist in identifying some of the major peaks. The primary
instrument used for mass spectrometry experiments was the Bruker MicroTOF, though a
Bruker Maxis II was also employed when higher resolution data was required (see chapter 2,
“Experimental”, for additional details).
Two series of peptides were selected, based on the amino acids alanine and phenylalanine
(see Figure 4.1). Alanine, with a methyl group side chain (Figure 4.1b], is the smallest chiral
amino acid and therefore serves as a logical starting point for this investigation.
Phenylalanine, with a larger and aromatic residue (Figure 4.1c), was chosen as the next step
in side chain complexity that avoids strong secondary interactions (e.g. hydrogen bonding)
whilst showing a more significant difference than simply adding length (e.g. valine). The two
complete sequences analysed here comprise L-Alanine (A) through to ‘Penta-(L)-Alanine’
(AAAAA), and L-Phenylalanine (F) through to ‘Tetra-(L)-Phenylalanine’ (FFFF).
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a)

b)

Figure 4.1. a) General structure of
a peptide with n repeat units.
b) Structure of L-Alanine
c) Structure of L-Phenylalanine.

c)

The results indicate that even peptides as short as only 4 or 5 repeat units can fragment when
heated to their sublimation temperature. Fragmentation appears earlier for the
phenylalanine series than for the alanine series, though a clear link between sublimation
temperature and side chain complexity is not apparent. Also of note is that the observed
fragmentation patterns do not necessarily seem to yield shorter peptides via clean amide
bond cleavage, despite the prevailing wisdom that the peptide bond is the weakest and most
likely to break2,3. These results confirm the idea that sublimation is inherently flawed and
limited as a deposition technique, meaning alternative strategies are required in order to
functionalise surfaces with large and complex molecules.

4.2 Sublimation of the alanine series of peptides
The spectra shown in Figures 4.2-4.7 are used to mark the major peaks for each molecule
and any key differences between data for unsublimed and sublimed samples. While the
concentration of the species responsible for each peak plays a role in its height and area, the
magnitude of the peak cannot be taken as a strict indicator of relative concentration. Precise
ratios between peak areas depend on a number of factors including the conditions of the
electrospray process, instrument tuning, and ionisability of the species under examination,
and will typically vary from experiment to experiment, even between repeat experiments.
Additionally, secondary details such as the proportion of sodiated and protonated peaks are
also not inherently dependent on sublimation and/or fragmentation processes. As such, the
focus of the analysis presented here is mainly on the presence or absence of certain relevant
peaks, rather than their quantification.
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4.2.1 L-Alanine
A minimum temperature of 423K for the sublimation of L-Alanine (C3H7NO2) was ascertained
according to the procedure described in section 2.2.2 (Experimental – sublimability tests).
Mass spectra acquired for the sublimed material (Figure 4.2) featured a peak pertaining to
the intact sodiated molecule ([C3H7NO2+Na]+, theoretical m/z 112.037, to be compared with
the measured value of 112.039) and a peak that would fit a double sodiation
([C3H6NO2+2Na]+, theoretical m/z 134.019) as the strongest signals, as well as a weaker signal
for the protonated molecule ([C3H8NO2]+, theoretical m/z 90.055, molecular ion/M+). The
spectrum obtained compared favourably to the unsublimed sample, with the appearance of
the same peaks and an absence of fragment peaks (i.e. below the m/z of the molecular ion),
indicative that the molecule sublimed and reached the glass slide target intact. This is
perhaps to be expected based on a number of literary studies of L-Alanine, which include
implicit intact sublimation in the results, through indirect evidence such as RAIRS, STM and
XPS.4-7
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Figure 4.2. Mass spectra of [top] nonsublimed L-Alanine and [bottom] LAlanine sublimed at 423K. Molecular ion
occurs at ~m/z 90.
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Figure 4.3. Mass spectra of [top] nonsublimed Di-L-Alanine and [bottom] Di-LAlanine sublimed at 423K. Molecular ion
occurs at ~m/z 161.

4.2.2 Di-(L)-Alanine
Di-(L)-Alanine (C6H12N2O3) was also successfully sublimed at 423K. Strong evidence that the
molecule remained intact was found (Figure 4.3), with the principal sublimed peaks
corresponding to the protonated molecule ([C6H13N2O3]+, theoretical m/z 161.092) and
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sodiated molecule ([C6H12N2O3+Na]+, theoretical m/z 183.074), with no noticeable fragment
peaks at lower mass. This is similar to the spectrum obtained for the pristine sample,
displaying differences only in peak ratios and in the formation of the molecular dimer (data
not shown). The pristine material generated peaks for a protonated dimer of Di-(L)-Alanine
molecules ([C12H25N4O6]+, theoretical m/z 321.177) and a sodiated dimer ([C12H24N4O6+Na]+,
theoretical m/z 343.159), which were only seen at trace levels in the sublimed material. We
propose that the absence of dimers in the sublimed sample was due to a reduced
concentration of the solution obtained from the slide wash, compared to one made up from
the powdered sample. Thus it can be concluded that Di-(L)-Alanine can sublime intact, again
consistent with the interpretation of STM and mass spectrometry data seen in the
literature.8-10

4.2.3 Tri-(L)-Alanine
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Figure 4.4. Mass spectra of [top] nonsublimed Tri-L-Alanine and [bottom] Tri-LAlanine sublimed at 463K. Molecular ion
occurs at ~m/z 232.
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Figure 4.5. Mass spectra of [top] nonsublimed Tetra-L-Alanine and [bottom]
Tetra-L-Alanine sublimed at 523K.
Molecular ion occurs at ~m/z 303.

Tri-(L)-Alanine (C9H17N3O4) sublimed at a temperature of 463K. The results were similar to
that of Di-(L)-Alanine, since also in this case the evidence points to an intact sublimation with
some differences only in peak intensities to an unsublimed sample (Figure 4.4). The largest
peak in the unsublimed case again corresponds to the sodiated intact molecule
([C9H17N3O4+Na]+, theoretical m/z 254.111), with the molecular ion appearing at lower
intensity ([C9H18N3O4]+, theoretical m/z 232.129). In the sublimed sample, the ratio of
sodiated to protonated was larger, and an additional peak indicating double sodiation also
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became prominent ([C9H16N3O4+2Na]+, theoretical m/z 276.093). Furthermore, an effect was
again seen on the formation of dimers in the sublimed sample (data not shown), as the
sodiated dimer signal ([C18H34N6O8+Na]+, theoretical m/z 485.233) dropped dramatically, and
the smaller protonated dimer peak ([C18H35N6O8]+) dropped into the noise. This is likely due
to the same proposed reasons as for Di-(L)-Alanine. It is also worth noting that in the
unsublimed sample, a small peak is observed below the molecular ion peak, which is most
likely due to an impurity. This peak disappears post-sublimation, meaning that the impurity
has not been deposited. Such behaviour underpins the mechanism by which purification by
sublimation can be achieved, as a target molecule and its contaminants will sublime at
different temperatures and at different rates.

4.2.4 Tetra-(L)-Alanine
Tetra-(L)-Alanine (C12H22N4O5) was sublimed at 523K. The spectrum for the sublimed sample
appeared broadly similar to that of the unsublimed material (Figure 4.5), retaining the major
peaks for the molecular ion ([C12H23N4O5]+, theoretical m/z 303.166) and the sodiated ion
([C12H22N4O5+Na]+, theoretical m/z 325.148). Other peaks at higher m/z values remain small,
though a peak at 347.145, which would fit a double sodiation, does grow in the postsublimation sample. It is worth noting that even in the pristine, unsublimed material, the
remaining peaks at m/z greater than the molecular ion are more noticeable compared to the
spectra for shorter peptides, indicating the presence of some minor impurities in the pristine
Tetra-(L)-Alanine sample. However, there were subtle differences in the sub-(molecular ion)
region of the sublimed sample relative to the unsublimed one, indicating that some level of
sample degradation may have started to occur. Sublimation introduced a substantial peak at
m/z ~254, which was not present in the pristine sample and could correspond to the same
sodiated species as seen in the spectra for Tri-(L)-Alanine. Other peaks can also be found at
lower m/z, though these are much smaller and difficult to see in Figure 4.5. The only
identifiable peaks are found at m/z ~232, which would correspond to protonated Tri-(L)Alanine, and ~m/z 289, which would fit with a loss of a methyl group (i.e. the alanine side
group). However, with intensities so close to the noise level, one cannot place a great deal
of confidence in any such peak assignments. Overall, the presence of a major new peak that
fits with data from Tri-(L)-Alanine, together with traces of other species below the molecular
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ion m/z, suggests that Tetra-(L)-Alanine started to fragment, although the evidence is clear
that the majority of the molecules sublimed intact.

4.2.5 Penta-(L)-Alanine
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Figure 4.6. Mass spectra of [top] non-sublimed
Penta-L-Alanine and [bottom] Penta-L-Alanine
sublimed at 533K. Molecular ion occurs at ~m/z
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Figure 4.7. Mass spectrum of Penta-LAlanine from a crucible heated to 533K.

Penta-(L)-Alanine (C15H27N5O6) was sublimed at 533K. A stark difference was seen between
the unsublimed sample and the sublimed, featuring a greatly diminished signal-to-noise ratio
for the molecular ion ([C15H28N5O6]+, theoretical m/z 374.203), with numerous peaks at lower
m/z. The unsublimed material (Figure 4.6) showed a dominant molecular ion peak, and any
small impurities at lower m/z did not match or explain the data seen for the sublimed sample.
A side point of interest is that the sodiated peak (m/z ~ 396) was almost entirely absent in
both samples. Overall this points toward significant fragmentation of the molecule, albeit
with some trace of the intact species. This would build upon the result for Tetra-(L)-Alanine,
where some evidence of fragmentation was seen despite a largely intact sublimation. To
further investigate this result, the material remaining in the crucible was dissolved and a
mass spectrum taken. Here the molecular ion gave a strong signal and the spectrum was
barely distinguishable from that of the unsublimed sample (Figure 4.7). This suggests that at
533K we are very much at the limit of fragmentation for Penta-(L)-Alanine, where only those
molecules that sublime will fragment. The exploration and definition of such a limit has been
the subject of considerable investigation at Warwick.11
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The conclusion of the Alanine series is therefore a markedly early stage of fragmentation, at
a chain length of just 4 or 5 units, even with the simple and low molecular weight unit that
alanine provides.

4.3 Sublimation of the phenylalanine series of peptides
4.3.1 L-Phenylalanine
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Figure 4.8. Mass spectra of [top] non-sublimed
L-Phenylalanine and [bottom] L-Phenylalanine
sublimed at 378K. Molecular ion occurs at
~m/z 166.
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Figure 4.9. Mass spectra of [top] nonsublimed
Di-L-Phenylalanine
and
[bottom] Di-L-Phenylalanine sublimed at
413K. Molecular ion occurs at ~m/z 313.

L-Phenylalanine (C9H11NO2) was sublimed at a temperature of 378K. The sublimed and
unsublimed samples yielded spectra with the same dominant peaks and no evidence of new
low mass peaks as a result of sublimation (Figure 4.8). A prominent peak in both cases was
the intact, sodiated molecule ([C9H11NO2+Na]+, theoretical m/z 188.068), with the peak that
would fit a doubly sodiated species also showing strongly ([C9H10NO2+2Na]+, theoretical m/z
210.050). The signal for the protonated molecule was noticeably weaker, in fact being
undetectable in the unsublimed sample ([C9H12NO2]+, theoretical m/z 166.086). The spectra
obtained are quite clear, however, in their indication that L-Phenylalanine sublimed intact,
which is again as expected based on literary evidence.12-14 The peak at m/z ~129
corresponded to an impurity in the unsublimed material, which is not reproduced in the
sublimed sample, again demonstrating purification by sublimation.
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4.3.2 Di-(L)-Phenylalanine
Di-(L)-Phenylalanine (C18H20N2O3) was sublimed at 413K, yielding a markedly different
spectrum (Figure 4.9) with respect to the unsublimed material, with significant reductions in
the peaks for the protonated molecule ([C18H21N2O3]+, theoretical m/z 313.154) and sodiated
molecule ([C18H20N2O3+Na]+, theoretical m/z 335.137), though the peak corresponding to a
double sodiation remained of comparable relative intensity ([C18H19N2O3+2Na]+, theoretical
m/z 357.119). Crucially, however, a new prominent peak emerged at m/z 317.133. Through
a combination of NMR and high-resolution mass spectrometry, it was possible to identify this
peak, in addition to a further small peak at ~m/z 295, as the result of a cyclisation reaction
through which Di-(L)-Phenylalanine transforms into a six-membered ring, specifically a
diketopiperazine. The peaks observed after sublimation therefore correspond to the
protonated cyclised peptide ([C18H19N2O2]+, theoretical m/z 295.144) and the sodiated
cyclised peptide ([C18H18N2O2+Na]+, theoretical m/z 317.105), though the former is only
present at very low intensity. Other peaks are present at similar intensity to that at m/z ~295,
but across the full m/z range, suggesting trace impurities or simply a low sample
concentration. Fragmentation does not appear to have occurred, with Di-(L)-Phenylalanine
instead exclusively cyclising or subliming intact. Subliming the Di-(L)-Phenylalanine without
cyclisation proved challenging, with the lower temperature limits for both sublimation and
cyclisation appearing close together. This issue has also arisen during further internal
research into the limits of sublimation.11

4.3.3 Tri-(L)-Phenylalanine
Intens.
Intens.
(a.u.) 6
x10

phe-phe-phe pure.d: +MS
460.206

1.0
0.5

313.143
295.131

0.0
x106 phe-phe-phe sublimed.d: +MS, 0.2-0.5min #(13-30)
460.206
1.00

Figure 4.10. Mass spectra of [top] nonsublimed
Tri-L-Phenylalanine
and
[bottom] Tri-L-Phenylalanine sublimed at
473K. Molecular ion occurs at ~m/z 460.

0.75
0.50
0.25

444.154
295.130

422.173

0.00

300

350

400
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m/z

Tri-(L)-Phenylalanine (C27H29N3O4) was sublimed at 473K. The spectrum for the unsublimed
sample (Figure 4.10) was already noteworthy due to the presence of small signals for the
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protonated cyclised Di-(L)-Phenylalanine ([C18H19N2O2]+, theoretical m/z 295.144) and linear
Di-(L)-Phenylalanine ([C18H21N2O3]+, theoretical m/z 313.154). The occurrence of these peaks
in unsublimed material means that these species are likely the result of a minor synthetic byproduct. The spectrum for the sublimed sample strongly resembled that of the unsublimed
material, with the molecular ion appearing dominant ([C27H30N3O4]+, theoretical m/z
460.223). The sublimed sample does, however, result in peaks that appear to be the result
of fragmentation, at ~m/z 422 and 444. These species do not relate well to commonly seen
fragments.15-17 Attempts were made to identify the peaks with higher resolution mass
spectrometry but were not conclusive. Although a precise identification of these fragments
goes beyond the scope of this work, their appearance only in the sublimed sample is a clear
indication that Tri-(L)-Phenylalanine is partially degrading in the process of sublimation.

4.3.4 Tetra-(L)-Phenylalanine
Intens.
Intens.
(a.u.) 9
x10

Intens.
phe-phe-phe-phe pure.d: +MS
629.269 x109

i)

1.5

1.5

607.287

607.287

1.0

1.0

0.5

0.5

0.0
x109

0.0
phe-phe-phe-phe sublimed.d: +MS x109
589.279
1.5
611.261
1.0

1.5
1.0

phe-phe-phe-phe pure.d: +MS

ii)

phe-phe-phe-phe sublimed.d: +MS
589.279
424.201

442.212

607.290

0.5

0.5
460.222

0.0

0.0

500

550

600

m/z

350

400

450

500

550

600m/z

Figure 4.11. Mass spectra of [top] non-sublimed Tetra-L-Phenylalanine and [bottom] TetraL-Phenylalanine sublimed at 473K. i) Spectra featuring the group of peaks around the
molecular ion, occurring at ~m/z 607. ii) Spectra focusing on the main fragment peaks.

Tetra-(L)-Phenylalanine (C36H38N4O5) sublimed after heating to 473K. A substantial difference
was observed between spectra of the sublimed and unsublimed material. The dominant
protonated ([C36H39N4O5]+, theoretical m/z 607.292) and sodiated peaks ([C36H38N4O5+Na]+,
theoretical m/z 629.273) from the unsublimed material (Figure 4.11) were greatly diminished
in the sublimed sample, instead being replaced by a number of fragment peaks. A peak was
observed at ~m/z 460 that likely occurred as a result of Tri-(L)-Phenylalanine formation after
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thermal degradation ([C27H30N3O4]+, theoretical m/z 460.223). It therefore becomes easier,
with the help of higher resolution data, to identify the peak at m/z ~442. While the peaks at
m/z ~424 and 442

superficially appear similar to those seen for sublimed Tri-(L)-

Phenylalanine (at ~m/z 422 and 444), the m/z difference of 2 for calibrated data makes it
unlikely that the peaks are related. In fact, the peak at m/z 442.212 fits with a loss of water
(~m/z 18) from Tri-(L)-Phenylalanine, either from the linear form or as part of a cyclisation
process ([C27H28N3O3]+, theoretical m/z 442.213). The peak at ~m/z 424, however, remains
unidentified. Peaks that can be attributed to the formation of Di-(L)-Phenylalanine and its
cyclised derivatives were again observed, but these are not shown in Figure 4.11 for
simplicity. Even more strikingly, there is evidence of cyclisation of the Tetra-(L)-Phenylalanine
itself, which for such a long molecule is a statistical and entropic challenge. The resultant 12membered ring, a cyclic tetrapeptide, is of significant value to macrocyclic chemistry,18 and
its creation by this method could bypass otherwise complex synthetic strategies.19 Signals
that would relate to cyclised ([C36H37N4O4]+, theoretical m/z 589.281) and sodiated cyclised
([C36H36N4O4+Na]+, theoretical m/z 611.263) Tetra-(L)-Phenylalanine were prevalent in the
spectrum of the sublimed material. Together with the other fragmentation patterns
discussed, it is apparent that Tetra-(L)-Phenylalanine is at least significantly changed or
cyclised during the sublimation process, but is also fragmented to a considerable extent.
The conclusion of the Phenylalanine series is therefore an even earlier stage of
fragmentation than for the alanine series, at a chain length of just 3 or 4 units. Additionally,
a significant trait observed in the Phenylalanine series is that cyclisation appears to occur
quite routinely under the influence of elevated temperature.

4.4 Conclusions
The overall outcome of the experiments is a rather early onset of fragmentation when
attempting to thermally sublime short peptides. In the Alanine series, the sample degraded
when the chain length reached 5 subunits, and for the Phenylalanine series fragmentation
already began for 3 subunits and was significant for a 4-subunit peptide. Though these
represent just two of many possible combinations of amino acids into peptides, the data
gathered points strongly towards a low threshold to the breakdown of the sublimation
technique for peptide deposition in vacuum.
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We therefore put forward that the use of OMBE for creating functional molecular films from
peptides is substantially limited by the tendency for these molecules to fragment. Variation
in side chain nature evidently plays a role in the sublimation and fragmentation processes,
due to their influence in determining the strength of the intermolecular forces. For example,
phenylalanine residues might undergo pi-stacking interactions via the benzene rings,
whereas alanine residues are limited strictly to van der Waals type bonds (outside of the
peptide backbone common to both). According to the sublimation temperatures recorded
here, and literary values for the ambient pressure melting points of alanine and
phenylalanine (570K and 556K respectively),20 it would be expected that alanine-based
peptides have stronger intermolecular forces overall, due to the higher temperatures for
phase transitions on average. This would likely be due to denser packing of the smaller
alanine residues. However, in contrast to this, phenylalanine-based peptides are shown here
to have an earlier onset of fragmentation with respect to chain length, which would also be
an indicator of strong intermolecular bonding, arising from the aforementioned pi-stacking.
Meanwhile, the intramolecular bonds of each molecule are expected to be of similar
strength, since both peptide series have the same backbone, and their identifiable fragments
tended to be of a similar nature – the loss of water or peptide subunits. Overall, therefore,
the data obtained indicates a more complex interplay between intermolecular and
intramolecular bonding, without a clear trend based on peptide side chain.
It is important, still, to note that despite their chemical differences, the two series studied
feature very similar sublimation limits in terms of peptide length. It is expected that this is a
quite general characteristic for other peptides, since it is unlikely that the variation caused
by differing side chains would be so great as to result in much longer peptides subliming
completely intact. Evidently an alternative strategy is required in order to bring peptides (and
other thermolabile molecules) to a surface in vacuum intact. Indeed, the implicit knowledge
of the restrictions of OMBE have driven a search for alternative deposition strategies in
recent years. Perhaps the most promising new technique is electrospray deposition, which
is adapted from soft ionisation sources in mass spectrometry, and has already been
demonstrated as capable of handling larger molecules without fragmentation.21-24
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4.5 Addendum: additional peptides
Several other short peptides have been sublimed and tested by mass spectrometry that are
not discussed in detail here. These were examined for additional, supporting evidence for
the conclusions above, from a stock of peptides in-house. A brief summary is included for
completion, in table 4.1 below.

Molecule

Sublimation temperature/K

Gly-Leu
Gly-Gly-Leu
Phe-Gly-Gly

388
403
408

Mass spectrometry
comments
Sublimed intact
Partial fragmentation
Partial fragmentation

Table 4.1. Additional peptides whose sublimation was studied by the methods described in
this chapter, with brief notes on the outcome of the experiment.
Furthermore, in the subsequent chapters of this thesis, the peptides L-Phe-D-Phe, D-Phe-LPhe, L-Tyr-L-Tyr and L-Trp-L-Trp are deposited on metal surfaces and studied by STM. As a
first step in this process, each is checked for its sublimation behaviour in the same manner
as the other peptides of this chapter. The results of these experiments are presented in their
respective chapters.

82

4.6 References
1. L. Grill, J. Phys. Condens. Matter, 2010, 22 (8), 084023-084036.
2. B. Paizs and S. Suhai, Mass Spectrom. Rev., 2004, 24 (4), 508-548.
3. V. Wysocki, K. A. Resing, Q. Zhang and G. Cheng, Methods, 2005, 35, 211-222.
4. J. Williams, S. Haq and R. Raval, Surf. Sci., 1996, 268, 303-309.
5. S.M. Barlow, S. Louafi, D. Le Roux, J. Williams, C. Muryn, S. Haq and R. Raval, Surf.
Sci., 2005, 590, 243-263.
6. M. Mahapatra, L. Burkholder, S.P. Devarajan, A. Boscoboinik, M. Garvey, Y. Bai and
W.T. Tysoe, J. Phys. Chem. C, 2015, 119, 3556-3563.
7. F. Kling, M. Kittelmann and A. Kühnle, in Imaging and manipulation of adsorbates
using dynamic force microscopy, ed. P. Moriarty and S. Gauthier, Springer, Cham,
2015, ch. 8, 119-129.
8. H. J. Svec and G. A. Junk, J. Am. Chem. Soc., 1964, 86, 2278–2282.
9. I. Stensgaard, Surf. Sci. Lett., 2003, 545, L747-L752.
10. V. G. Badelin, E. Yu. Tyunina, A. V. Krasnov, V. V. Tyunina, N. I. Giricheva and A. V.
Girichev, Russ. J. Phys. Chem. A, 2012, 86, 457–462.
11. A. Price and G. Costantini, unpublished work.
12. D. Gross and G. Grodsky, J. Am. Chem. Soc., 1955, 77(6), 1678–1680.
13. M. Lingenfelder, PhD thesis, 2007, EPF Lausanne, Switzerland.
14. A. G. Thomas, W. R. Flavell, C. P. Chatwin, A. R. Kumarasinghe, S. M. Rayner, P. F.
Kirkham, D. Tsoutsou, T. K. Johal and S. Patel, Surf. Sci., 2007, 601, 3828-3832.
15. R. M. Silverstein, G. C. Bassler and T. C. Morrill, Spectrometric identification of
organic compounds, Wiley, Chichester, 1991.
16. F. W. McLafferty, Interpretation of mass spectra, 4th edn, University Scientific
Books, Mill Valley, California, 1993.
17. The Spectral Database for Organic Compounds (SDBS),
https://sdbs.db.aist.go.jp/sdbs/cgi-bin/cre_index.cgi, (accessed 2018).
18. B. K. W. Chung, C. J. White, C. C. G. Scully and A. K. Yudin, Chem. Sci., 2016, 7,
6662–6668.
19. K. A. Fairweather, N. Sayyadi, I. J. Luck, J. K. Clegg and K. A. Jolliffe, Org. Lett., 2010,
12, 3136–3139.
20. D. R. Lide, CRC Handbook of Chemistry and Physics, 88th end, CRC Press, Taylor &
Francis, Boca Raton, Florida, 2007-2008.
21. V. N. Morozov and T. Y. Morozova, Anal. Chem., 1999, 71 (7), 1415-1420.
83

22. S. Rauschenbach, F. L. Stadler, E. Lunedei, N. Malinowski, S. Koltsov, G. Costantini
and K. Kern, Small, 2006, 2, 540–547.
23. C. Hamann, R. Woltmann, I. P. Hong, N. Hauptmann, S. Karan and R. Berndt, Rev.
Sci. Instrum., 2011, 82, 033903.
24. Z. Deng, N. Thontasen, N. Malinowski, G. Rinke, L. Harnau, S. Rauschenbach and K.
Kern, Nano Lett., 2012, 12, 2452–2458.

