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There is a theory which states that if ever anyone discovers exactly what the Universe is for
and why it is here, it will instantly disappear and be replaced by something even more bizarre
and inexplicable. There is another theory which states that this has already happened.

— The Hitchkiker’s Guide to the Galaxy, Douglas Adams






Abstract

The ever growing demand for the development of new technologies and materials has led to
extensive studies inspired by biological functional complexes. Peptides with their outstanding
ability to efficiently self-assemble can express a broad spectrum of intriguing functionalities.
A key question in mimicking their assembly and function is the precise understanding of the
specific interactions between the contained amino acids on the level of a sub-molecular length
scale. An excellent tool to probe samples at these length scales is available with scanning
tunneling microscopy (STM) and its operation under the controlled conditions of ultra-high
vacuum (UHV) and low temperature. Within this thesis it is demonstrated how high-resolution
studies by STM in combination with a controlled sample preparation by electrospray ion beam
deposition (ES-IBD) under UHV conditions allows for the structural determination of peptides
on surfaces. Furthermore the results presented here contribute to the development of a
method capable of directly identifying individual amino acids within a peptide sequence.
The structural and electronic properties of molecules on surfaces crucially depend on their
interaction with the underlying substrate. Implementing a thin dielectric layer on the metallic
surface, electronically decouples molecules from the substrate and enables an unperturbed
observation of the molecular electronic structure. In Chapter 2 the properties of hexagonal
boron nitride (h-BN) on Rh(111) as decoupling layer are assessed on behalf of the structural
and electronic properties of the molecular model system pentacene adsorbed on it. In a second
part of this chapter the discovery and the characterization of a new phase of h-BN/Rh(111)
is described. In Chapter 3, we gained insight into the properties of amino acids on metal
surfaces by utilizing the capability of the STM to probe the structure and the electronic
characteristics in high resolution imaging and scanning tunneling spectroscopy (STS). As a
second important aspect of this chapter, the modification of STM tips with amino acids is
investigated as a method to enhance the structural and electronic resolution. An experimental
protocol allowing to adhere amino acids on the STM tip be could developed. Using functional
STM tips in STS experiments on amino acids enabled the observation of specific molecular

resonances.

An obstacle in investigating large bio-polymers, such as natural peptides, is their high struc-



tural complexity and conformational freedom. Therefore the utilization of custom designed
synthetic sequences tailored towards a specific property is a good approach. In Chapter 4
studies performed on two synthetic peptide sequences deposited by ES-IBD on an Au(111)
surface are discussed. The first sequence assembled in ordered two-dimensional networks. A
folded gas-phase conformation could be utilized to rationalize the observed structures in the
networks. Subsequently it was shown that the self-assembly behavior of the peptide could be
steered towards chain-like assemblies by modifying the sequence at the peptide C-terminal.
Using specific amino acid functionalized STM tips a sensitivity towards an amino acid of the
same type in the peptide sequence could be observed. Thereby a partial sequencing of the

synthetic peptide was enabled.

Keywords: Scanning Tunneling Microscopy (S§TM), Scanning Tunneling Spectroscopy (STS),
Electrospray-lon Beam Deposition (ES-IBD), Ultra-high vacuum (UHV), Peptides, Synthetic

peptides, Nanostructures, Self-assembly, Hexagonal Boron-nitride (h-BN)
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Zusammenfassung