84

Chapter 5: Chemical transformations
of the Phe-Phe dipeptide
5.1 Background
As discussed in chapter 1 (“Introduction), the Phe-Phe dipeptide has already generated some
considerable interest, from its capability for assembling into functional nanotubes1 to its
potential role in amyloid plaque formation.2-4 Such properties are inherently tied to the selfassembly of the molecules, be it stacking into uniform tubes or as part of a more complex
protein folding mechanism, respectively. Since this thesis is focussed on the potential of
peptides for functionalising surfaces by self-assembly, the Phe-Phe dipeptide is therefore a
prime candidate for investigation. Establishing the self-assembly behaviour of L-Phe-L-Phe in
a 2D model system is a valuable step towards understanding the molecule’s properties, and
can also serve as a foundation for the study of the self-assembly of short peptides on
surfaces.
Considerable research into L-Phe-L-Phe on a Cu(110) surface has already been reported by
Lingenfelder and co-workers,5,6 as well as co-deposition with terephthalic acid7 and
investigations into the effects of changing the stereochemistry of the molecule8. At room
temperature, the principal assembly pattern exhibited by L-Phe-L-Phe appeared to be short
length chains of 2-10 units, whose direction on the surface was uniform until annealed to
400K, at which point a global re-orienting of the chains occurred.5 This transformation was
attributed to a conformational change of the molecule. Chains were held together by
intermolecular hydrogen bonding, between the carbonyl oxygen and amine hydrogen of
adjacent molecules. At low temperature, small clusters of L-Phe-L-Phe could be observed,
though annealing to room temperature immediately brought about the chain formation.5
However, as mentioned in chapter 4 (“The sublimation of short peptides”), it is very difficult
to sublime L-Phe-L-Phe without causing it to cyclise, especially if one is not aware of such a
possibility and seeking to avoid it. It is thus quite possible that an alternative explanation can
be proposed for the observations of Lingenfelder et al, in that the cyclised molecule was
deposited onto the surface, and responsible for the primary self-assembly motif. Subsequent
annealing that led to a change in the self-assembly would then also have to be re-examined
in light of this new theory. In this section, new data is presented that provides evidence in
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support of the cyclic deposition theory, and that explains the transformation brought about
by annealing.
L-Phe-L-Phe, Cyclo-(L-Phe-L-Phe) (cFF) and both ‘singly’ and ‘doubly’ dehydrogenated Cyclo(L-Phe-L-Phe) (sdcFF and ddcFF) were studied via UHV STM at 77K (molecular structures in
Figure 5.1). As noted in chapter 2 (“Experimental”), L-Phe-L-Phe was purchased from SigmaAldrich and used without prior purification before insertion into vacuum, while cFF, sdcFF
and ddcFF were synthesised by Lona Alkhalaf of the Challis group at Warwick, using the
method found in Ando et al.9 In addition to the STM data, surface XPS spectra for depositions
of L-Phe-L-Phe, cFF and ddcFF were taken, to assist in the identification of the molecular
species present, focusing particularly on the C 1s, N 1s and O 1s peaks.
The data obtained and presented in the following strongly agrees with the previous findings
that L-Phe-L-Phe generally cyclises upon sublimation, as the cFF deposition reproduces the
data from an experiment with L-Phe-L-Phe. Furthermore, the results of annealing
experiments of both L-Phe-L-Phe and cFF are analogous to data obtained for deposited
ddcFF, indicating that the cyclised molecule dehydrogenates on the surface when annealed,
giving rise to the change in self-assembly pattern. In this way, a typically challenging synthesis
of substituted 2,5-diketopiperazines9,10 is mimicked by a simple on-surface annealing.

i)

iii)

ii)

iv)

Figure 5.1. Molecular structures of i) L-Phe-L-Phe, ii) Cyclo-(L-Phe-L-Phe) or cFF, iii) singly
dehydrogenated Cyclo-(L-Phe-L-Phe) or sdcFF, and iv) doubly dehydrogenated Cyclo-(L-Phe-LPhe) or ddcFF.
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5.2 Scanning tunnelling microscopy
5.2.1 L-Phe-L-Phe
After a UHV deposition of L-Phe-L-Phe at submonolayer coverage on a room temperature
Cu(110) surface, STM imaging produced data consistent with that of Lingenfelder et al,5,8
showing some small clusters but mainly supramolecular chains of a single dominant
orientation (Figure 5.2). This orientation is defined by a 49° (±2°) angle (anticlockwise) to the
[11̅0] direction of the surface, with the molecules within the chain aligned at 73° (±2°)
(clockwise) to the [11̅0] direction (Figure 5.3 demonstrates such measurements).
b)

a)

10nm

6.0nm

Figure 5.2. a) Typical STM image of a deposition of L-Phe-L-Phe on room temperature
Cu(110), illustrating the chains and smaller clusters commonly observed. b) At low
temperature (77K), the small clusters dominate, and chains are absent.

Figure 5.3. Analysis of the orientation of
the molecular chains with respect to the

[001]

[11̅0] axis, and the orientation and

[11̅0]

periodicity of molecular features. A scaled
model of L-Phe-L-Phe is superimposed for
illustrative purposes.

0.83nm

49°

73°

2.0nm
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The resolution within the chains appears to show molecules lying lengthways alongside one
another, typically three to ten per chain at a periodicity of 0.83 ± 0.04 nm (see Figure 5.3),
with the most distinct features being at either end of each molecule. Due to the prominence
and symmetry of these features, they are assigned to the phenyl side chains of the peptide.
Upon annealing to 400K the same transformation as reported by Lingenfelder et al5 is
observed, by which the orientation of the chains changes substantially. Though at first the
new chain orientation may appear to be mirrored about the [001] surface direction, in fact
the chains are oriented at 72° (±2°) (clockwise) from the [11̅0] surface direction, with the
molecules now aligned at 31° (±2°) anticlockwise to the [11̅0] plane at a periodicity of 0.69
±0.03 nm (Figure 5.4). These chains display more defects than those formed before
annealing, whereby one or molecules is offset laterally, effectively reducing the range of
molecules per continuous chain to three to six.

a)

[001]

b)

[11̅0]
0.69nm

72°

10nm

2.0nm

Figure 5.4. Appearance of a deposition of L-Phe-L-Phe after annealing to 400K. The new
chain orientation with respect to the [11̅0] axis is indicated. Note that some chains, as
illustrated in b), feature defects with molecules offset from their nearest neighbours.
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L-Phe-L-Phe

L-Phe-L-Phe

1.52nm
Cyclo(L-Phe-L-Phe)

1.61nm

Cyclo(L-Phe-L-Phe)

2.0nm
1.51nm

Figure 5.5. Comparison of the measured size (FWHM) of molecular features in the preanneal STM images with predicted lengths of L-Phe-L-Phe and Cyclo-(L-Phe-L-Phe) from gasphased minimised Avogadro models. Scaled models of each molecule are also overlain onto
the STM image for illustration.
Understanding the origin of the transformation described above first requires the nature of
the deposited material to be ascertained, as it could be composed of L-Phe-L-Phe or, more
likely, cFF (as discussed in chapter 4 (“The sublimation of short peptides”). Distinguishing
between the linear and cyclised molecules is however not trivial based on the STM data
alone. The phenyl side groups are prominent in the STM images, but there is little resolution
of the structure of the central part of each molecule, which could have been helpful in
determining whether the molecules are cyclised or not. Furthermore, the resolved length of
what appears to be a single molecule pre-anneal is 1.61 ± 0.08 nm, which could correspond
to both linear L-Phe-L-Phe (predicted 1.52 nm) and Cyclo-(L-Phe-L-Phe) (predicted 1.51 nm)
(see Figure 5.5), given an appropriate conformation on the surface and the tip-convolution
effect. The full-width half-maximum (FWHM) of STM signal intensity is used as a guideline
for the edge of a molecule. Additionally, modelling the self-assembly pattern with either
species (Figure 5.6) illustrates how both can reasonably fit within the chains. The model for
L-Phe-L-Phe is reproduced from Lingenfelder et al.5
The STM data from this experiment is thus insufficient in isolation to either support or
disprove the possibility of cyclisation before deposition. However, it is worth considering the
on-surface transformation brought about by annealing in more detail. The change in the selfassembly pattern observed after annealing is universal across the surface, which is
suggestive of a similarly significant change at the molecular level. Simple conformational
differences can sometimes be observed through a distribution of states on the surface,
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provided the energy of the states is close together, whereas here a single pattern is observed
before annealing, and a different single pattern after annealing. Therefore, the two states
recorded in this experiment must be separated by a substantial energy barrier. Furthermore,
the transformation occurs always on annealing, and is not affected by surface coverage,
unlike many systems where lateral pressures enforce a new self-assembly pattern.11-16
Perhaps a better explanation here is that the molecules undergo an irreversible chemical
change, which has a major impact on their bonding with the surface and their intermolecular
interactions. Determining what chemical reaction could be occurring first requires certainty
on the structure of the molecules as they are deposited. In particular, the simplest way to
show that cyclisation has occurred is to deposit the cyclised molecule, cFF, and compare the
STM data obtained. This experiment is presented in the following section.
a)

2.0nm

2.0nm

b)

2.0nm

2.0nm

Figure 5.6. Models of both L-Phe-L-Phe (a) and Cyclo-(L-Phe-L-Phe) (b) overlaid onto the
original self-assembly pattern. Potential hydrogen bonding is indicated with black dashed
lines. Inset images are approximately 2.2 nm x 2.2 nm.

5.2.2 Cyclo-(L-Phe-L-Phe) – cFF
cFF was deposited at comparable coverage to L-Phe-L-Phe on a room temperature Cu(110)
surface. Typical STM data obtained is represented in Figure 5.7. As subsequently illustrated
in Figure 5.8, the similarity between the self-assembly of cFF and what is nominally L-Phe-LPhe is striking. Small differences in molecular size and angle are apparent, but this can be
accounted for by differing tip conditions and a degree of drift in the cFF data. Unidirectional
chains are observed that are oriented at 51° (±2°) (anticlockwise) with respect to the [11̅0]
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substrate direction, analogous to the L-Phe-L-Phe deposition experiment, and the images
feature a similar resolution of the prominent phenyl side groups within each molecule.

Figure 5.7. Typical STM image of a
deposition of cFF on room
temperature Cu(110).

10nm

a)

[001]

b)

[001]
[11̅0]

[11̅0]

51°

49°

2.0nm

2.0nm

Figure 5.8. A comparison of the chains observed for depositions of a) L-Phe-L-Phe and b) cFF.
The chain orientations are also labelled with respect to the [11̅0] axis of the surface.
The average size of each molecule (1.59 ± 0.08 nm, Figure 5.9) and the typical lengths of the
chains (three to ten monomer units, in-chain periodicity 0.79 ± 0.04 nm) also correlates
strongly with the L-Phe-L-Phe data. Furthermore, upon annealing to 400K, the transition to
a different self-assembly pattern is reproduced, with chains now oriented at 70° (±2°)
(clockwise) from the [11̅0] direction (Figure 5.10). Table 5.1 provides a summary of the key
parameters measured, for a direct comparison of the two depositions.
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a)

b)

0.79nm

0.83nm

1.59nm

1.61nm

2.0nm

2.0nm

Figure 5.9. Comparison of the key dimensions of molecular features in STM images from
depositions of a) L-Phe-L-Phe and b) cFF. Scaled models of cFF are overlain for illustration.

[001]
[11̅0]

0.71nm

70°

10nm

2.0nm

Figure 5.10. STM images from a deposition of cFF annealed to 400K. The new chain
orientation is indicated, and similar defects to the annealed deposition of L-Phe-L-Phe can
be observed.
The natural conclusion from the highly congruent L-Phe-L-Phe and cFF sets of data is that
they are in fact corresponding to the same molecular species on the surface; that is, the
linear FF molecule cyclises to cFF when heated in the crucible, and thus adsorbs and
assembles on Cu(110) in an identical fashion to the synthesised cFF molecule. Alternatively,
it is theoretically possible that the cyclisation occurs on the Cu(110) surface after deposition;
however, cyclisation has already been shown via mass spectrometry to be an almost certain
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outcome of any sublimation of L-Phe-L-Phe (see chapter 4, “The sublimation of short
peptides”), which makes the latter a much more compelling argument.
Data obtained from a low temperature (130K) deposition further support this hypothesis,
and images from such an experiment are presented in Figure 5.11. Depositing on a sample
at 130K, and subsequently scanning at 77K, reduces the thermal motion of the adsorbed
molecules, and greatly decreases the likelihood of any on-surface reaction with an activation
barrier. At this temperature, only small clusters are observed (fig. 11a), and these are of
identical size and shape to those recorded in a low temperature experiment with L-Phe-LPhe (fig. 11b). A gentle annealing to 325K brings about total conversion to the unidirectional
chains described in Figures 5.7 and 5.8, completing the comparison between the two
depositions.

b)

a)

6.0nm

6.0nm

Figure 5.11. a) STM image from a low temperature (77K) experiment with cFF on Cu(110),
illustrating the clusters observed. b) Low temperature image from a deposition of L-Phe-LPhe, reproduced from Figure 5.2 for comparison.
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Experiment

Sample image

L-Phe-L-Phe

Molecule
angle to

Chain
angle to

[11̅0]
plane

[11̅0]
plane

1.61
±0.08 nm

+73°
±2°

-49
±2°

0.83
±0.04 nm

1.81
±0.08 nm

-38°
±2°

+72°
±2°

0.69
±0.03 nm

1.59
±0.08 nm

+71°
±2°

+51°
±2°

0.79
±0.04 nm

1.80
±0.08 nm

-39°
±2°

+70°
±2°

0.71
±0.03 nm

Molecule
length

Periodicity

2.0nm

L-Phe-L-Phe
annealing
2.0nm

cFF
2.0nm

cFF
annealing
2.0nm

Table 5.1. Key parameters from depositions of both L-Phe-L-Phe and cFF, for direct
comparison.
In light of the findings of the cFF experiments, the published description of L-Phe-L-Phe on
Cu(110) ought to be reconsidered in the context of cFF molecules being present instead. The
first step is to examine how cFF might self-assemble into chains, followed by the effect of
annealing on this assembly. Figure 5.12 shows a possible arrangement of the cFF molecules
within each chain, suggesting that hydrogen bonding between adjacent molecules might be
possible. The hydrogen bonds indicated in Figure 5.12 would be up to 3Å in length, which is
in the outer range of relatively weak hydrogen bonds. There is no universal definition of a
hydrogen bond length, but the upper limits quoted in the literature can range anywhere from
2.5Å to 5Å.17-19 Furthermore, the hydrogen bonds formed by peptides are typically not
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amongst the strongest category of hydrogen bonds.17 It therefore seems feasible that
hydrogen bonds might form in the self-assembly of cFF, albeit relatively weak ones. This
description of the assembly differs from that proposed for L-Phe-L-Phe5 in terms of the
number of hydrogen bonds and their length, but nonetheless would serve well as an
explanation for the chains observed. The cFF molecules organise into isolated 1D chains
without clustering into larger compact 2D islands, even when increasing the molecular
coverage (see Figure 5.13). This evident avoidance of 2D agglomeration most probably
indicates a repulsive interaction between molecules, perhaps due to a charging effect. A
balance between short range attractive forces (e.g. van der Waals or hydrogen bonds) and
long-range repulsive forces (e.g. Coulombic repulsions) has been shown in the literature to
drive the formation of molecular chains and small islands in preference to larger
assemblies.20-21 Since the cyclic molecules deposited here are neutral, this effect must
develop post-deposition, for example as a result of charge transfer22,23, amide
deprotonation, or dipolar repulsions.24-27 It is not possible with the current data to establish
the precise cause of the repulsive interaction, and so further investigation would be required
to examine this phenomenon further.

2.0nm
Figure 5.12. Models of cFF overlaid onto the self-assembly pattern of cFF on Cu(110). Potential
hydrogen bonding is indicated with black dashed lines. Inset image is approximately 2.0n m x
2.2 nm.

2.0nm
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Figure 5.13. Even as coverage is
increased, cFF on Cu(110) resists
island formation in favour of chains.

30nm

The on-surface transformation that occurs after surface annealing to 400K needs to also be
reconsidered, in terms of cFF as the starting material. cFF contains three 6-membered rings,
two of which are aromatic, and no longer has exposed amine or carboxylic acid functional
groups. As such, the molecule appears generally quite stable and has limited reactivity.
However, due to the highly-ordered nature of the assembly post-annealing, it also would be
very unlikely that the molecules have simply thermally fragmented, and so a more consistent
reaction path must be followed. One possibility is that a dehydrogenation occurs across the
only aliphatic carbon atoms, which are indicated in Figure 5.14. This process produces an
alkene group, or two if both sides of the molecule dehydrogenate simultaneously (this is
explored further in the subsequent section, 5.2.3). The dehydrogenated molecule, also
shown in Figure 5.14, would have a significantly different conformation to cFF, due to the
now sp2 hybridised carbon atoms of the alkenes and the loss of rotational flexibility about
the C=C bonds. Such a change in conformation would result in a different mode of binding
to the surface, and different intermolecular interactions, thus possibly explaining the
transformation in the self-assembly observed in the STM as a result.
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Dehydrogenation

Cyclo-(L-Phe-L-Phe)

(Doubly) dehydrogenated cyclo-(L-Phe-L-Phe)

Figure 5.14. The molecular structures of cFF and ddcFF, with the location of the potential
dehydrogenation reaction highlighted.
Additionally, in contrast to cFF, the resulting molecule would be planar (Figure 5.15), which
would be recognisable in STM data – indeed, in Figure 5.16 the difference in the apparent
height profiles across images from before and after annealing a deposition of cFF can be
clearly seen. To definitively prove this theory, however, the best strategy is to directly
deposit the dehydrogenated molecule and to compare the resulting STM data with those
acquired after the 400K annealing of cFF. To this end, both the singly and doubly
dehydrogenated cFF molecules (sdcFF and ddcFF) were synthesised, deposited on Cu(110),
and scanned by STM.

b)

a)

Top

Side

Figure 5.15. Gas-phase models of a) cFF, and b), ddcFF, demonstrating the difference in
conformation between the two, especially from a side-view.
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Figure 5.16. A comparison of STM data from a deposition of cFF, a) before annealing, and
b) after annealing. The difference in contrast across a molecule is noticeable, and is
highlighted with line profiles (dashed lines). Z(pm) values broadly correlate with molecular
height.

5.2.3 Dehydrogenated Cyclo-(L-Phe-L-Phe)
A deposition of ddcFF on a room temperature Cu(110) surface gives rise to a highly similar
self-assembly network to the 400K annealed experiments described above, with the same
molecular features and dimensions. ddcFF displays two mirror symmetric orientations on
the surface, both of which feature molecules of the same appearance and height profiles as
annealed cFF, and one of which is a match in terms of molecular orientation. Figure 5.17
illustrates typical data from the ddcFF experiment, and table 5.2 provides a comparison
between ddcFF and annealed cFF.
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Figure 5.17. Typical STM image from a
deposition of ddcFF on Cu(110) at room
temperature.

6.0nm

Experiment

Sample image

cFF
annealing

Molecul
e angle

Chain
angle to

to [11̅0]

[11̅0]

plane

plane

1.80

-39°

+70°

0.71

±0.08 nm

±2°

±2°

±0.03 nm

1.82

+39°
/-45°

+68°
/-70°

0.78

±2°

±2°

Molecule
length

Periodicity

10nm

ddcFF
deposition

±0.08 nm

±0.04 nm

6.0nm

Table 5.2. Comparison of STM parameters from an annealed deposition of cFF, and a
deposition of ddcFF.

It is clear from examining these two sets of data that they represent the same molecule, and
that cFF must indeed dehydrogenate on the surface during annealing. This confirms the
theory described above and completes the picture of the thermal transformations of the
99

L-Phe-L-Phe dipeptide, but is also of considerable interest in its own right. In fact, this simple
on-surface transformation brought about by annealing effectively replaces a multi-step
synthesis,9,10 and offers complete conversion of the starting material to product. The scale of
this process is so far quite small, but its simplicity and reliability are attractive qualities for
any

potential

application.

Furthermore,

the

production

of

dehydrogenated

diketopiperazines is a process known to occur enzymatically in nature; including, for
example, the biosynthesis of albonoursin.28 Albonoursin is an antibacterial compound
synthesised by some strains of Streptomyces, and is equivalent to a Phe-Leu dipeptide that
has been cyclised and dehydrogenated, i.e. “ddcFL”. This molecule is very similar to ddcFF,
and serves to highlight the biological relevance and potential impact of the method for
producing ddcFF discovered here.
As mentioned earlier, a key difference between ddcFF and cFF experiments is the presence
of two orientations for the as-deposited ddcFF molecules, whereas only one exists for those
generated by annealing of cFF. These two orientations produce chains that appear to be
mirror images of one another, at 70° (±2°) clockwise and 69° (±2°) anticlockwise from the
[11̅0] direction. The two orientations are equally prevalent, and as such must correspond to
two states that are energetically equivalent. Therefore, it is apparent that the molecules are
differentiated by a pseudo-stereochemical effect, meaning that the prochiral ddcFF
molecules are bound to the surface in non-equivalent mirror image conformations (Figure
5.18). The molecule-surface interactions create a barrier to the ‘flipping’ of the molecules,
and so the two conformations do not interconvert. However, both are equally likely to be
generated from the landing of ddcFF from the molecular beam, hence the 50:50 ratio
observed.
Once adsorbed, the two species phase-separate based on their stereochemistry, only
forming intermolecular bonds with molecules of the same landing conformation, thus giving
rise to the two kinds of chiral chain observed. This type of racemic supramolecular assembly
is often observed in the literature.29-30
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3.5nm

3.5nm

Figure 5.18. a) Models of two non-equivalent mirror image conformations of ddcFF, and
how these might form mirror-image assemblies. b) Overlay of assembly models onto an
STM image, demonstrating the equal prevalence of both conformations and therefore
modes of assembly.
While the appearance of two self-assembly phases from deposited ddcFF can therefore be
considered unsurprising, the contrast with the ddcFF molecules generated on-surface is
striking. In the experiments with cFF, annealing brought about dehydrogenation but resulted
in only a single phase of molecules, i.e. manifesting the unusual situation of an
enantiomerically pure supramolecular arrangement formed from a prochiral molecule. This
occurs because cFF is chiral, and, as described above (sections 5.2.1 and 5.2.2), adsorbs in a
single preferred conformation resulting in chains of uniform orientation. This selectivity must
have been preserved in the dehydrogenation process, in which the chiral cFF molecules were
converted into the prochiral ddcFF molecules, in order to give a single phase post-anneal. In
theory, the pro-chirality of the product could mix or ‘scramble’ with respect to the surface,
if the thermal energy was sufficient to enable absorbed molecules to flip over, but this
evidently does not occur as evidenced by the STM data. Thus, while the deposition of a
prochiral molecule such as ddcFF normally results in a heterochiral surface, a homochiral
surface can still be created with the same molecule via its generation during an on-surface
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reaction. This highly unusual result could have significant impact in attempts to create a
homochiral surface from a non-chiral molecule, for example for catalytic applications, and
has connections with studies of molecules with helical chirality by Stetsovych et al.31
Stetsovych et al. demonstrated a similar principle of controlling the surface chirality of
prochiral molecules by generating them from an on-surface reaction. Where this study used
polycyclic aromatic compounds, however, we have used simple diketopiperazines created
from biologically relevant peptides, thus considerably expanding the scope and therefore
impact of this on-surface synthetic approach.
The STM data for ddcFF provide clear evidence of the on-surface dehydrogenation of cFF but
cannot offer a description of the how dehydrogenation occurs. In particular, they do not tell
us whether the dehydrogenation of the two aliphatic carbon atoms occurs simultaneously
or sequentially, whether the two alkene groups are formed at the same time or not. In fact,
it is possible that the singly dehydrogenated species, sdcFF, is at some stage stable on the
surface and even imaged in the STM. In order to ascertain whether or not this could be the
case, experiments were carried out with sdcFF also, deposited on a low temperature (~130K)
Cu(110) surface. In subsequent low temperature (77K) scans, the molecule is imaged as
asymmetrical clusters and isolated species, reflecting its asymmetrical nature due to the
single alkene present (Figure 5.19). These clusters appear to be irregular and are most likely
kinetically trapped by the low thermal energy at 140K. Annealing to room temperature
results in a re-occurrence of the chains observed for ddcFF, with STM images similar to those
shown in Figure 5.18. It is proposed that, at variance with cFF, sdcFF is highly reactive on a
Cu(110) surface, and thus only stable at low temperatures. At room temperature the second
dehydrogenation occurs immediately, likely facilitated by the planar side of the molecule
that brings the remaining aliphatic group in close proximity to the surface, thereby
potentially lowering the activation energy for the reaction. A consequence of this conclusion
is that the annealing of cFF to 400K must result in both dehydrogenation reactions occurring
simultaneously, due to the fact that the sdcFF species is unstable even at the lower
temperature of 300K.
It should be noted that in the original studies of L-Phe-L-Phe by Lingenfelder et al., some
images were identified as illustrating an additional phase of the self-assembly, apparently
caused by further annealing to 450K (see Figure 5.20, from Lingenfelder5). However, this was
not reproduced by annealing alone in any of the experiments conducted here, leading us to
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Figure 5.19. Irregular and asymmetrical
clusters from a deposition of sdcFF on a low
temperature (140K) Cu(110) surface.

7.0nm

believe that this phase is not the result of a further chemical reaction, but in fact a reorganisation of the assembly as a result of higher molecular coverage. When coverage of
ddcFF was increased above a full monolayer, followed by an anneal to 400K to remove
overlayer material, the molecules were seen to assemble into a more densely packed phase
with a brickwork pattern (Figure 5.21). This pattern is comparable with the final phase
reported by Lingenfelder, taking into consideration that as-deposited ddcFF has two mirrorsymmetric self-assembly patterns compared to one for annealed cFF.
Figure 5.20. High coverage of molecules
adsorbed on Cu(110) and annealed to
450K, from a proposed deposition of LPhe-L-Phe.
As
reproduced
from
5
Lingenfelder . a) 15 x 10.4 nm STM image,
b) LEED pattern, c) 5 x 4 nm high resolution
STM image.
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Therefore, it is put forward that such a phase is only seen when forced by coverage. Indeed,
the ddcFF chains were observed to resist island formation in the same manner as cFF when
coverage was slowly increased, and annealing had no effect on this tendency. Only a greatly
increased coverage followed by annealing, as described above, brings about the brickwork
phase. As the coverage approaches a complete monolayer, a lateral pressure is exerted on
the assembly by the addition of further molecules. This can cause a change in the way in
which individual molecules adsorb to the surface and form intermolecular bonds, even
though locally this causes deviation from the optimal bonding configuration, since the global
energy is minimised by a denser packing of molecules.
Figure 5.21. Brickwork pattern of
ddcFF molecules on Cu(110), only
observed at high coverage. Overlaid
models indicate how the molecules
might be arranged in order to
produce such an assembly.

3.5nm

In summary, the high degree of similarity between STM data sets from different experiments
has enabled the identification of two key reactions of the L-Phe-L-Phe dipeptide. First, the

3.5nm

dipeptide cyclises when heated in a crucible, as evidenced by the matching data for
depositions from crucibles of cFF and what was originally L-Phe-L-Phe. Secondly, the cFF
molecules are shown to dehydrogenate into ddcFF when annealed on the Cu(110) surface,
due to the strong similarity with data from as-deposited ddcFF. The chirality of the
supramolecular self-assembly of ddcFF is also shown to depend on the method by which it
arrives on the surface, since annealed cFF gives a single chain orientation whereas asdeposited ddcFF results in two mirror-image configurations. However, despite the
substantial evidence presented by the STM data, the only way to be certain of the above
conclusions is to use a chemically-sensitive technique to distinguish between different
molecular species in a more precise way. For this reason, XPS was employed as a
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complementary technique to STM, with a focus on C 1s, N 1s and O 1s spectra as reported
below.

5.3 X-Ray Photoelectron Spectroscopy
As noted in chapter 2 (“Experimental), XPS experiments were carried out in the UHV XPS
system of Warwick’s Interdepartmental Photoemission facility. Analogous conditions to the
STM experiments were used to deposit molecules from crucibles of L-Phe-L-Phe, cFF and
ddcFF on to a Cu(110) surface. The XPS data is presented below starting with ddcFF, since
this molecule is the expected end point of each experiment and must be identified first.
Subsequently, the structures of the other species can be studied, and the effects of the
annealing process tracked in comparison to the pristine ddcFF sample.
As discussed in chapter 2, the XPS experiments presented in this chapter were calibrated
with respect to the substrate Cu 2p3/2 peak, at binding energy 932.6eV.32 A Shirley-type
background subtraction was applied across all peaks, with fittings performed by using a
combination of Gaussian and Lorentzian functions, typically the GL(30) mix. Additional
technical details can be found in chapter 2.

5.3.1 Dehydrogenated Cyclo-(L-Phe-L-Phe)
The ddcFF molecule is highly symmetrical in terms of the functional groups present (see
Figure 5.1) and as such the resultant XPS spectra (Figure 5.22) are relatively simple to
interpret due to a small number of distinct peaks. The N 1s and O 1s spectra both feature a
single peak, at 398.3eV and 530.8eV, respectively. The best fit to the C 1s spectrum indicates
that it is comprised of three peaks, at 284.7, 286.5 and 288.1 eV. A stoichiometry calculation
gives a ratio of carbon atoms of 10:2:1 across the respective peaks, which matches
reasonably well with a predicted 12:4:2. The largest peak at 284.7eV represents the 12
isoelectronic aromatic carbons, with the 286.5eV peak corresponding to 4 aliphatic carbon
atoms that are closer to heteroatoms. The smallest peak, at the highest binding energy of
288.1eV, corresponds to carbons in a C=O bond. The discrepancies in precise peak ratios are
likely a result of the higher binding energy peaks being less well-defined and having weaker
signals. Furthermore, stoichiometric calculations from XPS are always approximate due to a
range of factors that affect the peak height, rather than solely the density of scatterers
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present.33 The C1s peaks recorded do correlate well with literature values, in particular for
aromatic32,34,35 and carbonyl carbons.32,34 The N 1s and O 1s spectra are rather simpler to
interpret. The single peak for N 1s is a direct result of the symmetry and planarity of the
molecule, meaning that both nitrogen atoms are in identical chemical environments. In this
case, the peak at 398.3eV is a close match for nitrogen atoms deemed to be strongly bound
to the Cu(110) surface, as reported in other XPS studies of peptides.36-38 A similar argument
applies for the oxygen atoms also, with a single peak in the O 1s spectrum at 530.8eV that is
comparable with other peptide carbonyl oxygen atoms.35,37,39 Annealing experiments on the
ddcFF sample had no discernible effect, until the signal intensity began to decrease across all
spectra past approximately 500K. This uniform decrease is indicative of the desorption of
molecules from the surface. By 550K, the signals had completely disappeared, due to the
complete desorption of all molecules.

C 1s

N 1s

O 1s
Figure 5.22. C 1s, N 1s and O 1s XPS
spectra of a deposition of ddcFF on
Cu(110). The raw data and background
traces are in blue, while peak fittings are
coloured red, orange and green, in
order of ascending binding energy. The
residual trace of combined peak fitting
is in black, where applicable.
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5.3.2 Cyclo-(L-Phe-L-Phe)
XPS of cFF revealed C 1s and O 1s spectra largely similar to the ddcFF, but a markedly
different N 1s spectrum, with the addition of a secondary peak (Figure 5.23). The C 1s
features three peaks – at 285.0, 286.5 and 288.1eV. The first of these peaks has a small shift
of 0.3eV compared to the ddcFF data, but the remaining peaks have a shift too small to be
resolved, if any. A single O 1s peak is identified at 531.3eV, a shift of 0.5eV from ddcFF.
Therefore, neither the C 1s nor O 1s spectra for cFF are substantially changed from those of
ddcFF, and as such, the difference in the N 1s spectrum is the key factor in distinguishing
between the two molecules.

C 1s

N 1s

O 1s
Figure 5.23. C 1s, N 1s and O 1s XPS
spectra of a deposition of cFF on
Cu(110). Raw data in blue, with peak
fittings in red, orange and green, in
order of ascending binding energy. The
residual trace of combined peak fitting
is in black, where applicable.

Two peaks are evident at 398.5eV and 400.5eV, a 2eV separation, with the former having
approximately four times the area of the latter. The cFF molecule is also highly symmetrical,
and so the appearance of a second N 1s peak is perhaps surprising. One significant difference
between cFF and ddcFF that could contribute to the occurrence of two N 1s peaks is that cFF
has increased conformational flexibility, potentially allowing different bonding modes to
develop. The sp3 carbon atoms still present in cFF offer significant rotational flexibility to the
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side groups, as well as permitting the diketopiperazine ring to buckle slightly, moving away
from a flat configuration. These small conformational variations may be significant enough
that alternative molecule-surface and intermolecular interactions arise. In particular, the
new peak at 400.5eV corresponds well to a typical peptidic nitrogen atom, one that is not
strongly bound to the surface.35-39 The larger peak at 398.5eV is shifted by only 0.2eV from
the ddcFF data, and thus represents nitrogen atoms bound more strongly to the surface in
the same vein. According to reports on peptides and cyclic peptides in the XPS literature, the
occurrence of two N 1s peaks in this way is quite common.36-39 It has been suggested that
even within individual molecules, one nitrogen atom can be essentially chemisorbed to the
surface while the other interacts with the surface more weakly. Alternatively, it may be the
case that some molecules bind strongly across both nitrogen atoms, whereas others are
entirely in the weakly bound state. In either case, the STM data for cFF did not show any
obvious distinction between molecules, nor within individual molecules, and so the
differences observed in the XPS must be too subtle to detect in this way. The phenomenon
observed in the N 1s spectrum here is known to be strongly coverage dependent,36,40 which
will be explored further in the L-Phe-L-Phe experiment (see below) and used to guide the
analysis of the N 1s spectra.
Upon annealing to 400K, the spectra become near indistinguishable from those of the
original ddcFF experiment (Figure 5.24). The N 1s returns to a single peak at 398.3eV, while
any small shifts previously displayed in the C 1s and O 1s spectra are reversed. The C 1s peaks
now fall at 284.7eV, 286.4eV and 288.2eV, and O 1s at 530.8eV. This result clearly
substantiates the theory proposed from the STM data, which is that the molecules have
dehydrogenated due to the annealing on the surface, and that there is no practical difference
between the resulting adlayer and a deposition of pristine ddcFF.
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C 1s

N 1s

O 1s
Figure 5.24. C 1s, N 1s and O 1s XPS
spectra of cFF on Cu(110) after
annealing to 400K. Raw data in blue,
with peak fittings in red, orange and
green, in order of ascending binding
energy. The residual trace of combined
peak fitting is in black, where
applicable.

5.3.3 L-Phe-L-Phe
As has already been discussed, L-Phe-L-Phe is almost certainly deposited as cFF, and this is
immediately apparent when studying the XPS data in Figure 5.25. In the C 1s spectrum are
three peaks at 285.1eV, 286.4eV and 288.1eV; in the N 1s are two peaks at 398.6eV and
400.3 eV; and the O 1s has a single peak at 531.5eV. These peaks feature only very small
shifts from the cFF data set, with the only major difference being the ratio between the two
N 1s peaks. The larger peak in terms of area remains the one at lower binding energy, which
corresponds to the strongly bound nitrogen atoms, but the higher binding energy peak is
substantially larger than in the cFF experiment. This is attributed to a coverage effect, as the
overall increased XPS signal strength from this experiment in comparison to the cFF
experiment suggests more molecules are present on the surface (in this instance, the higher
coverage was unintentional). This interpretation is supported by the work of Méthivier et al
36

and Feyer et al 40, where coverage was intentionally increased and caused a rise in the

higher binding energy peak.
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C 1s

N 1s

O 1s
Figure 5.25. C 1s, N 1s and O 1s XPS
spectra of cFF, deposited from a
crucible of FF, on Cu(110). Raw data in
blue, with peak fittings in red, orange
and green, in order of ascending
binding energy. The residual trace of
combined peak fitting is in black, where
applicable.

In order to verify this hypothesis, a second independent deposition was carried out at a
greater exposure time, the results of which are presented in Figure 5.26. The C 1s spectrum
contains peaks at 285.2eV, 286.5eV and 288.2eV; the N 1s two peaks at 398.6eV and
400.3eV; and the O 1s a single peak at 531.5eV. These peak positions are all very similar to
the first deposition of L-Phe-L-Phe and, by extension, to that of cFF, but the nitrogen peak
ratio has increased even further. The higher binding energy peak now exceeds the area of
the lower binding energy peak, indicating that weakly bound nitrogen species now dominate
the surface.
Based on the XPS data for the three depositions of cFF, a theory can be proposed to explain
the molecular interactions that are responsible for the N 1s spectra. The peak assignments
fit well to literary descriptions of nitrogen atoms strongly and weakly bound to the surface,
but it must be considered why two different binding modes should occur, and why they
should change with coverage. In the STM data, the only distinguishable difference between
the molecules is their position in the chains, or indeed outside of a chain altogether. A logical
possibility then is that the molecules are bound to the surface via different interactions
depending on their position in relation to the self-assembled chains (or rather, the bonding
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is what determines their self-assembly). In this case, the dominant mode of molecule-surface
interaction involves strongly bound nitrogen atoms, and the peak in the XPS that represents
this state decreases with increasing coverage. The corresponding change observed in the
self-assembly is a shift towards more densely-packed chains, with fewer isolated molecules
and chain ends. Therefore, it is proposed that isolated molecules and those at the ends of
chains contribute to the strongly bound nitrogen peak, and their reduction in relative
frequency with coverage causes the change in peak heights observed. However, the relative
size of the strongly bound N 1s peak is too large to correspond to these species alone, since
statistically most molecules appear within the chains rather than at the ends. Therefore, it
may also be the case that, as suggested in the literature,37 one nitrogen atom from each
molecule within the chains is strongly bound to the surface, while the other is weakly bound.
The sum of these atoms and those in isolated or chain-end molecules would give rise to the
large XPS peak observed, and would explain why the peak shrinks with coverage but does
not completely disappear. However, further experiments on the effects of coverage and the
self-assembly of cFF would be required to validate this theory, as will be discussed in the
conclusion below.

C 1s

N 1s

O 1s
Figure 5.26. C 1s, N 1s and O 1s XPS
spectra of cFF, deposited from a
crucible of FF, on Cu(110) at high
coverage. Raw data in blue, with peak
fittings in red, orange and green, in
order of ascending binding energy.
The residual trace of combined peak
fitting is in black, where applicable.
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Upon mild annealing of both depositions to 325K, there is a decrease in intensity of the
higher binding energy peak, reversing the trend described previously, which may indicate
decreasing coverage. The C 1s and O 1s spectra are not significantly affected. Further
annealing to 400K again brings about the dehydrogenation of the cyclic molecules, resulting
in spectra akin to the ddcFF experiment. Due to the unusually high coverage of the second
deposition, a higher annealing temperature of 450K was required to fully convert the system
to the dehydrogenated form, though it is likely this could also have been achieved by simply
increasing the duration of the anneal at 400K.
The combined sets of XPS spectra clearly demonstrate that not only is L-Phe-L-Phe deposited
as a cyclic rather than linear molecule, but that this cyclic molecule readily dehydrogenates
upon annealing the Cu(110) surface to 400K. The dehydrogenation process was shown to
occur in three separate experiments and as such is highly reproducible, and the outcome is
indistinguishable by XPS from a pristine ddcFF deposition.

5.4 Concluding remarks
In conclusion, the self-assembly on the Cu(110) surface of the L-Phe-L-Phe dipeptide and its
synthetic derivatives, Cyclo-(L-Phe-L-Phe) and dehydrogenated Cyclo-(L-Phe-L-Phe), has
been described using low temperature STM and XPS experiments. A comparison of the data
across experiments proves that L-Phe-L-Phe cyclises upon heating and deposits as cFF, and
that cFF dehydrogenates to ddcFF when annealed on the surface. These transformations of
the L-Phe-L-Phe dipeptide are of significant interest due to their relevance to biological
systems, chemical synthesis, and surface chirality.
The similarity of the ddcFF molecule to the natural antibacterial compound albonoursin has
been highlighted, demonstrating the close link between the simple thermal transformations
illustrated here and real-world enzymatic processes. A number of other dehydrogenated
diketopiperazines have also been shown in the literature to be the product of enzyme-based
biosynthesis,10,41 opening up a substantial pool of molecules that could be tested for similar
on-surface behaviour to cFF. Mimicking the reactions of enzymes typically involves complex
synthetic pathways,9,10 and will inherently have an incomplete yield including unintended
products and leftover starting materials or intermediates. The processes described in this
chapter are small in scale but offer a straightforward and direct route to a dehydrogenated
diketopiperazine, starting from the DKP itself or even a linear dipeptide. Of additional
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significance is that the deposition of ddcFF produces a racemic surface due to the molecule’s
prochiral nature, whereas dehydrogenating a deposition of cFF – which is chiral – via surface
annealing results in a homochiral surface consisting of a single species on the surface. The
creation of a chiral surface from a prochiral molecule has potentially broad impact, and thus
far had not been demonstrated with molecules of biological relevance such as peptides. In
addition, the procedure for generating this chiral surface is simple and reproducible.
Therefore, it becomes of great interest to explore similar molecules to identify if such a
phenomenon could be more general, especially given that peptides are a generally
inexpensive and readily available starting material. A logical starting point for such studies
would be peptides structurally similar to L-Phe-L-Phe, i.e. dipeptides with aromatic but
weakly interacting side chains. Experiments with examples of such molecules are presented
in the subsequent chapter (chapter 6, “Self-assembly of aromatic dipeptides on metal
surfaces”).
In order to draw further conclusions from the studies of cFF and ddcFF, additional
experiments could be conducted. In particular, a better understanding of the N 1s XPS
spectrum could be established by further variation of the coverage of cFF on Cu(110),
broadening the range of coverages so that the trend in peak heights can be more clearly
observed. The new data would help to establish whether the theory on the source of the
strongly and weakly bound nitrogen atoms is accurate, but would ideally need to be
combined with STM experiments conducted on the same sample/in the same system. The
two sets of data would be complementary, and would allow for a more direct evaluation of
the number of molecules within chains compared to those at the ends or isolated. XPS data
on a very low coverage deposition would be especially informative, since the number of
chains formed is minimised, meaning that the strongly bound N 1s peak may completely
dominate.
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Chapter 6: Self-assembly of aromatic
dipeptides on metal surfaces
6.1 Self-assembly of D-Phe-L-Phe and L-Phe-D-Phe on metal surfaces
6.1.1 Background
As part of the investigations into ddcFF and its self-assembly behaviour on a Cu(110) surface,
it was discovered that the resultant stereochemistry on the surface could be controlled
depending on whether the molecule was deposited by OMBE or generated through an onsurface reaction. The generation of ddcFF, an inherently prochiral molecule, occurred on
Cu(110) via a dehydrogenation reaction of cFF, a chiral molecule. It is therefore of interest to
study the effect of the stereochemistry of the starting material on its self-assembly, and the
knock-on effect to on-surface reactions and the self-assembly of the products. The
enantiomer of FF (LFLF), i.e. D-Phe-D-Phe (DFDF), has already been reported to self-assemble
in a way that mirrors FF on Cu(110),1-3 including after annealing to 400K. To further explore
this behaviour, the diastereomers of FF, namely D-Phe-L-Phe (DFLF) and L-Phe-D-Phe (LFDF),
were selected for study by STM on Cu(110) and Au(111). A sublimation test was carried out
as the first stage of this experiment, to establish if the behaviour of these molecules is
comparable to FF when heated in vacuum. Subsequent STM data was examined in light of
this test, and again compared to the outcome of experiments with FF. The combined results
highlight a simple but highly valuable method for controlling surface chirality arising from
the adsorption of a prochiral molecule.

6.1.2 Sublimation of DFLF and LFDF
DFLF and LFDF were sublimed in HV conditions on to glass substrates, and the resulting
deposited material tested by ESI mass spectrometry in methanol, as described in chapter 2
(“Experimental). The sublimation temperature used was 415K in both cases. A single
significant peak was observed for both samples, at m/z 317.1 (Figure 6.1), which corresponds
to the cyclised molecule with a sodium adduct as described for FF in chapter 5 (“Chemical
transformations of the Phe-Phe dipeptide”).
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Figure 6.1. Mass spectra of a) DFLF and b) LFDF. In each set, the top spectra correspond to
the non-sublimed molecules while the bottom spectra are from the sublimed material. The
molecular ion in both cases occurs at ~m/z 313. The lack of peaks below m/z 300 illustrates
that fragmentation does not occur. The peak at m/z 301.1 is a common plasticiser.
A much smaller peak at m/z 339.1 would fit with a second sodiation, while the peak at m/z
301.1 is from a common plasticiser contaminant. The pristine, non-cyclised samples showed
peaks for the protonated linear molecule, at m/z 313.1, and the sodiated linear molecule at
m/z 335.1 (M+Na), with no evidence of the cyclised species. Therefore it is apparent that
both diastereomers cyclise upon thermal sublimation, echoing the behaviour of L-Phe-L-Phe.
It should be noted that, after cyclisation, the two diastereomers acquire exactly the same
structure, losing their stereochemical history and becoming the same molecule (see Figure
6.2). This is due to the amide bond formed by the former N and C termini of the peptide,
creating symmetry in the cyclised molecule not present in the linear species. Therefore,
assuming the same conditions in both crucibles, any deposition for STM sample preparation
by OMBE should be expected to generate the same adlayer, composed of the same cyclic
molecule, cFF(L/D). To confirm this outcome, depositions for STM were carried out from both
crucibles and compared. In general, it was indeed found to be the case that both depositions
yielded the same result, confirming that the same molecule was deposited. Therefore, the
STM data is discussed in terms of a unified dataset. In the particular case of Cu(110), one
crucible provided a somewhat cleaner deposition that was easier to scan in the STM, but this
is likely the result of subtle differences in crucible parameters, and/or slightly higher sample
purity.
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a)

b)

c)

Figure 6.2. Molecular models of a) DFLF, b) LFDF, and c) cFF(L/D). Though the linear
molecules are enantiomers, the cyclised product cFF(L/D) is the same in each case, since
the N and C termini have formed an amide bond indistinguishable from the existing
“peptide bond”. cFF(L/D) therefore always has one L and one D stereocentre.