Der stetig steigende Anspruch an die Entwicklung neuer Technologien fiihrte zu einer groen
Zahl an Studien, welche von funktionalen biologischen Molekiilen inspiriert sind. Dabei sind
in besonderem Mafle Peptide durch ihr breites Spektrum an einzigartigen Funktionalitdten
und die besondere Fahigkeit zur Selbst-Assemblierung hervorzuheben. Einer der Kernaspek-
te in der Nachahmung der darin beteiligten Prozesse, ist das Verstdndnis der spezifischen
Wechselwirkungen der Aminosduren auf sub-molekularen Lingenskalen. Die Technik des
Rastertunnelmikroskops (STM) in Verbindung mit der definierten Umgebung des Ultrahochva-
kuums (UHV) und dem Einsatz tiefer Temperaturen, hat sich als exzellente Methode bewiesen,
Proben auf diesen Langenskalen zu untersuchen. Im Rahmen dieser Arbeit wird gezeigt, dass
hoch aufgeldste STM Untersuchungen in Verbindung mit einer kontrollierten Probenprépara-
tion mittels Elektrospray-lonenstrahl Deponierung (ES-IBD) es ermdglichen, die Struktur von
Peptiden auf Oberflichen aufzukldren. Des Weiteren tragen die hier prasentierten Resultate
zur Entwicklung einer Methode bei, welche es ermoglicht einzelne Aminosduren in einer Pep-
tidsequenz auf einer Oberfldche direkt zu identifizieren. Die strukturellen und elektronischen
Eigenschaften von Molekiilen auf Oberflichen hdngen maf3geblich von der Wechselwirkung
mit der unterliegenden (Metall-) Oberfldche ab. Durch den Einsatz von diinnen dielektrischen
Schichten zwischen Metall und Molekiil, ist es moglich die molekulare elektronische Struk-
tur zu entkoppeln und somit die ungestorte elektronische Struktur von Molekiilen mittels
Rastertunnelspektroskopie (STS) zu messen. In Kapitel 2 wird die Eignung von hexagonalem
Bornitrid (h-BN) als Entkopplungsschicht auf Rh(111) mittels der strukturellen und elektro-
nischen Figenschaften von darauf adsorbiertem Pentazen untersucht. In einem zweiten Teil
dieses Kapitels wird Beobachtung und Charakterisierung einer neuen Phase von h-BN/Rh(111)
beschrieben.

In Kapitel 3 konnten wir durch STM und STS die strukturellen und elektronischen Eigenschaf-
ten von verschiedenen Aminosduren auf Metalloberfldchen analysieren und charakteristische
Merkmale identifizieren. Ein weiterer Aspekt dieses Kapitels befasst sich mit der gezielten
Modifikation der STM Spitze mit Aminosduren, um die strukturelle und elektronische Aufl6-

sung zu erhohen. Durch den Einsatz solcher funktionaler STM Spitzen war die Beobachtung
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spezifischer molekularer Resonanzen moglich. Ein Hindernis bei der Untersuchung gro8er
Bio-Polymere, wie etwa natiirliche Peptide, ist deren strukturelle Komplexitdt und konformelle
Freiheit. Fiir Peptide kénnen spezifische Eigenschaften durch synthetische Modellsequenzen
mit reduzierter Komplexitdt modelliert werden. In Kapitel 4 werden die Resultate von Studien
an zwei synthetischen Peptidsequenzen préasentiert, welche mittels ES-IBD auf eine Au(111)
Oberfldche deponiert wurden. Es wurde gezeigt, dass die Selbstassemblierung des Peptids
auf der Oberflache durch Modifizierung der Sequenz gesteuert werden kann. In einem weite-
ren Experiment konnte durch den Einsatz von aminosdure-modifizierten STM Spitzen eine
spezifische Sensitivitit fiir die Aminosduren desselben Typs im Peptid erreicht werden. Dies

erlaubte eine partielle Sequenzierung des synthetischen Peptids auf der Oberflache.

Stichworter: Rastertunnelmikroskopie, Rastertunnelspektroskopie, Elektrospray-Ionenstrahl
Deponierung, Ultrahochvakuum, Peptide, Synthetische Peptide, Nanostrukturen, Selbstas-

semblierung, hexagonales Bornitrid
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Introduction

In 2013 M. Levitt began his Nobel prize lecture with the famous quote “standing on the
shoulders of giants”. He was among M. Karplus and A. Warshel awarded with the Nobel prize
in chemistry for the “development of multiscale models for complex chemical systems”. Their
work in the field of biochemistry and theoretical chemistry significantly contributed to the
development of techniques suitable to model and understand large biological systems. With
his initial quote Levitt was referring to his predecessors in science, who by their outstanding
experimental and theoretical work, such as the discovery of the DNA alpha helix by L.Pauling
in 1951 and the determination of the hemoglobin structure by X-ray-diffraction by M. Perutz
(Nobel Prize for Chemistry in 1962), laid the foundations of our current understanding of the
biological machinery enabling life as we know it. An aim of modern research and development
of technology is to understand and mimic the exquisite functionalities that could be observed
in the cellular machinery of organisms.