6.1.3 Self-assembly of cFF(L/D) on Cu(110)
While one could have expected that the deposition of cFF(L/D) on Cu(110) would yield the
same results to those of cFF, it did not prove to be the case. At submonolayer coverages, the
molecules appeared to be too mobile to image, as no stable scans could be obtained at room
temperature. Increasing the coverage to >1 monolayer followed by annealing enabled the
deposited material to be imaged. It seems that a significant proportion of contaminant
reaches the surface, despite the mass spectra appearing relatively clean. Alternatively, it
could be the case that the molecules partially degrade upon sublimation from the OMBE
source, since the conditions may be slightly different from the test chamber used for the
mass spectrometry experiment.
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Initial high coverage depositions of cFF(L/D) on Cu(110) resulted in poorly resolved images
of the first layer, due to mobile and disordered material in the overlayer. However, even
under these conditions, it was apparent that molecules were ordered into islands in the first
layer. Annealing (to 400K) enabled imaging of the first layer due to desorption of the
overlayer, and revealed a result similar to that of dehydrogenated cFF at high coverage (see
chapter 5, section 5.2.3). Figure 6.3 illustrates the types of images obtained after annealing
the high coverage deposition of cFF(L/D). Patches of ordered molecules can be observed,
ranging in size from only a few molecules in length and breadth (approx. 2 nm) to larger
islands of 10 nm or more in a given direction. Within these islands, the rows of molecules are
offset from their neighbours in an ABA fashion, with a lengthways periodicity of 1.84 ± 0.07
nm and a breadthways periodicity of 0.65 ± 0.01 nm. The gaps between islands are not bare
surface but seem to be filled by disordered material, which is not well resolved and so is
difficult to directly identify, likely the result of contaminants or minor fragments. The
resemblance of the assembly to the high coverage phase of ddcFF however suggests that the
behaviour of the two molecules could indeed be analogous, meaning that cFF(L/D) can also
dehydrogenate with annealing on Cu(110). Thus, while some impurities may be present, it
would still be highly valuable to analyse the data gathered for cFF(L/D). Annealing to higher
temperatures is known to degrade films generated from cFF, and so further annealing was
avoided in this experiment.

20nm

15nm

Figure 6.3. High coverage deposition of cFF(L/D) on Cu(110) annealed to 400K. A number of
small islands containing ordered molecules are observed, with disordered material in the
gaps between islands.
Though the molecules are arranged into numerous smaller patches as in Figure 6.3, it can be
shown that only two molecular orientations are found within, always assembled into
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homogeneous islands. Figure 6.4 provides smaller scale images in which the distinction
between the two molecular orientations, and therefore types of islands, can be observed. It
is also demonstrated that these two orientations are mirror images of one another about the
known position of the [11̅0] plane. Figure 6.5 shows the distribution of the islands of each
type within a 50 nm x 50 nm scan area, which is in line with the proportion of approximately
50:50 recorded globally across the sample. A logical conclusion therefore is that the
deposited molecule exists as two distinct, mirror-image species on the Cu(110) surface, that
each have a specific and mirrored surface binding site.

[11̅0]
[001]

11̅0 mirror plane

5.0nm

Figure 6.4. The two types of molecular island of cFF(L/D) on Cu(110), more clearly
distinguished at a smaller image scale. Left: Island types indicated in green and blue. Right:
the two islands types are shown to be mirror images of one another about the [11̅0] plane
(image size 5 nm x 5 nm).
As discussed above, cFF is known to dehydrogenate on a Cu(110) surface upon annealing to
400K, so under the conditions of the cFF(L/D) experiment, the same outcome could be
expected. The product of this dehydrogenation is in both cases the same molecule, but is
discussed here as separate species in the context of on-surface conformations and method
of generation. Therefore, ddcFF(L/D) represents the dehydrogenation product of cFF(L/D),
whereas ddcFF is the dehydrogenation product of cFF (chapter 5). The generation of ddcFF
by on-surface annealing notably resulted in a single molecular orientation, in keeping with
the single conformer of the chiral cFF deposited (see chapter 5, section 5.2.3). However, the
generation of ddcFF(L/D) by on-surface annealing has produced two orientations, more akin
to a direct deposition of the molecule. Thus, a significant difference is found between the
behaviour of a deposition of cFF and cFF(L/D). The most likely explanations for this difference
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are either that the surface has a certain selectivity for a particular landing conformation of
the cyclic peptides, or that during the dehydrogenation reaction particular conformations of
product are favoured. While a model of cFF in vacuo is highly contoured, cFF(L/D) is much
flatter, and symmetric about the plane of the central diketopiperazine ring (Figure 6.6). As
such, inverting the conformation of cFF on Cu(110) has a major impact on the energetics of
its adsorption, for both the LL and DD isomers (cf. Tyr-Tyr on Au(111), chapter 6.2). In
contrast, there may be very little effect of inverting the conformation of the flatter cFF(L/D)
molecule. Consequently, a Boltzmann-distribution of the conformational states for cFF(L/D)
could be expected to give a close to 50:50 ratio, meaning that subsequent dehydrogenation
on-surface would result in the same distribution, but of ddcFF(L/D).
Figure 6.5. Analysis of the distribution of
cFF(L/D) island types on Cu(110). Across the
surface an approximate 50:50 ratio is found.

10nm

Figure 6.6. Molecular models of cFF (left) and cFF(L/D) (right), viewed along the plane of the
central ring. The differences at the chiral centres causes a different conformation to arise as
the lowest energy structure.
A comparison can be directly drawn between the STM data for ddcFF(L/D) and ddcFF at high
coverage, to support the above conclusion. As described in chapter 5, ddcFF could be forced
into a high coverage phase, forming islands of two distinct orientations of molecules, similar
to those of ddcFF(L/D). In Figure 6.7, the orientation of molecules within islands of high
coverage ddcFF is compared to ddcFF(L/D), with respect to previously ascertained surface
directions in both cases. These orientations are within 5 degrees of one another for both
types of islands, an error that could feasibly arise from the different scanning conditions of
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the two instruments involved. It is therefore reasonable to state that the two orientations
seen for a high coverage of ddcFF(L/D) match those of high coverage ddcFF. By extension, a
single orientation from these two would be expected for ddcFF generated instead by onsurface annealing.
001

11̅0

5°

4°

Figure 6.7. Comparison of the molecular orientations of ddcFF (left) and ddcFF(L/D) (right)
on Cu(110). The difference between the orientations is only a few degrees in each case.
ddcFF image scales: 18.5 nm x 18.5 nm, inset 9.2 nm x 9.2 nm. ddcFF(L/D) image scale: image
size 5 nm x 5 nm.
Figure 6.8 illustrates how the dehydrogenated molecules self-assemble into the islands
observed, in the same fashion as described in chapter 5 (section 5.2.3). A scaled molecular
model of ddcFF(L/D) correlates well to the two-lobed features observed, and builds into a
series of molecular rows. As discussed in chapter 5, this arrangement appears to be forced
by coverage, forgoing optimal intermolecular interactions in favour of the most spaceefficient packing possible.
Figure 6.8. Proposed self-assembly pattern of
ddcFF(L/D) molecules on Cu(110), enforced
by the high coverage.

5.0nm
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In summary, cFF(L/D) did not prove possible to image on Cu(110) at sub-monolayer
coverages, in contrast to cFF. This could be caused by a purity issue with the deposited
material, or by the different stereochemistry affecting the strength of molecule-surface
interactions. At high coverages of cFF(L/D), molecules appear to assemble into islands, which
upon annealing to 400K bear a strong resemblance to data for ddcFF at high coverage.
Examining the molecular orientation within these islands indicates that cFF(L/D) does indeed
exhibit the same dehydrogenation behaviour as cFF, but yields two mirror-image species on
the surface instead of one. Analysis of the conformation of cFF(L/D) in vacuo suggests that
the conformation of the molecule on Cu(110) is much less selective than that of cFF, and as
such generates an approximate 50:50 ratio of conformers on the surface. The
dehydrogenation process then preserves this ratio to give the result observed.
The results of the cFF and cFF(L/D) experiments clearly demonstrate multiple pathways to
obtaining ddcFF on a Cu(110) surface – by direct deposition, by annealing a deposition of cFF
(LL), by annealing a deposition of cFF(DD), by annealing a (cold) deposition of sdcFF(LL), and
by annealing a deposition of cFF(L/D). The data shows that the method chosen has a direct
effect on the resultant assembly of ddcFF molecules, since although ddcFF is only prochiral,
the surface chirality can effectively be selected for through the choice of the initially
deposited material, which in 4 of the 5 listed cases is chiral. A generalised method for control
over the chirality of a surface-prochiral molecule system is a significant goal in surface
science,4-6 and as such the results presented here could have considerable impact if shown
to be a more general feature of cyclised peptides.

6.1.4 Self-assembly of cFF(L/D) on Au(111)
The dehydrogenation reaction occurring on Cu(110) is evidently affected by the surface itself,
at least in the sense of conformational selection, though it is possible the surface plays a
more complex role. It was therefore deemed of great interest to study the interaction of
cFF(L/D) on a less-interacting substrate, in this case Au(111). Additionally, Au(111) does not
adsorb the common Cu(110) contaminants of oxygen or water under ambient conditions.7-8
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Submonolayer depositions produced stable assemblies of large islands (often in excess of
100 x 100 nm), which could be scanned without issue unlike on Cu(110). Furthermore,
impurities or contaminants did not appear as significant issues on the Au(111) surface, and
the islands were imaged largely without defects. Figure 6.9 summarises the STM data for
such a deposition. A clear overall trend can be seen, in that the molecules not only selfassemble exclusively into islands, but do so always in the same paired row fashion. Variations
in the precise appearance of the molecular features is quite common due to changes in the
tip, but there are always two ‘types’ of bright feature, assembled into alternating rows. A
number of orientations of these islands are recorded across the surface, which do not appear
to have a recognisable trend in terms of alignment with the herringbone reconstruction (and
therefore the surface orientation). It is thus proposed that the molecular assembly is noncommensurate with the surface, and is not driven by specific surface binding sites as the
Cu(110) assembly is.

20nm

20nm

Figure 6.9. Large islands of self-assembled cFF(L/D) molecules on Au(111) oriented in
various directions.
Since the molecular features were recorded with a variety of appearances, a closer analysis
is essential. An example image used for such an analysis is shown in Figure 6.10. Using the
shape and orientation of the bright features as a guide, models of the cyclised species
cFF(L/D) can be overlain, identifying the bright features as corresponding to the phenyl side
groups. In some images, such as in Figure 6.10a, a fainter feature is resolved that connects
a pair of bright lobes, which is believed to correspond to the central diketopiperazine ring.
As such, the molecules are described as lying alongside one another to form chains
breadthways, and these chains pack together with an offset to form islands. The scaled
models fit well with the recorded sizes of molecular features (1.85 ± 0.06 nm x 0.67 ± 0.01
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nm) periodicity), and a potential intermolecular interaction between oxygen and an adjacent
H-C bond can be identified. A formal hydrogen bond could be made between neighbouring
molecules if oriented as in Figure 6.10b, but the shape of the features imaged does not well
match the molecular orientation required. While an STM image alone cannot truly determine
molecular structure and conformation, without complementary data a theory has to be built
based on the information available. The proposed assembly pattern works well with the data
across a range of island orientations and molecular appearances, but notably requires a
specific conformation of the molecule on the surface. As discussed for the Cu(110) data, a
surface could select for one of two mirror-image conformers, though this did not seem to
occur for the relatively flat cFF(L/D) molecule (in comparison to cFF). Given that a Au(111)
surface would typically have lower molecule-surface interactions than Cu(110),7-12 it seems
unlikely that only one conformation should be found here when two were observed on
Cu(110). However, models of the molecule in a mirror-image conformation to that illustrated
in Figure 6.10a suffer the same issue as the aforementioned attempt at creating hydrogen
bonding, and do not well match the images. Therefore, it is suggested that both conformers
are present on the surface, but only one may form stable assemblies at room temperature
and is imaged exclusively under these conditions. While it is not apparent why this should be
the case, this theory gains weight in light of a similar result for Cyclo-(Tyr-Tyr) presented in
chapter 6.2 (“Self-assembly of L-Tyr-L-Tyr on metal surfaces”), which itself is supported by
DFT and MD calculations.

10Å

10Å

Figure 6.10. a) Proposed self-assembly model for cFF(L/D) on Au(111), b) A suggestion for
how cFF molecules could theoretically hydrogen bond on Au(111), though such an assembly
is a poor match for the resolved features in the STM image.
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A question remains, however, as to why the molecules do not pack more closely together,
possibly even interdigitating if the phenyl rings remain oriented as per the model once
landed. This cannot be definitively answered by STM alone, but it can be postulated that the
phenyl side groups do twist to become flatter with respect to the central ring, in order to
maximise molecule-surface interactions. This would prevent interdigitation, but would be
expected to cause a flatter STM profile more akin to that of ddcFF. Therefore this question
remains somewhat open.
In summary, on Au(111) the cFF(L/D) molecules arrange themselves into offset chains packed
into islands, but unlike ddcFF(L/D) on Cu(110), the orientation of the islands is highly variable,
indicating a weaker surface registry. At present, there is not a published study of cFF on
Au(111) with which to compare this result. Since the STM data could be explained well
through the use of a model of cFF(L/D), it remained to be examined how the product of
dehydrogenation, ddcFF(L/D) would behave on a gold surface. As such, the deposition of
cFF(L/D) was annealed in an effort to bring about dehydrogenation. It was found that while
annealing to 375K had no effect, further annealing to 425K largely destroyed the existing
assembly, causing molecules to degrade and/or evaporate. It is concluded therefore that
cFF(L/D) does not dehydrogenate on a Au(111) surface, since the activation barrier is too
high relative to that of evaporation. This presents an additional contrast to the behaviour on
Cu(110).

6.1.5 Concluding remarks
The study of LFDF and DFLF completes the set of stereoisomers of the FF peptide, and allows
a clearer picture of the reactions and self-assembly of this molecule to emerge. Both LFDF
and DFLF thermally cyclise to the same product (cFF(L/D)), which itself is a distinct molecule
from cyclised LFLF and DFDF, and so three unique cases can be broadly considered. Though
it was not possible to directly image cFF(L/D) on Cu(110), it could be shown that the same
on-surface behaviour as for cFF occurs, in that the molecule dehydrogenates upon annealing
the surface to 400K. At high coverage, the self-assembly behaviour of ddcFF(L/D) appears to
be the same as that reported by Lingenfelder et al1 and also at Warwick (chapter 5), with
molecules packing into dense islands. A contrast is however seen with the experiments with
cFF, as two molecular orientations are found for ddcFF(L/D) in contrast to one. It is believed
that this difference arises due to the conformation of the cyclised species, with cFF(L/D)
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presenting a flatter molecular geometry to the surface, and so a specific landing conformer
is not selected for. It is also possible that the dehydrogenation reaction mechanism itself is
the source of the selectivity, or lack thereof, rather than the initial landing of the molecules.
On Au(111), cFF(L/D) molecules pack into uniform islands in various orientations, in a
consistent but non-commensurate assembly. In contrast to experiments on Cu(110),
annealing cFF(L/D) on Au(111) does not appear to result in dehydrogenation of the
molecules, which simply degrade or evaporate from the surface once a high enough
temperature is reached. Thus the behaviour of the FF dipeptide can be seen to be quite
general across its stereoisomers, but quite specific with respect to the surface required to
facilitate the dehydrogenation process. This on-surface transformation creates a product
whose surface adsorption and assembly is intrinsically tied to the stereochemistry of the
starting material, in contrast to a direct deposition of that product. This bears interesting
implications for efforts to create controlled 2D assemblies from prochiral molecules.
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6.2 Self-assembly of L-Tyr-L-Tyr on metal surfaces
6.2.1 Background
The chemical transformations of the L-Phe-L-Phe dipeptide identified in chapter 4 and 5 have
considerable potential for surface science, due to the discussed implications for
stereochemical control, as well as the synthetic processes that may be bypassed via simple
thermal activation. If the processes that underpin this behaviour, thus far unreported in the
literature, could be more deeply understood or found to be more general, the impact of
these discoveries could be even broader. A logical starting point would be to explore other
short peptides with a similar structure and functionality to L-Phe-L-Phe. The sublimation data
in chapter 4 already indicates that cyclisation is not general to all short peptides, though the
list of molecules studied is far from exhaustive. Additionally, a small number of peptides have
already been studied by STM (chapter 1.5), including Ala-Ala,1 Gly-Pro-Glu2-4 and Lys-PhePhe-Glu.5 In these literary reports, there is not an explicit recognition that a chemical change
other than fragmentation might occur during sublimation, and as such the possibility that a
modified species might deposit on a surface is not addressed. Therefore, the data presented
does not prove that cyclisation is not possible for these molecules. Furthermore, the
potential for an on-surface thermal transformation, similar to that of cFF, is not considered.
However, analysis of the data under the assumption of linear, intact molecules did provide
logical and reasonable conclusions, which would suggest neither cyclisation nor
dehydrogenation had occurred.
In order to explore how widespread the reactions of Phe-Phe might be, the most logical
approach is to use another dipeptide that is as closely related in structure as possible, which
is easily identified as L-Tyr-L-Tyr (YY) and its diketopiperazine (DKP) analogue, Cyclo-(L-Tyr-LTyr) (or cYY) (see Figure 6.2.1). L-Tyr-L-Tyr is structurally identical to L-Phe-L-Phe

i)

ii)

Figure 6.2.1. Molecular structures of i) L-Tyr-L-Tyr, and ii) Cyclo-(L-Tyr-L-Tyr).
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apart from the addition of a para-substituted alcohol group on each benzene ring in the side
chains.
In this chapter, first the sublimation of L-Tyr-L-Tyr is investigated, and then its deposition on
to Cu(110) and Au(111) surfaces and study by STM. The data suggested similar behaviour to
L-Phe-L-Phe, with thermal cyclisation occurring in the OMBE crucible, and chain formation
post-deposition on to Cu(110). Annealing experiments resulted in an analogous
transformation of the molecule and resultant assembly due to dehydrogenation, with a
modified assembly pattern as a result of the hydroxy groups present in each Tyr residue.
Data for the Au(111) deposition also bears resemblance to the experiments on Cu(110),
featuring a major change in the self-assembly following surface annealing. Of particular
interest on Au(111) is evidence for an adatom-mediated assembly, which has so far not been
observed in the literature without molecular deprotonation or the use of thiols. These
conclusions are supported by extensive DFT and MD simulations, as well as C 1s, N 1s and O
1s XPS data for a deposition on Au(111).

6.2.2 Sublimation of L-Tyr-L-Tyr
L-Tyr-L-Tyr was sublimed in HV conditions on to a glass substrate, and the resulting film
dissolved and tested by ESI mass spectrometry in methanol, as described in chapter 2.2.2.
The sublimation temperature used was 515K. The resulting mass spectrum (Figure 6.2.2)
conclusively proved that YY cyclises upon sublimation, in the same fashion as L-Phe-L-Phe6
(see also chapter 4, “The sublimation of short peptides”). The largest peak observed was at
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Figure 6.2.2. Mass spectra of [top] nonsublimed L-Tyr-L-Tyr and [bottom] L-TyrL-Tyr sublimed at 515K. Molecular ion
occurs at ~m/z 345.

m/z 349.1, which is 4 Da above the expected protonated molecular ion peak for YY at 345.1.
An additional peak is seen at m/z 327.1, 18 Da below the molecular ion. As for FF, there is no
sensible adduct to YY that could account for a mass difference of 4, and so the molecule has
clearly undergone a chemical transformation. The best fit for the mass difference is a loss of
water due to cyclisation (-18 m/z, giving the m/z 327.1 peak) followed by the coordination
of a sodium ion in place of a proton (+22 m/z). This conclusion is supported by extensive
evidence of cyclisation for FF which, as already mentioned, is a structurally highly similar
molecule to YY. Since the molecular ion peak for YY is also not observed at all, it is apparent
that complete cyclisation of the sample has occurred, and any deposition for STM or XPS
sample preparation should give an adlayer entirely composed of cYY. The final peak at 301.1,
found in both pristine and sublimed YY, is the result of a common plasticiser.
Therefore, since the deposition of cYY was anticipated as the main outcome of any OMBE
experiment, a crucible of molecules was first intentionally cyclised to cYY by heating, thus
ensuring the deposited material is free from any residual linear YY.

6.2.3 Self-assembly of Cyclo-(L-Tyr-L-Tyr) on Gold (111): Scanning
Tunnelling Microscopy
A submonolayer deposition of cYY at room temperature on Au(111) yielded STM data as
exemplified in Figure 6.2.3. The molecules are imaged exclusively within ordered islands,
often in excess of 100 x 100 nm in size, and occasionally in disordered regions on the edges

Figure 6.2.3. Typical STM images from a deposition of cYY on Au(111). Molecules are only
imaged within ordered islands such as these, in a range of orientations across the surface.
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of these islands. When not stabilised in two dimensions by intermolecular forces, the
molecules are highly mobile across the gold surface and cannot be imaged at room
temperature. This is illustrated in Figure 6.2.4, where molecules are observed constantly
adding to and leaving from an island edge, demonstrated here across a time period of 180s.
Such behaviour is evidence of a weak interaction between the cYY and the surface, resulting
in a relatively flat adsorption potential energy surface such that molecular diffusion has a
low activation barrier. Within each island, the molecular orientation and appearance is
uniform (though a number of orientations are observed across the whole surface, see Figure
6.2.5). The average periodicity of the molecules is 0.63 ± 0.01 nm in the direction of the chain
growth (“breadthways”) and 1.84 ± 0.09 nm perpendicular to the chains (“lengthways”),
across all 3 major island orientations. A degree of submolecular resolution is found, with
what appears to be the phenol groups in the side chains imaged as bright protrusions relative
to the central diketopiperazine ring. Data from island edges confirmed that the bright
protrusions are the ‘edge’ of the molecules when ordered in this fashion. The bright
protrusions are not of uniform intensity, which is partly explained by the effect of the
underlying herringbone reconstruction, but could also reflect a small difference in height due
to the molecular conformation.

10nm

10nm

Figure 6.2.4. Sequential STM images of cYY on Au(111), with a time difference of
approximately 180s. The outline of the original island in green illustrates the change that
occurs between the two images.
As mentioned, different orientations for chains within the islands were observed across the
surface. Using the herringbone reconstruction of the Au(111) surface as an indicator of the
principal surface directions ([11̅0], [011̅] and [1̅01]), it is possible to perform a statistical
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Figure 6.2.5. Sampling the orientation of recorded islands, and plotting against the three
surface orientations of the Au(111) surface underneath. The long axis of the gold
herringbone, [112̅], is also indicated.
analysis of the alignment of the molecular chains/islands with respect to these axes. A
summary of such an analysis is presented in Figure 6.2.5. It is clear that the vast majority of
islands grow at angles very close to the primary surface directions, with a small variation of
±10° or less, which can most likely be attributed to artefacts of the imaging process such as
thermal drift and scanner creep. This indicates that the molecule-surface interaction is
substantial enough to influence the self-assembly pattern, although evidently not so
significant as to inhibit the high mobility of the molecules on the surface at room
temperature. This particular aspect of the assembly is in fact quite common for molecular
species adsorbed on metal surfaces.7 Additionally, while the surface axes seem to guide the
island growth directions, the herringbone reconstruction itself does not directly perturb the
assembly, and periodicity statistics remain consistent across a range of local environments.
A small number of islands did not appear to have grown along the surface directions at all
(approximately 60° deviation), though these were all imaged in the same macroscopic region
within a single day, and as such represent a minor anomaly rather than a more general
growth pattern. Since this occurrence was rare and seemingly localised, it is proposed that
these islands represent a disfavoured assembly, the product of nucleation at a defect or grain
boundary. It is possible that once an island is seeded at such a site, it continues to grow in
the same direction even over a change in surface orientation. Such changes are more
common on a gold on mica substrate than a single crystal, with the average grain size being
on the order of 5 to 10µm.
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Figure 6.2.6. A unique phase of cYY
molecules self-assembled on Au(111). The
lateral packing of chains is noticeably
denser than the vast majority of data, as
exemplified in Figure 6.2.3.