One approach in experimental science, which is currently pursued is the identification of
reactive centers in biological complexes and to mimic them in nano-scale experiments by
simple organic or metal-organic model systems. An example for such an imitation is shown in
Fig.1 for the mimicry of the reactive center of a bacterial photosystem [1-3] with the aid of
synthetic chemistry.

This approach of mimicing and implemententing specific functionalities using small molecu-
lar model systems is especially relevant for surface chemistry, e.g. the basic understanding of
catalysis [6-8], chirality [9-11], self-assembly [12-15], molecular electronics[16, 17] and even
the developement of molecular "machines" capable of specifc motion [18, 19].

An important aspect in the development of novel materials is to find ways to efficiently and
reproducibly generate specific structures on the nano-scale. In the context of material science,
self-assembly can be seen as an efficient and convenient bottom-up fabrication method
capable of producing functional supramolecular compounds from simple building blocks
[20]. In general self-assembly can be defined as the spontaneous organization of molecules
mediated by their mutual non-covalent interaction into ordered structures[21].

As anew approach, the imitation of the outstanding self-assembly capabilities of biological
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Figure 1 - Experimental realization of the reactive center of a a biomimetic bacterial photo-
synthetic reaction center complex and the natural counterpart as it is found in Blastochloris
viridis. The images have been adapted from [4] and [5]

structures based on peptides and proteins is an interesting alternative to find ways for the
generation of novel materials [22].

Naturally occurring peptides and proteins base on a set of 20 amino acids intially interconnect
to linear chains via amino bonds to the so called primary structure of peptides [23]. Due to
their high chemical diversity, amino acids can interact via an entire ensemble of noncovalent
forces and thus making them prime candidates for building blocks [24] for the generation of
self-assembled, functional structures. In a highly hierarchical process governed by the various
long- and short range interactions of the individual amino acids and following complex
potential landscapes [22], the primary structures are transformed by folding and assembly
into secondary and ultimately ternary or quaternary structures. The functionality of the
terminal structure is eventually determined by the 3d shape of the fully assembled protein
complex.

The ATP synthase protein [25, 26] is a good example for the high level of structural complexity
that can be generated via the self-assembly process, which was encoded in an initially linear
protein sequence. Its structure is depicted schematically in Fig.2a). One can see in Fig.2b)
that the structure exhibits a functionality on the nanoscale closely resembling the one of a

machine from the macroscopic world. The ATP-synthase contains a rotating section powered
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Figure 2 - a) Visualization of the structural model of the ATP synthase protein
complex embedded in a cellular membrane (adapted from: Protein-data-base
(https://pdb101.rcsb.org/motm/72) b) Schematic visualization of the functionality of
ATP-synthase (adapted from:[25]).

by the protons moving through the cellular membrane and thus providing the energy for the

synthesis of adenosine-tri-phosphate (ATP) [26].

The synthesis of certain building blocks for the self-assembly of functional nano architecture is
already possible today. However, the generation of a level of complexity from a linear sequence
of amino acids, as shown on the example of ATP synthase, is far beyond the state of the art
of modern technology. Transferring these outstanding self assembly capabilities of proteins
and peptides to a possible future application in the generation of novel materials and devices
requires a fundamental knowledge of the structural properties of the respective building blocks
and their constituents [22] as well as the mechanisms involved in the self-assembly process. So
far numerous techniques have been used to characterize these properties. The determination
of the 3D structure of many proteins could be performed using X-ray scattering techniques
[27, 28]. As another important information the sequence of peptides and proteins could be
analyzed using for instance the technique of tandem-mass-spectrometry [29, 30]. To study the
self-assembly of peptides and to specifically analyze their conformation in solution circular
dicroism (CD) [31], nuclear magnetic resonance (NMR) [32] and X-ray scattering techniques
(small angle X-ray scattering, wide angle X-ray scattering) [33] were utilized. In the recent years

high-resolution atomic-force-microscopy (AFM) and transmission-electron microscopy at
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low temperatures (cryo-TEM) allowed for high resolution imaging of peptide nanostructures
such as nanofibers and enabled the analysis of their morphology and their size [31, 33].

An important statement M. Levitt made in his Nobel prize lecture is: "Biology is detailed
interactions" [34]. He was referring to the specific functionality and the distinct structure of
very large protein complexes arising from very detailed interactions of individual amino acids.
Not only the theoretical models explaining the structure of proteins were further refined over
time but also the experimental techniques were aiming at even smaller scales to access these
details of peptide conformations. An interesting approach is to investigate proteins and pep-
tides on a single molecular level with the two key tasks of direct structure determination and
identification of the individual amino acids. An excellent tool capable of probing the electronic
and structural properties of molecules on surfaces with unprecedented resolution has been
scanning-tunneling microscopy (STM) [12, 35]. Together with the upcoming technology of
electrospray-ion beam deposition (ES-IBD) a completely new field of research was opened up
and it was possible to bring non-volatile bio-polymers such as proteins and peptides into the
controlled environment of UHV and thus make them available for studies with high-resolution
STM [36]. By STM and ES-IBD, first works investigating the conformation and the assembly
of natural peptides and proteins on various surfaces were performed in the recent years [13,
36-38]. A major obstacle for natural peptides and proteins on surfaces is their high complexity
and resulting large conformational freedom. This hampers the structural determination and
often makes the direct identification of individual building blocks impossible. In order to over-
come the high structural complexity and the often complicated isolation of natural peptides,
an interesting alternative is the molecular class of synthetic peptide sequences. Synthetic
peptides are generated for instance by solid-phase synthesis [39]. This class of molecules
offers a powerful toolbox for the straightforward generation of arbitrary structures inheriting
specifically tailored properties to mimic the functionality of natural proteins and peptides on
asurface. An important aspect, which is still missing in the direct identification of amino acids
within the peptide sequences on a surface with nanoscale precision and thereby to directly
pinpoint the interactions between the respective amino acids. The work presented within
this thesis is touching exactly this aspect of sequencing of peptides on surfaces. In the first
chapter an introduction into the theoretical framework and the experimental methods of
this work is given. The second chapter describes the investigation of the electronic structure
of a simple organic molecule (pentacene) commonly used as a model system to study the
organic/inorganic interface [35] and relevant for organic electronics [40] on thin insulating
films such as h-BN/Rh(111). In a second part the steered modification of h-BN/Rh(111) fa-
cilitating the growth of a novel phase comprised of carbon and h-BN is studied. In chapter

3 STM and scanning tunneling spectroscopy (STS) investigations of various amino acids on
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metal surfaces are presented focussing at the individual structural and electronic properties
of the amino acids. Most importantly the possiblity of utilizing functional STM tips, modified
by amino acids adhered at their apex, is investigated to access specific electronic features of
the amino acids on the surface.

In a first part of chapter 4 the self-assembly of a synthetic peptide sequence comprised of
two amino acid species into regular 2D-networks is investigated by high resolution STM. In
a second part the impact on the self-assembly upon modifying the sequence is analyzed.
Furthermore, chapter 4 describes the experimental approach of utilizing distinct amino
acid functionalized STM tips to enable the identification of individual amino acids within a

synthetic peptide sequence.






1] Theoretical and Experimental Back-

ground

In this chapter a short overview over the essential physical backgrounds and the experimental

concept. In addition the experimental setup used is described.

1.1 Theory of scanning tunneling microscopy (STM)
Within this work STM is utilized as major experimental methods. In this section the basic
physical principles of quantum tunneling and their experimental application in a STM setup

are described.

Quantum tunneling

In classical physics, a potential barrier, e.g. a region of a potential energy above the current
energy of the object, defines an impenetrable obstacle for a solid object. The object has a
finite probability to be in front of the barrier but never within the barrier, leading to a mere
reflection of the object at the barrier. This description holds for so called macro scale objects.
For nanoscale objects a potential barrier as described above is no longer a solid obstacle but
can be passed in a process known as quantum tunneling [41]. The effect of quantum tunneling
was discovered around 1930 to be responsible for alpha decay in radioactive materials [42]
enabling the exit of a He?" nucleus from the potential barrier created by the attractive nuclear
force.

Within the framework of quantum mechanics the existence of tunneling can be demonstrated
by solving the Schrédinger equation in one dimension for systems with a potential barrier of
height V and width d as depicted in Fig.1.1. A particle described by a wave-function y 4 with
an energy E < V placed in front of the barrier (on the left) has the wave-function ¥ g behind

the barrier (on the right). The relation between v 4 and vy p is described by equation 1.1.