2.0nm

An even rarer case in the self-assembly of cYY was a more densely packed phase, with a near
identical breadthways periodicity (0.62 nm) but shorter lengthways periodicity (1.56 nm), as
shown in Figure 6.2.6. This island was the only one of its kind recorded, and appears to show
a case where the cYY molecules can sit closer to one another than in the dominant islands
imaged. However, while a denser packing of the molecules is possible, it is evidently strongly
disfavoured in comparison to the predominant self-assembly motif. The fact that the widerspaced chains are preferred suggests that more than simple intermolecular interactions must
be involved in stabilising this phase, as this would typically give rise to very compact islands.
The origin of the observed spacing is investigated further below.
A model for the molecular conformation and self-assembly pattern of the major island types
can be proposed, as detailed in Figure 6.2.7, through the use of the averaged periodicity
measurements and several key observations. Firstly, the appearance of the central
diketopiperazine ring as a relatively dark feature could be evidence of the overall molecular
conformation, or it could arise from the electron density of the aromatic systems in the
phenol groups. However, the apparent C2v symmetry of each molecular feature can help
provide insight into its conformation, as can the preferred positions of nearest neighbours.
Each molecule lies alongside its nearest neighbour with no offset, forming a straight chain in
the breadthways direction. In the lengthways direction, neighbouring molecules are offset
by half a molecular width, creating an AB staggered pattern of the chains within the islands.
Finally, the proposed conformation in Figure 6.2.7 was inspired by a number of studies into
cyclic peptides8-20 (see also chapter 2.2.4), and energetically minimised using the Avogadro
software.
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Figure 6.2.7. Models of cYY overlaid on to
the self-assembly pattern on Au(111), with
key dimensions labelled. The gap between
adjacent offset chains of molecules is
apparent.

1.84nm

0.63nm

Assuming the molecular conformation as proposed (or one similar), the central ring of each
cYY sits on the surface in such a way that N-H and C=O groups on adjacent molecules come
into close proximity, permitting a total of four hydrogen bonds per molecule (see Figure
6.2.8). This provides a substantial energetic benefit to 1D aggregation, and explains the
stability of a chain-type assembly despite the intrinsic mobility of cYY on Au(111). In the
second, lengthways, direction however, the measured periodicity of 1.84 nm is larger than
might be expected based on, for example, a hydrogen bonding model, and translates in the
model as a 0.33 nm separation between the hydroxyl groups of the neighbouring molecules.
This distance is at the extreme limit of recorded hydrogen bonds,21-23 and it seems unlikely
that such an interaction drives the assembly in this direction, as the molecules could simply
pack closer for stronger hydrogen bonding. It is not immediately clear why such a gap exists

Figure 6.2.8. Enlarged view of the
assembly of cYY on Au(111). Potential
hydrogen bonding is indicated with black
dashed
lines.
Inset
image
is
approximately 2 nm x 2 nm.
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between the molecules, other than perhaps an enforced commensurability with the
substrate below, or a small repulsive force preventing perfect aggregation.24,25 The former
argument did not hold weight upon further investigation, while the latter would require the
presence or formation of a charge or dipole, which there is not direct evidence for here. In
many cases, intermolecular repulsions on surfaces lead to more substantial separation of 1D
chains.24 An alternative hypothesis is that the hydroxyl groups on the phenol rings are
bonding to gold adatoms, with the AB offset providing the most efficient packing and coordination of each adatom. This would be highly unusual on a Au(111) surface, where
adatom-mediated assemblies are rare26,27 without deprotonation, or in the case of molecular
species that bind more strongly to gold atoms, such as thiols.28-30 The possibility of adatom
coordination, with or without deprotonation, is explored further through the use of XPS data,
DFT calculation, and MD simulations in subsequent sections (6.2.4 and 6.2.5).
In some cases, the molecules are imaged with a different contrast to the above description,
whereby the central ring becomes even less prominent and the phenol rings display slight
changes in appearance. The overall symmetry of the cYY is maintained however, and the
periodicity of each assembly is always the same within a small statistical error (1.84 ± 0.09
nm). It is therefore straightforward to attribute these differing appearances to effects of the
tip, whose condition changes particularly frequently when scanning molecules that are
mobile on the surface in question. Indeed, in some situations there was even a change in
contrast of the molecules mid-scan, which is clear proof that the effect is not based in a
chemical change of the molecules.
An additional important consideration about the conformation of the cYY molecules is their
orientation as they land on the surface from the molecular beam. Since cYY is a chiral
molecule, the conformation used in Figures 6.2.7 and 6.2.8 is not identical to a conformer
that is flipped relative to the surface, i.e. rotated about an axis parallel to the surface, as
demonstrated in Figure 6.2.9. The number of atom-surface interactions for an adsorbed
molecule that would need to be broken simultaneously to bring about a complete flip of the
molecule creates a prohibitively large energy barrier for the process, thus creating two
surface conformers that are distinct and cannot interconvert. These can be considered as
the “up” and “down” conformers depending on the height of the central ring with respect to
the gold surface (see Figure 6.2.9). The model used in Figure 6.2.7 uses molecules all in a
single landing orientation (“down”) based on the fact this conformer best fit the images,
including the facility for hydrogen bonding. If the model is correct, it may be the case that a
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Figure 6.2.9. Top-down view of mirror-image models of cYY, alongside potential landing
conformations on the surface (adapted from DFT, see Figure 6.2.10). The non-equivalent
nature of these “flipped” conformers with respect to the surface is apparent.
particular landing orientation for the molecule is favoured by the surface, and as such a form
of selection is imposed. DFT calculations and MD simulations were used to assess the validity
of this model and resultant conclusion.

6.2.4 Self-assembly of Cyclo-(L-Tyr-L-Tyr) on Gold (111): Density
Functional Theory and Molecular Dynamics
Computational work on the self-assembly of cYY on Au(111) was composed of two main
parts: DFT geometry optimisations and energy calculations, to provide precise
thermodynamic information about single molecule and dimer conformations; and MD
simulations of clusters of molecules to simulate the self-assembly process, with and without
adatom involvement. Plane-wave DFT calculations were performed using the revPBE-vdWDF functional, which has previously been used to determine the adsorption energy of noncovalently adsorbed molecules to the Au(111) surface, with close agreement with
experiment.31-38 The gold surface was modelled as an as cut (111) slab four atomic layers
thick, with a surface area scaled depending on the size of the system so as to minimise
adsorbate-adsorbate interactions. MD simulations used the GolP-CHARMM force field, a
polarisable force field specifically designed for use with peptides and proteins at gold
interfaces.39 The value of this force field was reinforced by extensive comparison of data
outputs with DFT, exemplified in Figure 6.2.10. A close match for the results of DFT on the
single-molecule and dimer scale allowed the larger MD simulations cells to be analysed
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cYY-A
Up
DFT: Eads = -1.59 eV
FF: Eads = -1.64 eV

Down
DFT: Eads = -1.53 eV
FF: E

ads

= -1.64 eV

cYY-B
Figure 6.2.10. A comparison of the two landing conformations of cYY on Au(111). The
adsorption of the “up” and “down” conformations are modelled, giving rise to the on-surface
conformers “A” and “B”. The results of energy minimisation calculations by both DFT and
the GolP-CHARMM Force Field (FF) are also shown.
with greater confidence. Typically, groups of molecules were defined and simulated for 10ns,
using periodic boundary conditions, on a gold slab five atomic layers thick.
From a range of conformational inputs, DFT geometry optimisations readily identified two
principal surface conformers for the cYY molecule, which correspond to the up and down
conformers previously described. Once adsorbed to the surface, the conformation of these
species adapts in order to maximise intermolecular interactions and minimise the overall
energy adsorption energy. The resulting similar but new conformers are henceforth referred
to as cYY-A (originally from the up conformer) and cYY-B (originally from the down
conformer), as illustrated in Figure 6.2.10). A smooth potential energy surface across the
gold interface is found, with adsorption site having little effect on the adsorption energy of
a molecule, which indicates that the surface registry is not influential on the self-assembly
process. The adsorption energy calculations show that the two modes of binding to the
surface are almost isoenergetic (a difference of only 0.06eV in the DFT), which would indicate
they should be represented equally on the surface experimentally. Further calculations on
dimers of each conformer were carried out, as illustrated in Figure 6.2.11 (larger scale
calculations of chains were, at present, of computational expense beyond the scope of the
project). These calculations also indicate that the formation of dimeric hydrogen bonds is
favoured for both surface conformers, which by extension suggests that longer chains can
indeed be formed. These results appear to be in contrast to the STM data obtained. While it
is possible that both conformers have the same appearance in the STM,
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Figure 6.2.11. DFT Models of dimers of cYY in both surface conformations, to evaluate the
energy gain from hydrogen bond formation. While DFT and FF energy calculations differ
from one another, the overall result clearly indicates both species should form stable onsurface hydrogen bonds, cYY-B slightly more favourably.
this seems highly unlikely, especially considering the differences in molecular shape and
topography between the up and down models. However, information on the larger scale
self-assembly from MD simulations can provide an explanation for this apparent dichotomy
between STM data and DFT.
Clusters of sixteen molecules were simulated by MD for both the A and B configurations, at
temperatures of 300K and 450K. In all cases, the molecules were pre-ordered in a fashion
similar to the proposed model from STM, and their dynamics observed over time to
determine the stability of the assemblies and whether they began to grow. The assembly of
cYY-B molecules was stable at 300K and 450K, and the chains also began to grow in the same
direction as observed in the STM data. On the other hand, the cYY-A assembly was unstable
at 450K, with the chains falling apart into more randomised molecular orientations.
Furthermore, at 300K the chains even showed some growth perpendicular to the chain
direction seen with the STM. Therefore, while cYY-A and B are both stable conformers of the
isolated molecule on Au(111), MD simulations indicate only cYY-B, the “down” conformer,
forms stable islands comparable to experimental data. Additionally, the simulations at
elevated temperatures indicated a small number of molecules were able to flip over,
meaning a switch between the A and B conformers occurs under these conditions, despite
the surface pinning effect. This provides a mechanism by which surface conformers can
interconvert, removing the requirement for a preferential landing conformer in the
explanation of the STM data. This will bear a strong relevance to the experimental data for
the annealed, dehydrogenated molecule in (section 6.2.6). These results help to resolve the
apparent differences between theory and experiment. Both conformers may indeed land on
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the surface, but only one is stably imaged at room temperature, a theory which also gains
further traction in light of subsequent data on the annealed cYY.
A statistical analysis of the MD simulations provides a quantitative comparison of the selfassembly models with the STM data (Figure 6.2.12). For this purpose, we employed 2dimensional radial distribution function (g(r)) calculations, which in essence output the
probability of finding a molecule (or “particle”) at distance “r” from a given molecule. These
calculations involve plotting the distances of all possible molecule pairs into a histogram,
before normalising this histogram with respect to a model fluid. In this way, meaningful
intermolecular distances are readily identified. The values on the x-axis of the graph in Figure
6.2.12 indicate the distances between a given point in a molecule and the next occurrence
of the same point in any direction. The radial distribution function can be used directly to
compare to the average experimental periodicities established by STM. The shortest distance
at which a peak is found in the g(r) corresponds to the nearest neighbour
Figure 6.2.12. Comparison of
experimental cYY periodicity data
with values obtained from a radial
distribution function performed on
MD simulations.
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b

STM
a = 6.3Å (st. dev. 0.14)
b = 18.4Å (st. dev. 0.92)

a

MD

b
2a

Down -> cYY-B:
3a

a = 6.2 Å; b ≈ 17.1 Å
Up -> cYY-A:
a = 6.6 Å; b ≈ 16.7 Å
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separation in the direction of the chain growth. The next g(r) peak is in fact due to the next
nearest neighbour in the same direction, due to the function’s search for the same point
within a molecule. The third peak represents the nearest neighbours separation in the
lengthways direction of the molecule. From these distances, it is again apparent that cYY-B,
from the “down” configuration, creates a better reproduction of the islands recorded by
experiment, since there is a very close match for the periodicity in the chain direction.
However, neither cYY-A or B reproduce the separation in the perpendicular (or lengthways)
direction, instead yielding distances approximately 10% shorter. This indicates that simple
hydrogen-bonding and van der Waals forces cannot be solely responsible for the
experimentally observed longer periodicity as, with only such interactions involved, the
molecules tend towards a closer packing density. Therefore, DFT and MD were also used to
evaluate the possibility repulsive interactions mediate the assembly, as a result of alcohol
group deprotonation, or that adatom coordination is responsible for the increased molecular
separation, with or without a deprotonation occurring.
A two-part computational study was thus employed to evaluate these theories. The first step
consisted of exploratory MD simulations, again using a sixteen molecule pre-ordered set, to
observe the changes that might be caused to the self-assembly pattern by alcohol group
deprotonation. Two scenarios were considered, both involving deprotonation, but one with
residual charge localised on the molecules while the other featured neutral molecules (Figure
6.2.13).

Charged molecules (q=-0.28)

Neutral molecules (q=0.00)

Figure 6.2.13. Images obtained from MD simulations of charged and neutral deprotonated
cYY molecules in chains on Au(111). The results cannot reproduce the STM data, but do
demonstrate the repulsion between, but not within, charged molecular chains.
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Figure 6.2.14. Comparison of
experimental cYY periodicity data
with a radial distribution function
of MD simulations of molecules in
different charge states.
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STM
a = 6.3Å (st. dev. 0.14)
b = 18.4Å (st. dev. 0.92)

a

MD
Hydroxyl:
a = 6.2 Å; b ≈ 17.1 Å

b

q = 0.0:
2a

3a

a = 6.6Å; b ≈ 17 Å
q = -0.28:
a = 6.6 Å; b = N/A

The negatively charged species only formed isolated chains, indicating that repulsive energy
terms do indeed force chains apart, though the effect here is evidently too large to match
the experimental data. Similarly, these results show that even deprotonation without
considering charge effects does not explain the assembly behaviour of cYY, since the chains
remain close together. An analysis of the radial distribution function supports this analysis
(Figure 6.2.14), as there is no noticeable improvement in the spacing of the chains compared
to experiment.
The second part of evaluating the deprotonation model was to employ DFT to infer whether
a deprotonation of a cYY molecule, and subsequent coordination to two Au adatoms, was
thermodynamically favourable. A supercell was created that included two adatoms and a
single cYY molecule, either with the alcohol protons detached (and adsorbed at a favourable
Au surface site) or in the normal state bonded to oxygen (see
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Figure 6.2.15. DFT models of a single cYY molecule on Au(111), with two gold adatoms.
a) An unmodified, protonated cYY molecule. b) A doubly deprotonated molecule, with H
atoms bonded independently to the adatoms. The energy minima of these systems were
used to calculate the displayed energy cost of the on-surface deprotonation.
Figure 6.2.15). Both species were capable of bonding with the adatoms via the oxygen atoms
of the alkoxy groups, though the O-Au distance was shorter for the deprotonated system
suggesting a stronger interaction. Any difference in energy between these two bonds is
however not sufficient to compensate for the loss of an O-H bond, as the overall minimised
energy for each system puts the deprotonated case 1.04eV higher in energy. This is a
substantial disparity and, as such, it is highly unlikely that the cYY molecules deprotonate in
order to coordinate with adatoms. Nevertheless, it remains a possibility that adatoms are
involved in the self-assembly of cYY without deprotonation occurring.
The final conclusion of the DFT and MD is that the self-assembly pattern observed in the STM
can be explained as a product of cYY molecules in a single specific conformation lying
alongside one another for optimal hydrogen bonding interactions, with the separation of the
resultant chains most likely the product of bonding between gold adatoms and hydroxy
groups in the cYY side groups, which do not deprotonate under the conditions employed for
the STM experiments.
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6.2.5 Self-assembly of Cyclo-(L-Tyr-L-Tyr) on Gold (111): X-Ray
Photoelectron Spectroscopy
Using the same preparation methods as for the STM data, cYY was deposited on a Au(111)
single crystal. As discussed in chapter 2 (“Experimental”), the XPS experiments presented in
this chapter were calibrated with respect to the substrate Au 4f7/2 peak at binding energy
84.0eV.40 A Shirley-type background subtraction was applied across all the peaks, with
fittings performed by using a combination of Gaussian and Lorentzian functions, typically the
GL(30) mix.
In order to support the conclusion of the simulations, it was important to discover whether
any evidence for deprotonation of the cYY could be found. The position of the peaks in the
O 1s spectrum is the most reliable way to assess this possibility, because a substantial shift
in binding energy is anticipated between signals for an OH group and the deprotonated O-.40
The O 1s spectrum of a protonated cYY should yield two peaks, one representing the carbonyl
oxygens at approximately 531.1eV

41-43

and another for the phenolic oxygens at

approximately 532.7eV,41,44 theoretically of equal area due to the 1:1 stoichiometric ratio.
Deprotonation of the alcohol groups would cause a reduction in the C-OH peak and the
growing in of a C-O- peak at lower binding energy, which would very likely overlap with the
C=O signal. Due to the highly regular self-assembly displayed by cYY and the inherent
symmetry of the molecule, it would be logical to assume that if one phenol group can
deprotonate, then both can do so. Therefore, a deprotonated system could even appear as
a single peak, centred on 531.1eV. The XPS data gathered for cYY are summarised in Figure
6.2.16. Deviation from the deprotonation scenario is immediately apparent, as there are two
significant peaks with a 1.4eV separation in the O 1s spectrum, though they are not well
resolved from one another, which is possibly indicative of a smaller third peak between
them. Models for two and three peaks within the spectrum were made, and although a 2peak fit (as in Figure 6.2.16) works well, a 3-peak fit also seems viable. However, if the areas
under the three peak set are restricted so that the C=O signal is equal to the sum of the other
two, thus enforcing the known stoichiometry, the fit becomes substantially worse. This
suggests that, if a third peak is present, it is not due to a deprotonation effect. Overall the O
1s data set refutes the notion that the alcohol groups deprotonate, as the observed spectrum
of two major peaks of similar size is a reasonable match for protonated cYY, and conversely
a poor match for deprotonated molecules. Using a two-peak fit, the signal for C=O is centred
at 531.3eV, and the signal for C-OH at 532.7eV. These values are in good agreement with
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those reported in the literature,20,41-44 with particular attention drawn to studies of other
cyclic peptides.20,42,43

N 1s

C 1s

Figure 6.2.16. C 1s, N 1s and O 1s XPS
spectra of a deposition of cYY on Au(111).
The raw data and background traces are in
blue, while peak fittings are red, orange
and green, in order of ascending binding
energy. The residual trace of combined
peak fitting is in black, where applicable.
The peak at 528eV is from trace antimony
present on the surface. The N 1s spectrum
has a rising background due to a large Au
peak.

O 1s

The C 1s and N 1s spectra, also presented in Figure 6.2.16, are simpler to interpret but of less
direct bearing on the protonation state of the molecule. Thus, these spectra act as a
confirmation that the cyclic molecule has indeed been deposited, enabling further
confidence in conclusions drawn from the O 1s data, but cannot directly identify alcohol
deprotonation. The C 1s spectrum contains three distinct peaks, at 284.4eV, 286.0eV and
288.0 eV. The largest peak by a considerable margin is at the lowest binding energy of
284.4eV, and must arise from aliphatic and aromatic carbons that are not bound to
heteroatoms.40,41,45 The smallest peak, at the highest binding energy of 288.0eV, corresponds
to carbon signals strongly shifted by a carbon-oxygen double bond in the diketopiperazine
ring.40,45 The intermediate peak at 286.0eV represents the remaining carbon atoms, those
adjacent to heteroatoms but not forming double bonds, and so with binding energies shifted
upward but not as high as the carbonyl carbons.40,46 A stoichiometry calculation based on the
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areas under the peaks yields a ratio of 12 : 4.4 : 1.9, a close match for a predicted
stoichiometry of 12 C-C/C-H : 4 C-N/C-O : 2 C=O. Additionally, the C 1s spectrum bears a
strong resemblance to prior work on the analogous molecule cFF (see chapter 5.3.2), but
features better resolved peaks. The N 1s spectrum contains only a single peak, as there is
only a single chemical environment for the nitrogen atoms in the symmetrical
diketopiperazine ring. The peak position at 399.9eV correlates well with XPS studies of other
peptides,2,41-43,47 again confirming the structure identification of cYY. In contrast to studies
on cFF on Cu(110) (chapter 5.3.2), different binding modes of the nitrogen to the metal
surface were not observed for cYY on Au(111). This is most likely due to a weaker interaction
in general between the cYY molecules and a Au(111) surface, as evidenced by the small
upshift in binding energy compared to cFF on Cu(110). Additionally, the hydroxyl groups of
the cYY may have a ‘pinning’ effect on the conformation of the molecule due to interactions
with adatoms as we have proposed, enforcing the planarity of the molecule and reducing
the capability for different binding modes.
In summary, the XPS data for cYY/Au(111) confirm its structure as deposited on the surface,
and bear several similarities to earlier work on cFF. Furthermore, deprotonation of the
molecule is shown to not occur, based particularly on the O 1s data. Therefore the XPS
experiments support the simulations in the conclusion that any adatom coordination by the
molecule does not occur via alcohol deprotonation.

6.2.6 Effect of annealing on the self-assembly of Cyclo-(L-Tyr-L-Tyr) on
Gold (111): Scanning Tunnelling Microscopy
Annealing a deposition of cYY on Au(111) to 475K brought about a major transformation in
the appearance of the molecules and their self-assembly (Figure 6.2.17). Individual
molecules display a more uniform internal contrast, suggesting a flatter conformation, and
are arranged in a criss-cross type pattern within large islands. This pattern is comprised of
molecules in two distinct orientations in a 50:50 ratio, which are rotated approximately 90°
from one another. Unlike the as-deposited cYY data, imaging conditions are stable and
consistent, which assists with detailed analysis (vide infra). The islands formed are much
larger than the pre-anneal assembly, the largest extending at least 500 nm in a given
direction, and are completely uniform throughout, save for occasional defects. Furthermore,
islands are frequently imaged with the Au(111) herringbone reconstruction visible
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underneath without any noticeable perturbation to the assembly. Given the prevalence of
the dominant pre-anneal assembly, and supporting data for its structure
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Figure 6.2.17. Typical STM images from a deposition of cYY on Au(111) annealed to 475K.
Molecules are imaged exclusively in islands of this type, in a single orientation across the
surface.
from simulations, it is unlikely that such a significant change is the result of simply finding a
different thermodynamically favoured conformation of the same molecule, or a new
intermolecular bonding motif. A logical hypothesis is that the annealing has brought about
some chemical change in the cYY, and it is proposed that this is a dehydrogenation reaction
comparable to that observed for cFF on Cu(110) (see chapter 5). The product of this process
would be dehydrogenated cYY (ddcYY), as illustrated in (Figure 6.2.18). A more direct
comparison to cFF on Cu(110) is presented later (section 6.2.11).
As discussed in chapter 5 (“Chemical transformations of the Phe-Phe dipeptide”), the
molecular species generated by a dehydrogenation reaction will tend to adopt a flatter
conformation due to the reduced degrees of rotational freedom about the double bonds. A
flatter molecule explains the reduced contrast, or ‘smooth’ appearance, of the features
imaged in the STM post-annealing. This change in conformation also inevitably has an

– H2
Figure 6.2.18. The dehydrogenation of cYY into ddcYY. Hydrogen atoms are lost across the
alkyl carbons, creating an alkene group between each phenol group and the central
diketopiperazine ring.
147

effect on the thermodynamically favoured packing motif, as intermolecular bonds might
form at different positions on the molecule and at different angles. Molecule-surface
interactions are also affected by the molecule being flatter, becoming stronger due to a
greater overlap of the molecular orbitals with surface states of the metal. This can, in turn,
have a secondary effect on intermolecular forces, and also means that molecular positions
are expected to be more stable, i.e. the molecules will be less mobile on the surface. Due to
the interplay of these factors, a significant change in the self-assembly pattern can result, as
observed between cYY and ddcYY (see Figures 6.2.3 and 6.2.17).
The identification of a single molecule within the islands is easier than for the original
deposition, due to the higher stability of the edges of the islands. Nevertheless, Figure 6.2.19
illustrates molecules adding to and leaving an island showing that some level of mobility over
the surface remains. Closer inspection of the two orientations, especially in higher resolution
images, reveals that their shape and internal contrast are actually distinct from one another,
as displayed in Figure 6.2.20. The two shapes can be broadly described as “S” and “Z” shape,
and these designations will be useful later when assigning a molecular structure to each
feature. The differences in imaging the two species are consistent across multiple scans and
several areas of the surface, and are independent of the orientation of the island with respect
to the scan direction. Such regularity suggests a chemical reason behind the appearances,
rather than simply random variations. Two possible explanations for this phenomenon are
suggested, based on earlier discussion of the landing conformation of the cYY molecules. The
first is that all molecules landed in a single, preferential conformation, and dehydrogenated
on annealing into two energetically equivalent products, resulting in similar but distinct
species that assemble in the criss-cross pattern observed.
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Figure 6.2.19. Sequential images of an island edge of annealed cYY on Au(111), illustrating
the reversibility of the molecular interactions occurring at room temperature.
Approximately 90s have passed between adjacent images.
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Figure 6.2.20. Illustration of the “S” and “Z” type of molecular features observed in the
assembly of annealed cYY on Au(111). These features are recognisable across the surface.

Alternatively, the cYY molecules may have landed as two isoenergetic conformers and
dehydrogenated on annealing via a single favoured mechanism, producing two species based
on the initial landing. The increased dimensions of the annealed islands provide evidence for
the second theory, as the observable molecular coverage is also increased by this
phenomenon. Additionally, DFT and MD calculations for cYY indicated that the second theory
is the more likely, as both landing conformations are shown to be isoenergetic but only one
forms stable islands. It remains of interest to investigate the dehydrogenated molecule itself
by means of simulations, however, in order to complete the picture. A provisional model of
how the dehydrogenated molecules might form a hydrogen-bonded assembly is presented
in Figure 6.2.21.
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Figure 6.2.21. Overlaid models of ddcYY on
the annealed assembly, demonstrating how
the two types of ddcYY adsorption might
give rise to the pattern observed, via a
hydrogen-bonded network.

2.0nm

A question naturally arises concerning gold adatoms, since they are believed to be involved
in the assembly of the cyclic molecule, but not for the dehydrogenated molecule. Unlike cYY,
ddcYY packs together closely in all directions, enabling hydrogen bonding over reasonable
distances and without requiring additional reasoning for the observed periodicity. The
question is therefore why this should be the case, as the dehydrogenated species still
possesses the hydroxyl residues capable of bonding to the adatoms. It is reasonable to
suggest that the flatter and conformationally restricted ddcYY molecule forms stronger and
more stable molecule-surface and intermolecular bonds than cYY, both of which reduce the
energetic gain of coordinating an adatom. It is possible that this shifts the overall dominant
phase away from adatom coordination towards a purely molecular island as observed.
However, a more detailed consideration of the energetics of these processes is not
presented here.

6.2.7 Effect of annealing on the self-assembly of Cyclo-(L-Tyr-L-Tyr) on
Gold (111): Density Functional Theory and Molecular Dynamics
DFT and MD studies were performed to support the experimental data for annealed cYY, by
modelling the adsorption and assembly of the dehydrogenated molecule (ddcYY). The same
methods and parameters were used as described for cYY.
For each landing configuration of the cYY molecules (A and B as illustrated in Figure 6.2.10
earlier), there are in theory four possible dehydrogenation products depending on the
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stereochemistry of the bi-alkene product. However, the large aryl side chains will inevitably
prefer to adopt an “E” stereochemistry, with respect to one another across the central ringalkene plane, due to their steric bulk. This reduces the number of viable stereoisomers to
two, which are differentiated by the proximity of the aryl C-H to either the H-N or O=C of the
central ring. DFT calculations of isolated molecules of ddcYY in the two conformations were
performed both on the Au(111) surface and in vacuo. Only the results for the
dehydrogenated analogue of cYY-B are presented in Figure 6.2.22 for simplicity, but cYY-A
and B gave the same result, as described in the following. In vacuo and on the gold surface,
the dehydrogenation product with aryl C-H and DKP H-N in close proximity is strongly
favoured (Figure 6.2.22, species “X”), by an average of 0.30eV. The van der Waals radii of
two hydrogen atoms clash much less in species X than that of a hydrogen and an oxygen in
species Y, and this difference is so significant that the disfavoured configuration Y in fact

“X”

DFT: ΔEX-Y(unads) ≈ -0.31 eV; ΔEX-Y(ads) ≈ -0.29 eV

“Y”

FF: ΔEX-Y(unads) ≈ -0.25 eV; ΔEX-Y(ads) ≈ -0.33 eV
Figure 6.2.22. DFT models of the 2 viable stereoisomers of ddcYY on Au(111), in side and
top-down views. DFT and GolP-CHARMM Force Field (FF) calculations of the energy
difference between the two adsorbed isomers are also presented, indicating the greater
stability of the “X” species.
has an induced strain in the carbon bond angles in order to minimise the effect. Due to this
large energy difference, the dehydrogenation reaction will likely result in the production of
the favoured product X. Therefore, the DFT strongly supports the theory that the cYY
molecule can land in two different conformations, but dehydrogenates via a single specific
mechanism to leave two species on the surface based only on the initial landing. These two
species would then be responsible for the S and Z molecular shapes seen in the STM, as
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displayed in Figure 6.2.23. A final point of interest from the DFT is that the potential energy
surface for adsorption was again found to be quite flat, meaning the molecules do not have

S

Z

Figure 6.2.23. Gas phase models of the two adsorption modes of ddcYY, adjacent to
archetypal S and Z molecular features from STM data on Au(111). The shape of each model
broadly correlates to the shape of the STM features.
A potential issue with the above description is that the two dehydrogenated molecules are
present in the STM images always in an approximate 50:50 ratio (see Figure 6.2.17), but the
pre-anneal images of cYY show uniform molecular appearance (see Figures 6.2.3-4). This
apparent change in stereoisomer distribution can potentially be resolved by considering two
factors, firstly that a number of cYY molecules were known to be very mobile on the surface.
It could be the case that these correspond to the conformer shown by earlier MD to be
unable to form stable islands, and as such are difficult to image. Secondly, the MD showed
that a small number of molecules could flip over at elevated temperatures. During room
temperature scans this process would not occur, but after annealing to 475K, it is reasonable
to suggest that this process could have helped to equalise the ratio of stereoisomers present
on the surface, if such an imbalance existed for the cYY molecules.
MD simulations also supported the above theory, as well as directly providing evidence that
the dehydrogenation has in fact occurred. When a pre-ordered cluster of a 50:50 mix of S
and Z dehydrogenated molecules is simulated at 450K, the assembly is stable and retains a
strong resemblance to the criss-cross pattern of the STM data (Figure 6.2.24). The major
driving force for the assembly appears to be the capability for extensive hydrogen bonding,
between the C=O groups on the DKP ring and O-H on neighbouring molecules, and vice versa
between the O-H groups on a given molecule and C=O on (different) neighbours. This
collection of four hydrogen bonds per molecule has a greatly stabilising effect on the
assembly. The radial distribution function for this outcome yields distances in good
agreement with STM periodicities, as illustrated in Figure 6.2.25.
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a preferential binding site until constrained by the 2D self-assembly.

Figure 6.2.24. The progression of an MD simulation of 16 ddcYY molecules, 8 each of the
S and Z-type species. The pre-ordered cluster remains stable at 450 K. Cell size 76 × 79 Å2.

d

c

Figure 6.2.25. Comparison of
experimental ddcYY periodicity
data with a radial distribution
function from MD simulations.

a
STM

b

a = 12.5Å (0.38)
b = 13.2 Å (0.06)
c = 20.8 Å (0.45)
d = 24.8 Å (0.69)

MD
a = 11.9 Å
b = 12.6 Å
c = 20.2 Å
d ≈ 24.1 Å
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All recorded values are within 5% of experimental data, demonstrating the fidelity of the
proposed model. Clusters of either S or Z molecules alone, theoretically arising from a single
conformer cYY-A or B, are unstable at elevated temperatures. Though the structural
differences between these species are subtle, they are significant enough to disrupt the
hydrogen bonding described for the stable assembly. All of this together is a clear indication
not only that the dehydrogenation has taken place after annealing, but that the explanation
for the appearance of the STM images is sound.
Based on the computational models, an improved overlay of the self-assembly is presented
in Figure 6.2.26. The conclusions of these simulations do not however provide any
commentary on why the islands and the molecules within are exclusively imaged with a
single global orientation, even across multiple scanning sessions. Even factoring in the
aforementioned flat potential energy surface suggesting low surface registry, one would at
least expect some random variation in the direction of the islands. If the surface registry is
stronger than anticipated, then one instead expects a threefold symmetry in line with the
primary axes of the surface. An explanation for this phenomenon is not immediately
apparent. One possibility is that a single vast island has formed, but this would be very
unlikely given the inevitable surface orientation boundaries that such an island would have
to cross, without any perturbation. It seems more likely that the islands are indeed very large,
but present in three major orientations. For the experiments described here, then, all of the
high-quality images must be from a similar region of the surface, and so by chance only a
single island type has been imaged. Further experiments would be required in order to assess
this reasoning, or elucidate whether another may be involved.

Figure 6.2.26. A modified model of the
assembly of ddcYY on Au(111), using
molecular conformations arising from the
computational data. The potential for
hydrogen bonding between phenol groups
and proximal amide groups is indicated
with black dashed lines. Inset image is
approximately 2.2 nm x 2.2 nm.
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6.2.8 Effect of annealing on the self-assembly of Cyclo-(L-Tyr-L-Tyr) on
Gold (111): X-Ray Photoelectron Spectroscopy
In order to obtain further supporting evidence for the dehydrogenation, the previously
described deposition of cYY on a Au(111) crystal was annealed to 475K, and XPS data
gathered for the C 1s, O 1s and N 1s spectra (Figure 6.2.27). All data was again calibrated to
the Au 4f7/2 peak at 84.0eV. The differences to the spectra gathered pre-anneal are subtle,
but consist of small changes to the C 1s and O 1s and an overall decrease in intensity of all
peaks. To address the intensity first, it is believed that a high coverage of molecules was
initially present on the surface, and annealing has caused some to desorb, thereby
weakening the C 1s, O 1s and N 1s XPS signals (which has the secondary effect of decreasing
the signal-to-noise ratio).

N 1s

C 1s

O 1s

Figure 6.2.27. C 1s, N 1s and O 1s XPS spectra
of a deposition of annealed cYY on Au(111).
The raw data and background traces are in
blue, while peak fittings are red, orange and
green, in order of ascending binding energy.
The residual trace of combined peak fitting is
in black, where applicable. The peak at
528eV is from trace antimony present on the
surface. The N 1s spectrum has a rising
background due to a large Au peak.

In the C 1s spectrum three peaks are observed, at 284.3eV, 286.0eV and 288.0eV. The largest
peak at 284.3eV is only shifted by 0.1eV from the cYY spectrum, aside from the
aforementioned reduced intensity, and represents the twelve aromatic carbons.40,41,45
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Similarly, the smallest peak at 288.0eV is virtually unchanged from the cYY spectrum, and
corresponds to the same two carbon atoms double bonded to oxygen in the carbonyl groups
of the DKP ring.40,45 The middle peak at 285.7eV is more noticeably different from the original
cYY experiment, being shifted downwards in binding energy by 0.3eV such that it appears
less distinct from the larger peak. This peak arises from the four carbon atoms bonded to
heteroatoms (but not via a double bond).40,46 Of these four atoms, two in the
dehydrogenated molecule are now part of alkene double bonds, which will tend to shift their
binding energies slightly towards those of the similar but more extensively conjugated
aromatic ring. This would explain the change in the peak position compared to cYY and the
appearance of becoming more of a shoulder of the major peak. The stoichiometry of the
dehydrogenated molecule, calculated from the areas under the carbon peaks, is well
preserved from the cYY, though with an increased error on the area of the middle peak –
perhaps due to its shifted position that overlaps with the large aromatic carbon peak, and
the overall weaker signal. The final ratio comes out at 12 : 4.7 : 1.9, compared to 12: 4.4 : 1.9
in the cYY experiment and the real 12 : 4 : 2.
The N 1s spectrum for ddcYY remains as a single peak, centred at 399.9eV. This is unshifted
from the cYY peak, which is to be expected as the dehydrogenation process has no effect on
the chemistry of the nitrogen atoms in the central ring. Although the oxygen atoms should
by the same logic be unperturbed, there is a small difference in the O 1s spectrum after
annealing. The two major peaks appear to be somewhat better resolved from one another,
and there is less suggestion of a possible third peak in between them. Nevertheless, the
peaks are found to be at the same binding energies as before annealing, at 532.7eV for the
C-OH oxygens41,44 and 531.3eV for the C=O oxygens,41-43 therefore the same functional
groups are indeed present and are unaffected by the dehydrogenation.
In summary, there are few changes in the XPS spectra of ddcYY compared to cYY, in contrast
to a similar comparison of ddcFF and cFF (see chapter 5). This is largely due to the absence
of secondary N 1s peaks from alternative N-metal bonding, which aided the identification of
ddcFF and cFF. However, there is evidence of dehydrogenation contained in a small shift in
the C 1s spectrum, and no evidence of any other chemical change to the molecules to explain
the change in the STM data. Additionally, as for the cYY, there continues to be no evidence
of deprotonation of the alcohol groups in ddcYY.
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6.2.9 Partial annealing of Cyclo-(L-Tyr-L-Tyr) on Gold (111)
An interesting additional phase of the cYY/ddcYY self-assembly was obtained on a single
occasion, following a shorter anneal cycle of the cYY on Au(111). An archetypal image for this
phase is shown in Figure 6.2.28. It should be noted that further annealing resulted in the
previously described criss-cross assembly of ddcYY (as in Figure 6.2.17).
In this ‘partially annealed’ condition, the molecules are imaged as one of two appearances,
either a relatively flat feature reminiscent of the post-anneal data, or a twin-lobed species
with a node in the centre. The molecular arrangement is also different to both the pre- and
post-anneal assemblies, with pairwise rows formed in the lengthways direction of the
molecules. The types of molecular pairs are highlighted in Figure 6.2.28a. There appears to
be no preference for pairs to contain the same type of molecule, with mixed pairs also
appearing to be common. However, this could be driven by the overall excess of twin-lobe
type molecules present (approximately 60:40 ratio). As with the pre-anneal data, there is a
threefold symmetry of the possible island orientations, approximately overlapping with the
primary surface directions of the Au(111).
a)

b)

2.0nm
Figure 6.2.28. STM data from the partial annealing of cYY on Au(111), displaying an island
of mixed molecular features. a) Examples of how cYY and ddcYY could fit the assembly: a
cYY pair highlighted green, a ddcYY pair highlighted blue, and a mixed pair in red. b) An
illustration of hydrogen bonding possibilities, with a particular focus on the end-to-end
phenolic bonding. Inset image is approximately 2.2 nm x 2.2 nm.
A simple explanation for this unusual phase is that after only a short annealing, only a fraction
of the cYY molecules have dehydrogenated, and a longer heating cycle is required to
complete the process for all molecules. The lobed molecules would thus correspond to cYY,
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in a similar contoured conformation as before annealing, but with visible differences likely
due to an adsorption geometry change enforced by the new assembly. The dimensions of
these twin-lobed features were comparable to those observed in the initial cYY experiments.
The flatter features would correspond to dehydrogenated molecules, much like those after
annealing. The mix of cYY and ddcYY does not phase separate into two islands of the
previously observed assembly patterns however, and it seems to be instead beneficial to
pack together in a mixed island. When creating a model for the assembly, it is apparent that
a number of favourable hydrogen bonding interactions can be formed between molecules,
but these are inconsistent in number and direction due to the random nature of which
molecule is seen in which position. In the lengthways direction, though, it is possible that a
hydrogen bond can be formed between neighbouring hydroxyl groups regardless of the
species present (Figure 6.2.28b).
MD simulations of unordered cYY or ddcYY could not reproduce the pattern seen here,
indicating it is unique to a mixed group of molecules. A mixed phase remains to be
investigated computationally. Despite the uncertainty surrounding this intermediate phase,
it is largely deemed to be a curiosity, as it was not reproduced, and with further annealing it
is transformed into the better understood final phase of the dehydrogenated molecule.

6.2.10 Self-assembly of Cyclo-(L-Tyr-L-Tyr) on Cu (110)
To further investigate the behaviour of Cyclo-(L-Tyr-L-Tyr) and determine if its on-surface
transformation might be more general, it was also studied on a Cu(110) single crystal.
Cu(110) is more reactive than Au(111) and thus has a tendency for stronger interactions with
adsorbed molecules,48 and also has a surface structure with a characteristic two-fold
symmetry. These factors are expected to affect the self-assembly of cYY substantially, and
could also play a role in the dehydrogenation process. Moreover, this experiment serves as
a more direct comparison of cYY to cFF, which was originally studied on Cu(110) 6,49-51 (see
also chapter 5). Experiments on Cu(110) can therefore help deepen the understanding of the
on-surface reactions of cYY, and begin to build a broader picture of the potential of this
molecule, as well as short peptides as a whole. STM data and supporting DFT calculations for
cYY on Cu(110) are presented below.
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6.2.11 Self-assembly of Cyclo-(L-Tyr-L-Tyr) on Cu (110): Scanning
Tunnelling Microscopy
A submonolayer coverage of cYY was deposited on room temperature Cu(110) in an
analogous fashion to the Au(111) experiment. The results of the STM imaging are
summarised in Figure 6.2.29. The molecules assemble into short chains of typically three to
eight ‘units’, all aligned in the same direction. The chains are oriented at 41° (±2°)
anticlockwise to the [001] axis of the surface, and the molecular features within are rotated
approximately 100° from this, at 60° clockwise from the [001] axis. Broken or disjointed
chains are relatively common, as well as other defects, due to the high mobility of molecules
on the surface. Across subsequent images (time separations as low as 16s), molecules could
frequently be observed adding to and removing from the end of chains, as well as laterally
shifting to form defects. Additionally, entire chains were occasionally seen

10nm
Figure 6.2.29. Typical STM data from a deposition of cYY on Cu(110). Though the molecules
are highly mobile, the vast majority of stable images display chains of molecules in the same
orientation, as demonstrated here.
to shift position between scans. Though chain formation was consistently observed, it is clear
that the barrier to translation across the surface is relatively low outside of a chain, and at
room temperature the molecules are in a considerable state of flux. Low temperature
experiments at 115K did enable these thermal motions to be frozen, but most of the data
analysis presented here is performed using room temperature data.
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Despite the described mobility of the molecules, on numerous occasions a straight chain
without defects could be stably imaged. The resolution within the chains is consistent, and
shows that molecules lie alongside one another breadthways within the chains. Each
molecule is composed of two bright lobes with a node in the middle, which is not dissimilar
from their appearance on Au(111), and suggests comparable optimal geometry for landing
on the surface (see section 6.2.3). By extension, both an up and down geometry might be
expected to occur for Cu(110). A simple model for how a single cYY conformer can assemble
into the observed chains is presented in Figure 6.2.30a.
Based on the experimental observations, we constructed a theory for how each molecule
binds to specific surface sites (Figure 6.2.30b). In the model shown, molecules interact with
the surface principally through the central DKP ring, with the nitrogen atoms in particular
preferring to coordinate close to the top sites of the [11̅0] channels. The side groups are thus
elevated and are imaged as bright protrusions in the STM images. Chains appear to be held
together by a relatively weak interaction between C=O of one molecule and C-H of its
neighbour, much weaker than a full hydrogen bond.52
[11̅0]

b)

a)

[001]

0.65nm

Figure 6.2.30. a) Overlay of a single cYY conformer to illustrate how the chains might be
assembled on Cu(110). Periodicity standard deviation: 0.19Å b) Suggested surface-mapped
overlay of cYY molecules based on established surface orientations for the Cu(110) crystal
in use. The rows of atoms presenting “top” sites are coloured green, with alternate rows
coloured brown.
In contrast to what was observed on Au(111), it is expected that on Cu(110), the moleculesubstrate interaction is the dominant factor over the intermolecular interactions. Indeed,
only a single chain orientation on the anisotropic Cu(110) surface is indicative of a strongly
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preferential molecule-surface binding mode. As the chain length increases, the molecules
appear to be too densely packed to continue to adsorb to the surface in the same way. This
is an indication that the molecular self-assembly is not completely commensurate with the
surface, and may be the reason behind the limited length of the chains observed. If the
assembly is indeed primarily dependent on the molecule-surface interaction, then chains will
cease to grow if the addition of a further molecule would give an unfavourable surface
registry. Attempts at finding alternative molecular conformations that could satisfy a
sensible surface registry while ‘improving’ the level of intermolecular bonding were
unsuccessful, as other conformations did not fit well with the resolved shape of an individual
molecule in the STM. Additionally, only one landing of the molecule has been considered in
creating the self-assembly model, due to the unidirectional nature of the chains – which is
strongly indicative of conformational purity within these chains. Furthermore, replacing the
molecules in the model with the ‘flipped’ analogue resulted in the same issue as discussed
when trialling different conformers. Therefore, it is suggested the copper surface exerts a
selective influence on the adsorption process, so that a single landing configuration is
preferred, though as with Au(111) there may be a small quantity of other species on the
surface that are not imaged due to their mobility.
Figure 6.2.31. Typical STM image of cYY on
Cu(110) at high coverage (approximately
0.85 monolayers). Large numbers of small
and moderately sized chains can be seen,
while no condensation into large islands is
observed.

40nm
Experiments were also conducted at high coverage (~0.85 monolayers), to minimise the
impact of molecular mobility and to determine if the chains would coalesce into islands.
Large scale scans in Figure 6.2.31 illustrate that islands still did not form, and that the chains
still suffer from similar defects and translational movement. Even at this elevated surface
coverage, however, a different molecular or chain appearance is not seen, which adds weight
to the landing selectivity argument. It is possible that in the Cu(110) case, electron transfer

161

and charging effects are more likely, adding a repulsive term to the intermolecular forces
and thus favouring chains over islands.24,25
A comparison can also be drawn with previous experiments on the cYY analogue cFF, studied
on Cu(110) at low temperature and room temperature

6,49

(see also chapter 5).

Unidirectional chains of cFF were found to be the dominant mode of self-assembly, a
behaviour which greatly resembles that of cYY. The orientation of the molecules and hence
the chains differs slightly from those of cYY, undoubtedly driven by the small chemical
differences between the two molecules, but other features such as average chain length and
the internal resolution of each molecule are again comparable to images of cYY. Figure 6.2.32
illustrates some of these similarities. With the behaviour of both molecules being so alike, it
might be expected that annealing experiments would also yield a similar result; that is, a
dehydrogenation and a resultant flip of the orientation of the chains. This idea is explored
further in the annealing section for cYY (6.2.13).

a)

[11̅0]

b)

[001]

[001]

[11̅0]

0.79nm

0.65nm

2.0nm
Figure 6.2.32. A side-by-side comparison of STM images of a) cYY on Cu(110), and b) cFF on
Cu(110). While cFF forms longer chains on average, both molecules’ assemblies resist island
formation and display a range of chain lengths. The density of packing of the chains is also
similar, suggesting this is largely governed by the molecule’s core, not the side groups.
The theory proposed to explain the self-assembly of cYY on Cu(110), while supported by
aspects of the STM data, cannot be sufficiently substantiated without further evidence. In
order to attempt to address this issue, complementary DFT simulations are presented below.
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6.2.12 Self-assembly of Cyclo-(L-Tyr-L-Tyr) on Cu (110): Density
Functional Theory
DFT calculations were performed for isolated molecules of cYY on a Cu(110) surface, using
the same methods and parameters as described for cYY on Au(111). A number of possible
conformers for the deposited molecule were tested, based on the up and down models of
the Au(111) simulations and different possible surface adsorption sites. Of these conformers,
the two that are lowest in energy are separated only by a 0.03eV gap, and as such both are
presented in Figure 6.2.33, referred to as conformation cYY-X and cYY-Y for reference. These
conformers can be considered analogous to cYY-A and cYY-B on Au(111) respectively. The
small energy difference between these species would typically indicate that both of these
conformations should be seen experimentally, the DFT data showing that there is not a
thermodynamic driving force for either to dominate. The lowest energy of these species,
conformer Y, has a considerable resemblance for the model proposed from the STM data in
Figure 6.2.30, in terms of molecule orientation and surface registry.

Conformer “Y”. DFT: Eads = -1.50eV

Conformer “X”. DFT: Eads = -1.47eV

Figure 6.2.33. DFT models of cYY on Cu(110), using “up” and “down” landing conformers as
starting points. A small energy difference of 0.03eV separates the two, suggesting both
might occur on the surface, in contrast to the behaviour observed on Au(111).
Conformer X also offers similar surface registry but a different, almost mirrored, orientation.
It is currently unclear why DFT should point to two species of similar energy on the surface,
while only one is observed in the STM data. It is possible that an additional factor that
dictates a preferential landing conformer is not represented in the DFT calculations, such as
charge transfer or deprotonation, resulting in electrostatic effects even when compensated
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for by the surface states. Such reactions may be conformation-gated, as a result of the
distance between relevant parts of the molecule and the copper atoms of the surface. MD
simulations and XPS data could shed further light on the conclusions here and, as such, will
be explored in the future. The results of the annealing experiments below are also helpful in
providing insight into the state of the surface pre-anneal.

6.2.13 Effect of annealing on the self-assembly of Cyclo-(L-Tyr-L-Tyr)
on Cu(110): Scanning Tunnelling Microscopy
Annealing a deposition of cYY on Cu(110) to 425K gave rise to a complete change in the
appearance of the molecules and their assembly across the entire surface. The molecules
still appear to assemble into chains, but these are oriented differently and with a new
internal structure (Figure 6.2.34). The dominant orientation for the molecules is now at 26°
(±1°) clockwise from the [001] axis, arranged into lengthways chains, with ‘horizontal’ or
‘diagonal’ packing to form islands possible but irregular and small in scale. The molecules
also seem flatter, similar to their appearance on annealed Au(111), indicative that
dehydrogenation has most probably occurred. This transformation is also analogous to the
behaviour of cFF on Cu(110) (chapter 5), though with the caveat that chains of ddcFF still
assembled breadthways after re-orienting due to dehydrogenation.

[11̅0]
‘Diagonal’ 0.91nm

[001]
‘Lengthways’
2.05nm

‘Horizontal’

20nm
Figure 6.2.34. Typical STM images post-annealing a deposition of cYY on Cu(110) to 425K.
Standard deviation for: lengthways periodicity 0.58Å, ‘diagonal’ periodicity 0.72Å.
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The chains of ddcYY have a large internal spacing, with an average of 0.51 nm separation
between molecules (measured from molecular edges defined as being at the FWHM of the
height of each molecule). As with the assembly on Au(111) pre-annealing, such a gap is too
large to be attributed to the usual intermolecular forces such as hydrogen bonds. The spacing
is also quite regular, and always contains a distinct feature that is brighter than the bare
surface (though dimmer than the molecules themselves). It is proposed that these features
correspond to adatoms, or rather pairs of adatoms, bonded to the hydroxyl groups of the
ddcYY molecules. Unlike Au(111), substrate adatom-bonded assemblies on Cu(110) are
relatively common.53-56 Additionally, there is a considerable possibility that the hydroxyl
groups deprotonate on Cu(110) at room temperature,57-58 which only serves to enhance the
capability for adatom bonding. Since the molecule is much flatter after dehydrogenation (see
Figure 6.2.22 earlier), the hydroxyl groups can come into much closer proximity with the
surface, permitting a copper-catalysed deprotonation unavailable to the cYY species. A
model for the assembly, using the same flattened dehydrogenated species as on Au(111), is
presented in Figure 6.2.35 (DFT specific to Cu(110) was presented in section 6.2.12). This
model uses a single conformer of ddcYY, though several conformers are possible as discussed
for the Au(111) data. Pre-anneal data suggested a single landing mode was dominant, and
DFT calculations have already demonstrated that a single dehydrogenation product is likely.
The shape of the molecular features and the need to create a sensible bonding model also
meant that only the species indicated was suitable, after trial-and-error fitting.

[11̅0]

a)

b)

[001]

Figure 6.2.35. a) Models of ddcYY overlaid on to the post-anneal data on Cu(110). Two
adatoms of Cu, to scale, are illustrated in yellow to demonstrate the potential for adatom
coordination to explain the lengthways molecular spacing. b) Suggested surface-mapped
overlay of ddcYY molecules, with a simplified image also transposed over the data. The rows
of atoms presenting “top” sites are coloured green, with alternate rows coloured brown.
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Overlaying the molecules on to a 2D representation of the Cu(110) surface, one finds that
the molecule-surface registry is highly regular (Figure 6.2.35b), and a preferred binding mode
can be suggested. Heteroatoms such as nitrogen, with their available lone pairs, can form
stronger bonds with the copper atoms of the surface, and so the nitrogen atoms of the DKP
ring are given priority positions on top sites. The carbonyl oxygens also are proximal to the
next top sites along. Crucially, this positioning places the hydroxyl groups in the [11̅0]
channels, where adatoms can be readily accommodated. It is known in the literature that
adatoms have high mobility within [11̅0] channels, and that lateral movement across ridges
is more energetically demanding.59-60 The channels (i.e. hollow and long bridge sites) also
provide a local minimum in comparison to top sites,59-60 and will be preferential locations for
adatoms. Therefore, it is statistically logical to place adatoms in the channel sites, and the
hydroxyl groups nearby to bond with them. The aforementioned regularity of the surface
registry means that this mode of bonding to the surface allows a commensurate
superstructure, as experimentally observed, irrespective of whether the chains pack
diagonally (at an angle of 47° to the [11̅0] axis) or in the [001] direction. This demonstrates
that the adatom-bonded chains are the primary driving force for the observed self-assembly
pattern, and that the way these chains bond with each other is a weaker, secondary
interaction. Furthermore, while molecules adjacent in the [001] direction may form weak
bonds with one another in a similar fashion to the pre-anneal chains, diagonal neighbours
are too distant (for hydrogen bonds, for example) with a periodicity of 0.91 nm on average.

a)

c)

b)

Figure 6.2.36. Illustration of the restrictions placed on the assembly of ddcYY by the registry
with the Cu(110) surface. a) Models at a separation observed experimentally. b) Assembly
close enough for hydrogen bonding, but causing nitrogen atoms to lose access to surface top
sites. c) Maintaining nitrogen atoms on ridge sites causes steric clashes due to molecular
proximity.
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In Figure 6.2.36, alternative modes of diagonal packing are considered, to assist in
understanding the packing observed experimentally. Figure 6.2.36b illustrates that diagonal
neighbours could sit closer to one another in order to hydrogen bond, but this would disrupt
the identified adatom bonding pattern. Alternatively, moving to the next [11̅0] channel to
maintain adatom bonding, as in Figure 6.2.36c, brings the molecules too close to one
another, causing steric clashes. This further supports the idea that lateral packing of chains
is a secondary factor, with the adatom-mediated chains being the primary driving force for
the assembly.
Additional data was gathered at different levels of coverage, to record the differences in
packing and gain further information about the primary assembly. At the lowest coverage
used (Figure 6.2.37), the primary assembly is proven to be chains formed with adatoms, as
none of the loosely packed islands are observed while the chains are frequently seen. Simple
dimers with adatoms and completely isolated molecules are also common at this coverage.
At the highest coverage used (Figure 6.2.38), the self-assembly is much the same as
described for the original deposition. The coverage demands that more chains associate into
the loosely packed islands than previously, but there is still a tendency to resist dense packing
overall. It is clearer at this coverage that the diagonal secondary assembly is more common
than the horizontal, even though this pattern has larger intermolecular distances and fewer
potential intermolecular interactions. This suggests that there may be a degree of repulsion
between molecules,24 which can be viewed as possible evidence for the deprotonation of the
hydroxyl groups57-58. The periodicity in the primary direction of a chain appears to be
unaffected by coverage.

10nm

2.0nm

Figure 6.2.37. Very low coverage STM data of annealed cYY on Cu(110). Lateral packing is not
observed, and only isolated molecules or short chains are recorded across the surface. The
adatom-based assembly also appears to prevalent at this coverage.
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Figure 6.2.38. High coverage STM data
of annealed cYY on Cu(110). A greater
proportion of islands are observed at
this coverage, but a general
agglomeration still does not occur.

40nm

A comparison can again be made with the behaviour of ddcFF (chapter 5), which also
preferred chain formation to islands (section 5.2.3). At very high coverages, it was possible
to effect a change in the assembly of ddcFF, such that a new packing into dense islands was
possible (see chapter 5, Figure 5.21). A phase of this type has however not been observed
for ddcYY.

10nm

2.0nm

Figure 6.2.39. Evidence of the growth of a second layer of molecules of ddcYY on Cu(110).
There are few occurrences of this phenomenon, but any ordered chains are in the same
orientation, suggesting a favoured mode of bonding to the adlayer below.

At higher coverage, the beginnings of how a second layer might form can also be seen (Figure
6.2.39). Aside from some individual species scattered randomly on top of the first layer, most
of the second layer molecules also arrange into chains that are aligned 59° clockwise from
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the [001] direction, with the individual molecules oriented approximately along the [001]
axis and lying breadthways alongside one another. One explanation for this behaviour would
be that the molecules in the overlayer sit so that the DKP ring is atop the adatoms of the
assembly below, enabling the nitrogen atoms in the ring to coordinate to the copper. This
configuration also places the aromatic groups over those of the molecules underneath,
thereby allowing π-stacking interactions.
The dominant conformation and assembly for ddcYY has been described, but there also a
number of molecules that appear to be mirror images with respect to the [001] axis (Figure
6.2.40), oriented at 27° (±1°) anticlockwise from the [001] axis. As with the gold data, the
best fit for these images is a pair of molecules that arise from flipped over landing
configurations. In contrast to the gold, however, the ratio of the two is approximately 90:10,
whereas the gold was a perfect 50:50. One possible explanation is that the original molecular
sample was not 100% enantiomerically pure, and has directly resulted in the final ratios onsurface. Alternatively, it may be the case that the original sample was pure but has partially
racemised upon annealing. A further possibility is that the surface selects for a particular
landing conformer, and subsequent dehydrogenation proceeds down a favoured path to
leave the same ratio of products as reactants.

a)

b)
[11̅0]
[001]

Figure 6.2.40. a) Surface-mapped overlay of ddcYY molecules arising from different landing
conformers of cYY, and how they might relate to the molecular features from STM. The rows
of atoms presenting “top” sites are coloured green, with alternate rows coloured brown.
b) Overlay of the Cu(110) surface structure and both ddcYY surface conformers,
demonstrating the fit to the experimental data.
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The molecule-metal interactions are stronger on a Cu(110) surface compared to Au(111),
and so the differences in energy of alternative landing conformations can become more
pronounced. Moreover, stronger molecule-surface interactions decrease the chance of a
molecule flipping over upon annealing, a process which was possible in MD simulations of
cYY on Au(111) and may have enabled equilibration of stereoisomer ratios.
An exception to the two molecular orientations described can be found at certain steps in
the copper surface. Some steps have chains of molecules that appear to straddle the step
itself, and are aligned with the direction of the step as opposed to a particular primary axis
of the surface (Figure 6.2.41). In regions of the surface where this occurs, the parts of the
step with molecules bound are straight and stable, while other areas appear partially
degraded and irregular. This phenomenon bears significant resemblance to reports of more
extensive ‘step faceting’ on copper surfaces in the literature.61-62 It should be noted that as
already discussed, there was not such an effect of the steps on the pre-anneal assembly of
cYY. Using the structure of the dominant ddcYY species as a model (Figure 6.2.42), it is
apparent that hydrogen bonding could occur between neighbouring molecules anchored to
the step. In addition, it is possible that this mode of binding to the step enables nitrogen
atoms to bind to top sites on the step, in a similar fashion to that described for the primary
assembly. The driving force for this assembly seems to be great enough that steps can be restructured to make perfect straight edges on which a molecular chain can lie, potentially
even through the degradation of nearby steps with no or fewer molecules bound. A final

20nm

5.0nm

Figure 6.2.41. Step faceting of the Cu(110) surface where molecules of ddcYY appear to
have adsorbed in rows. Such facets were relatively rare, but were stable across sequential
scans.
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note on this phenomenon is that it is only recorded as occurring at certain angles on the
surface, the most prominent of which is 57° (±1°) clockwise from the [001] plane (as in Figure
6.2.42]). Of secondary importance are the chains at an angle of 56° (±1°) anticlockwise from
the [001] plane. The ratio between these two appeared to be similar to the 90:10 ratio
discussed above, but the reason for specificity of the angles of the step-bound chains remains
unclear.

[11̅0]
[001]

Figure 6.2.42. Overlaid ddcYY molecules to
illustrate how a chain might form by the
faceted Cu(110) step. Amide groups of
adjacent molecules are theoretically close
enough for hydrogen bonding.

2.0nm

6.2.14 Effect of annealing on the self-assembly of Cyclo-(L-Tyr-L-Tyr)
on Cu(110): Density Functional Theory
DFT calculations were performed for isolated molecules of ddcYY on a Cu(110) surface, using
the same methods and parameters as described for ddcYY on Au(111). For a given landing of
the cYY molecule, a single dehydrogenation product is identified as the most stable on the
Cu(110) surface, much like the outcome on Au(111). Figure 6.2.44 compares the
computational model with that produced based on STM data. The similarities between the
two are evident, with a preference for binding the nitrogen atoms in the central ring to ridge
sites on the copper, and a comparable molecular angle with respect to the [001] axis. The
angle is subtly different however, and the molecule’s length overall spans more of the [001]
channels. The computational model does not consider adatoms, nor deprotonation of the
hydroxyl groups, and as such the oxygen atoms display a tendency to bond to Cu(110) ridge
sites instead. It is anticipated that an adatom correction would create an even greater level
of congruence between theory and experiment, by encouraging the molecule to re-align to
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coordinate adatoms in the [11̅0] channels. MD simulations of the assembly, factoring in
adatoms, would be a useful next step for the simulations, and could be accompanied
experimentally by XPS data to determine if deprotonation indeed occurs for ddcYY on
Cu(110).
a)

b)
c)

Figure 6.2.43. a) Model of the adsorption of ddcYY to Cu(110) as proposed from the STM
data. b) Most-stable surface conformation of ddcYY on Cu(110), as determined by DFT. The
similarity to the STM model is apparent. c) Side view of ddcYY adsorption on Cu(110) from
DFT.

6.2.15 Concluding remarks
In conclusion, L-Tyr-L-Tyr has been proven to cyclise upon thermal sublimation in the same
fashion as L-Phe-L-Phe, and therefore deposits on a metal surface in vacuum as the cyclised
molecule, Cyclo-(L-Tyr-L-Tyr) (cYY). The self-assembly of this molecule on Au(111) and
Cu(110) has been studied by STM, and the effects of annealing the surface recorded. Results
are supported by DFT, MD and XPS data on Au(111), and by DFT on Cu(110). A significant
body of evidence shows that in both cases, the assembly changes dramatically upon
annealing due to a dehydrogenation of the cYY. This ddcYY product is a flatter molecule and
has different molecule-surface and intermolecular interactions, resulting in the selfassembly transformation observed. This behaviour is also broadly analogous to that of Cyclo(L-Phe-L-Phe). The mode of molecular adsorption on each surface is discussed in detail, as
well as the effects this has on the dehydrogenated product. Au(111) does not appear to
display a selectivity for the landing conformation of the cYY molecules, whereas on Cu(110),
the annealed data revealed a 90:10 ratio, which may have originated from surface selectivity
or from simpler issues of enantiomeric purity.

172

Of particular interest on Au(111) is evidence for adatom coordination by cYY, through an
unusual spacing in the molecular islands imaged by STM. MD simulations do not recreate
this spacing and suggest that the molecules alone should pack more densely. XPS, DFT and
MD data show that these molecules do not deprotonate on the gold surface, and so the cYY
molecule may be a rare case that can bond with adatoms on Au(111) without bearing a local
charge, or possessing thiol functionality.
On Cu(110), the behaviour of cYY is comparable to cFF in terms of chain formation being the
preferred assembly, and a complete shift in orientation of the molecules after annealing. In
contrast to ddcFF, ddcYY incorporates adatoms into its chains, due to the hydroxyl groups
present that are absent on ddcFF. These hydroxyl groups may deprotonate on the copper
surface, enhancing the adatom bonding and causing a degree of intermolecular repulsion
that may explain the resistance towards dense island formation.
The experiments on cFF and cYY together begin to suggest that there may be some degree
of generality in the behaviour of these dipeptides and others of similar structure. It is known
that some dipeptides, including Ala-Ala, Gly-Pro, Gly-Leu and Gly-Gly (see chapter 1.5 and
chapter 4.5) do not cyclise upon sublimation, so it is tentatively proposed that the aromatic
side chains of FF and YY are involved in the cyclisation process, and may even play a role in
the on-surface dehydrogenation reaction. Such reactions being more general would open up
a number of possibilities in terms of the chiral control of organic monolayers on metal
surfaces, as well as having potential implications in enantioselective heterogeneous catalysis.
There is considerable potential for expanding on this work, both in attempting to identify the
precise reasons for this behaviour, and in exploring other related molecules that may display
the same tendencies. These would naturally include other peptides with aromatic side
chains, particularly dipeptides such as L-Trp-L-Trp and L-His-L-His. Beyond this, dipeptides of
mixed monomers such as L-Phe-L-His could also be of interest, as well as those with only one
aromatic side chain and one aliphatic, for example. Finally, a vast range of synthetic peptides
are possible, into which a number of side groups with secondary functionality could be
inserted.
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6.3 Self-assembly of L-Trp-L-Trp on metal surfaces
6.3.1 Background
As discussed in chapter 1 (“Introduction”), L-Trp-L-Trp (WW) is an aromatic dipeptide, that
together with FF and YY forms a set of naturally occurring, hydrophobic homodipeptides. By
studying the thermal transformations and self-assembly of all 3 molecules, a trend in the
behaviour of aromatic dipeptides can begin to be described. The data from chapter 5
(“Chemical transformations of the Phe-Phe dipeptide”) and chapter 6.2 (“Self-assembly of LTyr-L-Tyr on metal surfaces”) showed notable similarities in both the effects of thermal
sublimation and the self-assembly arising from a deposited beam, and so WW was studied
here to establish if the observed behaviours could be more general. WW was therefore
sublimed and tested by mass spectrometry to test for thermal cyclisation, and deposited on
Cu(110) and Au(111) surfaces for study by STM. In this chapter, the results of these
experiments are presented. Sublimations tests prove that WW follows the trend of FF and
YY by thermally cyclising, with no remaining trace of the linear starting material. STM data
shows that the molecules have an appearance reminiscent of FF and YY, but perhaps more
similar to dehydrogenated species than simply cyclised.

6.3.2 Sublimation of L-Trp-L-Trp
Intens.
Intens.
x104
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Figure 6.3.1. Mass spectra of [top] nonsublimed L-Trp-L-Trp and [bottom] LTrp-L-Trp sublimed at 555K. Molecular
ion occurs at ~m/z 391.
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L-Trp-L-Trp was sublimed in HV conditions on to a glass substrate and the resulting film
tested by ESI mass spectrometry in methanol, as described in chapter 2.2.2. The sublimation
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temperature used was 555K. The resulting mass spectrum (Figure 6.3.1) contained several
peaks, the largest of which at m/z 395.1 corresponds to the sodiated form of the cyclised
molecule. The second largest peak is at m/z 767.2 (data not shown), which arises from a
dimer of cyclised molecules with a single sodium adduct. A final major peak is found at m/z
383.1, corresponding to the protonated cyclised molecule. The molecular ion peak of WW,
expected at 391.2, is absent from the sublimed sample, despite being dominant in the
pristine, unsublimed material. From the data it is clear that the molecule has completely
cyclised as a result of the thermal sublimation, and should be expected to deposit as such
during sample preparation for STM experiments. However, other peaks of significant size are
observed in the unsublimed spectrum, located at m/z 360.3, 301.1 and 239.2. The peak at
301.1 is reproduced in the sublimed spectrum and is typically caused by a common
plasticiser. Even the use of higher resolution mass spectrometry, as described in chapter
2.2.1 and employed in chapter 4 (“The sublimation of short peptides”), did not enable the
remaining peaks to be linked to either the linear or cyclic form of WW. It is apparent that the
pristine sample of WW contains impurities and that while sublimation appears to improve
the purity, the possibility of contamination must be taken into account when interpreting
the STM data. The exact ratio of desired species to impurities is not possible to state without
calibration, since mass spectrometry itself is not inherently quantitative (see chapter 4.2).

6.3.3 Self-assembly of Cyclo-(L-Trp-L-Trp) on Cu(110)
Depositing cWW (cyclised in the crucible as per the above) at submonolayer coverage on a
Cu(110) surface gave rise to the assembly shown in Figure 6.3.2. The molecules were
exclusively imaged in small islands elongated in the [001] direction, which frequently have a
central striping around which the molecules are clustered. This striping is the product of
oxygen contamination on the surface, and the characteristic (2x1) reconstruction1-3 can be
observed more clearly in Figure 6.3.3. The cWW molecules show a clear preference for
assembling alongside the oxygen stripes, and were in fact not imaged without oxygen also
being present on the surface. The islands formed around the oxygen are however ordered,
with repeating patterns visible throughout. Individual molecules appear to resolve as twolobed features, much like images of cYY and cFF, and these features are arranged in rows

179

[11̅0]
[001]

20nm

10nm

Figure 6.3.2. Typical STM images from a deposition of cWW on Cu(110). Only narrow,
isolated islands are recorded, frequently with visible copper- oxygen (2x1) reconstruction
stripes visible in the centre.
alongside each other (see Figure 6.3.3b). Subsequent rows are sometimes aligned in the
same direction but they can also be mirrored, and a switch within a row as a result of a defect
can also be seen. In all cases the molecular chain or island growth seems to have originated
from the anchoring of a molecule via a single ‘lobe’ to the oxygen stripes. The island growth
occurs predominantly in the form of the rows alongside the oxygen stripes, in the [001]
direction of the surface. ‘Bare’ oxygen stripes were not observed, which suggests a strong

a)

[11̅0]

b)

[001]

5.0nm
Figure 6.3.3. a) A closer view of Cu-O (2x1) striping on Cu(110) and the narrow molecular
islands surrounding this phenomenon. b) An overlay of the (2x1) reconstruction on to the
striping in the STM image. The dark circles between rows of reconstructed copper are the
adsorbed oxygen atoms.
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templating effect of the oxygen on the molecular assembly. The rows of molecules can
contain ten to fifteen molecules in a continuous chain, or even as many as twenty to thirty
across defects or changes in the oxygen pattern. The addition of further rows, extending the
island in the [11̅0] direction, appears to be more limited. Island thickness beyond three or
four rows on a given side of the oxygen stripes is rare, with a number of smaller islands being
favoured over fewer larger islands. This is evidence that the assembly with oxygen is the
primary, dominant motif, while 2D molecular aggregation is a secondary factor.
Some of the islands imaged do not have such an obvious oxygen stripe in the centre, yet
these islands appear to have grown in an identical fashion (Figure 6.3.4a). The same rows of
molecules with the same orientations are observed within, and the average dimensions of
an island are unchanged. It is therefore expected that the molecules are still clustering
around the oxygen (2x1) reconstruction, albeit a smaller patch that is not well imaged or is
simply overlain by molecules. Close inspection of these islands reveals that some of the
features imaged are not the twin-lobed molecular species, but are apparently individual
circular objects of similar dimensions to a single lobe of the molecules (see Figure 6.3.4b).
These features are typically imaged in the central row of a cluster, but can also be seen at
the edge. Height profiles indicate that the circular features are 10-15% lower in apparent

b)

a)

2.0nm

5.0nm

Figure 6.3.4. a) A complete molecular island without any visible Cu-O (2x1) reconstruction.
b) Different features imaged within the island - a twin-lobed molecular feature in green
and apparent single-lobed feature in blue.
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Figure 6.3.5. A scaled model of cWW
overlain across two apparent single-lobed
features, demonstrating the scale of the
features with respect to an intact
molecule. This Figure is hypothetical and
does not represent a proposed
conformation that could give rise to the
observed data.

2.0nm

height than the nearby molecules, which suggests that they do not correspond to a ‘standing
up’ molecule. The difference could instead be due to a conformational change of cWW, so
that two apparently disparate lobes actually correspond to a single molecule, as proposed in
Figure 6.3.5. It is proposed that these molecules are bound on top of oxygen stripes as
discussed, which is evidenced by the reduced apparent height; as seen in Figure 6.3.3 and
well-known in the literature, oxygen striping on Cu(110) often appears darker than the bare
surface, which results in an artificially low height measurement.2,4,5 Such behaviour would
explain the lack of directly visible oxygen stripes in this type of island. A final possibility is
that molecular fragments are also deposited, and bind on top of oxygen stripes, hence the
single lobe appearance. However, the mass spectrum of the sublimed material did not
indicate any substantial fragments, and decomposition of the molecules upon landing is
unlikely. Irrespective of the origin of this phenomenon, it only seems possible to occur in the
smallest oxygen patches, however, as large bands do not display any such features at all. It
may be the case that an alternative conformation of cWW, lying on top of the oxygen
reconstruction, requires stabilisation by neighbouring rows of molecules in the original
orientation described. In a wider band of oxygen (2x1), such an interaction would be weaker
or even not possible.
Based on the mass spectrometry result for WW, and previous data on thermal
dehydrogenation of cFF and cYY, it was assumed that all the intact molecules imaged in this
deposition would be cWW. However, the molecular features in the images are quite uniform
in height across their length, while the cWW molecules would be expected to give a more
contoured appearance, in the same manner observed for STM data of cFF and cYY (see
chapters 5 and 6.2). Flatter molecular profiles were only observed for ddcFF and ddcYY.
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Additionally, minimising the energy of the cWW molecule in the Avogadro software results
in conformers that do not fit well to the type of assembly imaged (though such models are
only approximate). An alternative possibility is that the dehydrogenated molecule, ddcWW,
is present on the surface, since the dehydrogenated species offers a considerably flatter
molecular profile, one which could correlate with the flat features of the STM images.
Overlaying the dehydrogenated molecule onto the STM images allows the construction of a
feasible assembly model (Figure 6.3.6). Molecules in this arrangement have the potential for
hydrogen bonding between rows, via the NH group in the side chains, and could potentially
be anchored to the oxygen (2x1) reconstruction via the same NH functionality. Such
interactions were not possible using the cyclised species, cYY. There remains however a
significant gap breadthways between molecules along the rows, on the order of 0.40 nm,
which is too large to allow intermolecular interactions such as hydrogen bonds and van der
Waals forces. This might be because the anchoring of the molecules to the oxygen (2x1)
reconstruction is significantly stronger than any intermolecular interactions, which fits with
the above discussion of island dimensions. The positioning of molecules relative to one
another is thus explained as a way of satisfying the need to bind to specific sites on the
reconstruction, bringing molecules as close together as possible as a secondary concern, but
not so close together as to clash with one another (Figure 6.3.7). It is important to note here
that the molecular models used are for an isolated species in vacuum, so the conclusions
drawn for the behaviour on a surface must be tempered somewhat. However, DFT and MD
simulations for cYY and ddcYY did produce similar surface conformations to those in
a)

b)

2.0nm
Figure 6.3.6. a) Top-down and side views of an energy-minimised ddcWW molecule
(Avogadro). b) Overlain assembly of ddcWW on to rows of molecular features from STM.
The shape and scale of these molecules is a good match for the data.
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[11̅0]

a)

[11̅0]

b)

[001]

[001]

Figure 6.3.7. a) Overlain ddcWW molecules aligned with the Cu-O (2x1) reconstruction for a
regular, repeating surface registry. This demonstrates how the observed features in the STM
conform to this surface arrangement. b) A denser packing of ddcWW molecules that permits
stronger intermolecular reactions, but disrupts the anchoring to the Cu-O (2x1)
reconstruction.

vacuum, so it is reasonable to suggest that an analogous situation might be the case for cWW
and ddcWW.
A question naturally arises from this description of the assembly, which is why the molecule
should be dehydrogenated and not simply cyclised in this deposition. Mass spectrometry
data indicated the cyclised species would be deposited, and previous experiments with cFF
and cYY both required annealing of the surface to bring about a transition from cyclised to
dehydrogenated species. Therefore, it is difficult to prove the presence of cWW without
supporting evidence from spectroscopy or from simulations. However, analysis of the STM
data is weighted considerably in favour of a dehydrogenated molecule, which better fits the
images recorded, and a realistic reasoning for why the dehydrogenation occurs can be
proposed here. The side chains of cWW consist of an indole group linked via a methylene
bridge to the central ring, and this group crucially contains a secondary amine. In the
previous work on cYY, nitrogen atoms were shown to play an important role in the anchoring
of the molecule to the surface, and after dehydrogenation the heteroatom in the side chain
(oxygen in that case) became heavily involved in the assembly via its bonding to adatoms. It
is therefore likely that nitrogen in the side group of cWW also plays a significant role in its
on-surface behaviour. When cWW lands on Cu(110) there is potential for the nitrogen to
point downwards towards the surface without preventing the central ring also binding, and
this would tend to agree with observations for lysine residues in the literature.6
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A molecule-surface interaction that occurs through multiple bonding sites per molecule will
be more stable and less prone to change or movement, much like the theory behind
multidentate ligand stability in organometallic complexes. It is thus possible that this more
stable bonding mode more easily facilitates the dehydrogenation process, by holding the
relevant reactive groups in proximity with the surface for a greater period of time, whereas
typically (e.g. with cFF or cYY) the side chains would be elevated from the surface. In addition,
the surface is shown to be heavily contaminated with oxygen, and it may be the case that
the presence of oxygen in some way accelerates the dehydrogenation process. It is certainly
logical that the anchoring of the molecules near to the (2x1) reconstruction adds to the above
stabilisation effect, even if the oxygen itself plays no additional role.
To establish whether an alternative molecular phase exists on the surface, unperturbed by
oxygen but more mobile than the phase described above, the surface was cooled with liquid
nitrogen to ~115K to minimise thermal motion. However, scans of a cooled surface revealed
no such assembly, as illustrated in Figure 6.3.8. Molecular bands around oxygen stripes are
still prevalent, and smaller isolated clusters are rare and disordered. This adds weight to the
argument that the bonding of the molecules to the (2x1) reconstruction is the primary driving
force for the molecular aggregation observed, since the bonding between cWW and Cu-O
band is stronger than that between cWW molecules. In some cases, islands were capable of
growing larger than at room temperature (Figure 6.39). Images of these islands were not
obtained in higher resolution due to tip instability, but from the scans gathered it appeared
that a new type of ordering occurs in such an island. This illustrates that the previously
discussed unusual spacing of the predominant molecular rows is indeed driven by the
Figure 6.3.8. Typical STM image from a
deposition of cWW on Cu(110),
subsequently cooled to 115K. The
assembly appears largely unchanged by
the reduced thermal motion of molecules.

40nm
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10nm

5.0nm

Figure 6.3.9. Low temperature (115K) STM images of the cWW deposition on Cu(110).
a) Molecules demonstrated to still predominantly form rows around Cu-O (2x1)
reconstruction patterns, though a larger island can be observed. b) Smaller scale scan of
the larger island, illustrating the different type of molecular ordering within.

interaction with the (2x1) reconstruction. It is possible that aggregation into much larger
islands would occur without the presence of oxygen breaking up the contiguous areas of flat
surface, and these islands would then be more stable, but it is not possible to tell under the
conditions of this experiment.
Attempts were made to reduce or eliminate the oxygen contamination of the Cu(110)
surface by performing extensive sputtering and annealing cycles that were sufficient to clean
the surface of visible oxygen. However, repeating the deposition resulted in a re-occurrence
of the oxygen, along with the molecules again assembling adjacent to the (2x1) stripes. An
overnight degassing of the WW/cWW crucible was carried out at the sublimation
temperature to reduce the presence of water and impurities, in an effort to minimise the
oxygen that could reach the surface. Unfortunately, many of the molecules also sublimed
during this process, and subsequent deposition attempts on a newly cleaned surface yielded
few molecules. Furthermore, oxygen levels on the surface still increased after a deposition.
The oxygen was therefore unavoidable in the present experiment and is thought to be
generated either as a product of the impurities in the sample, or as a by-product of the
cyclisation process. Though the latter is known to produce water, the same reaction for YY
and FF did not result in the presence of oxygen on Cu(110), and so it seems unlikely that the
explanation lies here. A future experiment on WW/cWW would require thorough
purification of the starting material to rule out any problems the contaminants cause.
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6.3.4 Self-assembly of Cyclo-(L-Trp-L-Trp) on Au(111)
A submonolayer deposition of cWW, thermally cyclised in a crucible of WW, was carried out
on a Au(111) surface using the same conditions as for Cu(110). At this level of molecular
coverage, no stable images could be obtained of cWW on Au(111), and only after increasing
the coverage could molecules occasionally be imaged along steps as in Figure 6.3.10. It was
particularly likely to find molecules in regions of the surface where a number of steps were
very close together.

3.0nm

3.0nm

Figure 6.3.10. STM images from a deposition of cWW on Au(111). Such chains were the
largest form of assembly observed across the surface, and exclusively found at steps.
The images obtained are of relatively low resolution, but it was possible to assess that
molecules appear as twin-lobed species similar to those on Cu(110), anchored to the step via
one lobe. Molecules lie adjacent to one another breadthways to form a short regular chain
up to ten units long, with the potential for hydrogen bonding between DKP rings
Figure 6.3.11. Overlain assembly of cWW
molecular models on Au(111). The potential
for hydrogen bonding between adjacent
molecules is indicated in black. The
conformation of the molecular models is
illustrative and does not propose a firm
theory for the adsorption. Inset image
approximately 2.6 nm x 2.6 nm.
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(see Figure 6.3.11). The ends of the chains notably appear distorted or irregular compared
to the central repeat units. This anomalous appearance may be the product of molecular
mobility at the chain ends. Continuous scans of the same area revealed that even these rare
assemblies were unstable at room temperature, as illustrated in Figure 6.3.12, which shows
three consecutive images where the chain visibly shrinks as molecules leave, until it
disappears altogether. Overall the molecules are evidently highly mobile on the Au(111)
surface. There is insufficient data to state whether the molecules are in the cyclised or
dehydrogenated form on this surface, though it is anticipated that the cyclised form is more
likely. This is based on the lower reactivity of the Au(111) surface compared to Cu(110), and
the recorded higher activation temperature for dehydrogenation of cYY on Au(111) over
Cu(110).

3.0nm

3.0nm

3.0nm

Figure 6.3.12. Sequential STM images of a deposition of cWW on Au(111), with
approximately 90s passing between each image. The chain of molecules can be observed to
shrink before completely disbanding, leaving the step free of adsorbed molecules.

6.3.5 Conclusion
In conclusion, L-Trp-L-Trp has been shown to cyclise upon thermal sublimation, in keeping
with the behaviour of both L-Tyr-L-Tyr and L-Phe-L-Phe, and depositions of Cyclo-(L-Trp-LTrp) were studied on Cu(110) and Au(111) on mica. STM data gathered on Au(111) was
limited, but illustrated that the deposited molecules were highly mobile on the surface and
only able to form assemblies stable enough to image at steps at room temperature. Scans of
the adlayer on Cu(110) reveal that the molecules assemble exclusively around oxygen (2x1)
stripes, which themselves are generated as a result of the deposition – either due to the
presence of impurities in the crucible or water emission from the cyclisation process. The
observed assembly is regular but of limited dimensions, and is primarily driven by the
anchoring of the molecule to the (2x1) reconstruction. There is indication that the cWW
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molecules might dehydrogenate on the Cu(110) surface at room temperature, though
supporting data including XPS measurements and computational simulations would be
required to confirm this hypothesis. Such an outcome would create an interesting contrast
to cFF and cYY, both of which required surface annealing to bring about dehydrogenation,
and thus could shed light on the dehydrogenation process itself and how to control it. The
similarities in behaviour of the three molecules are however clear, and a degree of generality
does begin to appear in this class of dipeptides with aromatic side chains. Further
investigation into similar peptides is an essential next step in this study, followed by
branching out into more diverse dipeptides, as already discussed in chapter 6.2 (“6.2 Selfassembly of L-Tyr-L-Tyr on metal surfaces”).
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Chapter 7: Conclusions
7.1 Conclusion and outlook
In recent years, short peptides have become increasingly common as candidates for the
fabrication of functional nanostructured assemblies, with practical applications in multiple
fields of research, including hydrogel formation, nanotube creation, drug discovery, and
surface functionalisation. The ability of peptides to serve in such diverse applications is
underpinned by the same core molecular features: biological relevance and biocompatibility,
simple synthesis and ready availability, inherent chirality, functional group variation around
a common backbone, and an intrinsic capability for self-assembly. The last of these
properties is of particular interest in surface science, where building a surface molecular
network with long-range order from small building blocks is a major research goal. The many
beneficial qualities of short peptides make them molecules of great interest towards
achieving this goal and, as such, their self-assembly behaviour on surfaces has been the focus
of this thesis. The Cu(110) and Au(111) metal surfaces were used as prototypical substrates
for these studies. Cu(110) serves as a highly chemically interacting substrate, with an
anisotropic surface and therefore varying adsorption potential, while Au(111) represents
more chemically inert surfaces, interacting less with adsorbed molecules and with a flatter
adsorption potential. In addition, the thermally-induced chemical transformations of short
peptides were explored, both as part of their sublimation behaviour and in terms of their onsurface reactions. In this way, a broad assessment of the potential of peptides for creating
2D self-assembled networks was carried out, an essential but still missing step in current
research into this class of molecules.
In chapter 4, the sublimation of short peptides was studied in detail, using mass
spectrometry to analyse the composition of peptide films deposited in high vacuum. Two
peptide sequences were investigated as a function of chain length, those of alanine – the
simplest chiral amino acid – and phenylalanine – a larger side chain that still does not form
strong intermolecular bonds that might complicate the interpretation of the results. In both
cases, the temperatures involved in the sublimation process resulted in fragmentation at a
relatively short chain length; a pentapeptide of alanine displayed significant degradation
post-sublimation, while the same was already true for a tetrapeptide of phenylalanine. Even
amongst the shorter peptides some thermal transformations occurred, particularly with the
dipeptide L-Phe-L-Phe (FF) displaying a strong tendency to cyclise when heated, even if not
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subliming. The identity of cyclisation and fragmentation products was confirmed through the
use of additional analytical tools including high resolution mass spectrometry and NMR
spectroscopy. The data obtained, though only strictly representative of these two simple
peptide series, strongly suggests that sublimation as a technique for depositing peptides in
vacuum is substantially limited. Some variation between different peptides chains is
inevitable, but the overall sublimation behaviour is not expected to differ greatly from the
data gathered here, with peptides longer than 5-10 residues expected to be very unlikely to
sublime intact. This result goes some way to explaining why so few UHV surface science
studies of peptides on surfaces can be found, and indicates that alternative deposition
strategies are essential if peptides are to be used to their full potential. In addition, the
cyclisation reaction observed for Phe-Phe is of significant consequence both for historical
studies of this dipeptide1-4 and for the future use of similar molecules, which may display a
similar behaviour.
In chapter 5, the deposition and self-assembly of the FF dipeptide was studied on a Cu(110)
surface. To explore the cyclisation and on-surface reactions of this molecule, depositions
were made of FF, Cyclo-Phe-Phe (cFF), and of both singly and double dehydrogenated
versions of the cyclic molecule. STM and XPS data were acquired for each deposition, before
and after annealing, enabling the thermal transformations of Phe-Phe to be followed, and
the self-assembly pattern on Cu(110) to be better understood. Through the essentially
indistinguishable datasets obtained from FF and cFF, it was demonstrated that FF must be
deposited entirely as the cyclised species. Additionally, annealing these depositions
produced XPS data that were identical to that obtained from a deposition of the doubly
dehydrogenated species. The STM data was also a very close match, but with a key difference
in chirality due to the method of generating the dehydrogenated prochiral species. These
experiments proved that cFF undergoes an on-surface dehydrogenation, and in a single step
since the singly dehydrogenated species is never observed. In fact, even a direct deposition
of the singly dehydrogenated molecule gave the same end result, unless the sample was held
at low temperature, indicating the strong driving force towards further dehydrogenation.
The outcome of this set of experiments raises interesting considerations for controlling the
chirality of a self-assembled monolayer on a surface. The deposition of a prochiral molecule
normally gives rise to a racemic surface, but by generating the molecule on-surface from a
chiral species, the stereochemistry is trapped in a single configuration based on the original
adsorption. This, in essence, is a form of heterogeneous catalysis, facilitating the
dehydrogenation and selecting for a single surface product. Such reactions can occur
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routinely in biological systems, with the high-level of specificity that enzymes provide, but
mimicking the synthesis in the lab is a multi-step process with a substantially lower yield.5,6
Therefore, it became of great interest to establish how general this on-surface reaction was,
by studying peptides with similar chemistry – namely aromatic dipeptides.
In chapter 6, the experiments on further aromatic dipeptides (other than FF) were described.
The molecules selected for study were the diastereomers of FF – namely L-Phe-D-Phe (LFDF)
and D-Phe-L-Phe (DFLF) – as well as Tyr-Tyr (YY) and Trp-Trp (WW), which also possess
aromatic side chains. It was determined that the cyclisation observed for FF also occurs
consistently when subliming each of these peptides. This suggests a link between side chain
structure and cyclisation, as other dipeptides lacking an aromatic group were shown to not
cyclise in chapter 4. It is possible that the aromatic groups stabilise the transition state of the
cyclisation reaction, via a favourable pi-cation/pseudocation interaction of the type known
to the literature7-10 but this remains a hypothesis at this stage. Besides being a result of
fundamental general interest, this cyclisation is also of considerable consequence for the
vacuum deposition of short peptides, as it may be the case that aromatic dipeptides in
general cannot be sublimed without cyclising. After these initial fundamental studies, the
focus of chapter 6 is on the subsequent self-assembly of these deposited species, on Cu(110)
and/or Au(111) surfaces.
The cFF(L/D) molecule, derived from the cyclisation of both LFDF and DFLF, was studied first.
Being distinct from cFF(LL), the deposition of cFF(L/D) on Cu(110) produces a different end
result for the stereochemistry of the surface. While dehydrogenating cFF(LL) on Cu(110)
generates a single surface chirality, the same process for cFF(L/D) gives a racemic surface,
much like what would be expected for a simple deposition of the dehydrogenated product.
Evidently the chiral control is lost at some stage of the process for cFF(L/D), either in terms
of the initial adsorption to the surface, or the dehydrogenation reaction itself. This is likely
due to a difference in the optimal conformation of each molecule, a direct result of the
change in stereochemistry. On a Au(111) surface, cFF(L/D) assembles into large islands of
various orientations, appearing to be non-commensurate with the surface, reflecting the
reduced interaction strength of a gold surface with respect to copper. Furthermore, upon
annealing such a deposition, the dehydrogenation process seen on Cu(110) either does not
occur, or the molecular layer is simply destroyed or sublimed. Therefore, while the surface
dehydrogenation reaction of cFF is possible for all stereoisomers, the selection of a viable
surface for the catalysis is nonetheless essential.
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Subsequent experiments on the deposition of cYY revealed similar on-surface behaviour to
cFF, with dehydrogenation again proving possible, though with some key differences. On a
Cu(110) surface, cYY forms into chains much like cFF, albeit with a different orientation with
respect to the copper surface directions. A further difference with cFF is that these chains
were still relatively mobile at room temperature. Upon annealing, the orientation of the
chains completely changes in a qualitatively similar fashion to annealed cFF, and reflects the
changed chemical state of the molecules due to dehydrogenation, resulting in ddcYY. At
higher molecular coverages, chains begin to assemble into islands but with low density
lateral packing, indicating that chain formation is still the primary self-assembly motif, in
contrast to high coverage data for ddcFF. The difference in the self-assembly is due to the
inclusion of adatoms post-annealing, driven by the hydroxyl group of the tyrosine residues.
An additional difference is seen in the chirality of the final surface state, with ddcYY
generated by annealing not resulting in an enantiopure surface. The control of both the
adsorption and dehydrogenation processes can clearly vary between molecules with only
small structural differences, an important consideration when expanding the experiments to
other aromatic dipeptides. On Au(111), cYY assembles into large islands rather than chains,
but the assembly again undergoes a major change upon annealing. The islands transform
into a large criss-cross network, which appears to lose its surface registry in favour a single
dominant orientation. This transformation is again due to the dehydrogenation of cYY into
ddcYY, a conclusion supported by XPS data as well as DFT and MD simulations. Here a major
difference is seen between the on-surface reactions of cFF and cYY, as the former did not
seem capable of dehydrogenating on a Au(111) surface. The dehydrogenation on gold is not,
however, a simple reproduction of the reaction on Cu(110), as there is a noticeable
difference in the chirality of the gold surface post annealing compared to copper. This
reinforces the conclusion from the cFF data that the surface selection is highly relevant to
the control of the dehydrogenation product. Overall, the self-assembly and thermallyinduced surface reactions of cFF and cYY are highly similar, but with a considerable degree
of variation possible due to a small chemical difference in the side chain. This adds
considerable weight to the notion that such behaviour might be quite general across
aromatic dipeptides.
The studies of cWW provided a more limited but still valuable contribution to the aromatic
dipeptide series. On a Au(111) surface, cWW proved highly mobile and difficult to image,
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indicative of a weak molecule-surface interaction. Based on cFF data, it might be expected
that dehydrogenation is therefore not possible on Au(111) for cWW. On Cu(110), however,
there is some indication that a cWW deposition immediately dehydrogenates on the surface,
as the features in the observed assembly are much better described by the shape and size of
a dehydrogenated species, and a more logical set of intermolecular binding motifs can be
proposed. Complementary data from XPS, for example, would be required to support this
analysis. Should the room temperature dehydrogenation of cWW be proven, then this
molecule not only joins the class of aromatic dipeptides with broadly similar surface
reactions, but demonstrates that even within this set a range of possible reaction conditions
and stereochemical outcomes exist.
In summary, the results presented here demonstrate that while it may indeed be possible to
suggest that all aromatic dipeptides will thermally cyclise when sublimed, and
dehydrogenate on certain metal surfaces, the dehydrogenation is a complex process that is
highly dependent on small variations in molecular structure, and on the surface selected.
This in fact widens the potential use for such reactions, as the conditions can theoretically
be tailored to suit a desired surface chirality and operating temperature, for example, by
rational dipeptide design. Already demonstrated is the potential to generate ddcFF by
several different means, with different chiral outcomes. In order to expand on this work,
significant further study into the precise mechanism of on-surface dehydrogenation of
dipeptides, and how it is affected by side chain structure, would be required. This could be
partially tackled by the study of a number of other aromatic dipeptides with the same
methods, including His-His but also mixed dipeptides such as Tyr-Phe and Trp-His. Working
with additional metal surfaces would also be required, to further explain the role of the
surface itself. A combination of STM and XPS data, together with theoretical simulations,
could then provide a comprehensive body of data to help understand the reactions
occurring; a method that has been applied in this thesis, especially for the case of Tyr-Tyr
and its derivatives. The scope of the work also overlaps with other areas of chemistry,
including organic synthesis and heterogeneous catalysis, both of which have been shown to
be relevant to the on-surface dehydrogenation reactions discussed here. Therefore, the
potential impact of a simple and reliable thermally-induced reaction on a surface is actually
quite broad, and warrants considerable further investigation.
Discussed separately from the data on peptides in this thesis is the design and build of a new
UHV-STM, in chapter 3. The rationale behind the overall structure of the system, as well as
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details of individual design choices, is described. Crucially, the system was left open to
expansion for molecular deposition techniques other than OMBE, with a particular intention
to add an ESI deposition source. ESI has considerable potential for the vacuum deposition of
peptides and other large molecules, as the technique is inherently soft enough to bring such
molecules into the gas phase without fragmentation. Large proteins and DNA are just some
of the molecules already deposited using this technique.11-14 The use of ESI would enable
many more peptides to be studied with surface science techniques such as STM, expanding
the scope well beyond the limited pool offered by sublimation – as detailed in chapter 4.
Additionally, aromatic dipeptides that have thus far universally cyclised when sublimed could
be deposited in their linear state, enabling their self-assembly to be studied, as well as
allowing the cyclisation process itself to be examined on-surface. Working with both OMBE
and ESI in tandem would therefore offer the best chance to further understand the
thermally-induced chemical transformations of short peptides.
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