Y, yp-e? (1.1)



Chapter 1. Theoretical and Experimental Background

E>V E<V E>V
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Figure 1.1 — Quantum tunneling through a rectangular barrier with finite height

One can see that the amplitude of the wave-function is decaying exponentially within the
barrier governed by the decay constant x = v2m(V — E)/h, with m corresponding to the
particle’s mass and 7 being the Planck’s constant. This effect is without counterpart in classical
physics, where a particle would be restricted to be either on one or the other side of the barrier
but never being able to pass it or to be at the barrier. In solid state devices this effect can be
exploited by realizing conductive contacts separated by a thin gap or insulating barrier such

as tunneling diodes [43].

Physical principle of STM
The invention of the STM in 1981 by Gerd Binnig and Heinrich Rohrer [44] (IBM labs, Ziirich),

created a new approach for the direct observation of the atomic structure at the surface of
solids. For their invention, they were awarded the Nobel prize in 1986.

Up to this time, microscopy methods either relied on the interaction of the sample with far-field
photons (standard optical microscopy), ions (field-ion microscopy) [45] or far-field electrons
[46] (scanning electron microscopy (SEM)). The STM however, employs the entirely different
principle of quantum tunneling of electrons between a sharp metal tip and a conductive
sample surface. Since a tunneling current between two electrodes decays exponentially with
the spatial width of the tunnel barrier, typical distances between tip and sample are of the
order of a few A [47]. In order to measure a tunneling current a bias voltage Up is applied
between tip and sample Fig.1.2. Using piezoelectric positioners, realized for example by stacks
of tubular piezoceramics it is possible to position the STM tip in all three spatial coordinates
with sub-nanometer precision. A z-positioner adjusts the tip sample distance (e.g. the spatial
width of the tunnel barrier), the x- and y- positioners allow to laterally scan over the sample

surface.



1.1. Theory of scanning tunneling microscopy (STM)

Control
Electronics

Tunneling Current Amplifier

Visualization

-1
.

ALY
TunnelingVoltage

Figure 1.2 — Schematic visualization of a STM setup

A STM can be operated in two basic operation modi, constant current and constant height
mode. For the constant current operation, a predetermined tunneling current set-point is
set in the control hardware. Subsequently, Up is applied and the tip is brought within a
proximity to the sample surface so that the desired tunneling current is measurable. While
laterally scanning over the sample surface, the measured tunneling current is kept constant
by continuously regulating the tip height using the z-piezo positioner. Thereby the tunneling
current is amplified (typical amplification factors are 108 V/A to 10° V/A) and translated to
an analog voltage signal which is the input signal for a negative feedback loop controlling
the voltage of the z-piezo positioner. The voltage of the z-piezo positioner is translated to a
length value describing the tip displacement and recorded for each coordinate. Thus a map of
z is acquired and will be referred to as STM topography in the following. In constant height
operation the STM tip is kept at a fixed distance (feeback loop turned off) to the sample, while
laterally scanning over the surface. Without the restriction of the minimal time constant of the
feedback loop, high scan frequencies (up to 10 kHZ) can be realized. A major limitation of this
operation mode is the requirement of an atomically flat sample to avoid crashing the tip into
the surface [47]. Constant height operation of the STM can be utilized to investigate samples
at constant electric field or fixed tip-sample distance. Furthermore, constant height operation

can be used in high resolution imaging to probe the orbital geometry at a specific height.
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Chapter 1. Theoretical and Experimental Background

In order to describe the tunneling process in a STM theoretically, Tersoff and Hamman'’s
approximations [48] are a good approach based on perturbation theory in a 3-dimensional
model. For a tip which terminates in a single metal atom expressing a radially symmetric
(s-wave) electron density and a similar work function ¢ for tip and sample this a approach

yields for zero temperature:

2neUp
h

T psample(EF) (1.2)
Psample(EF) is the local density of states of the sample at the position of the tip apex and Up
the bias-voltage between tip and sample. Since the tunneling current decays exponentially
with distance, about 90% of the current flows through the apex-atom of the tip, leading to the
high spatial resolution of the STM.

Further important characteristics of a tunnel-junction are:
* For small values of Up the tunnel junction has ohmic behavior (I x Ug)[47]

¢ Ina first approximation I o< exp(,/¢). Thus the work function can be measured by a
variation of z, since d(In(I)/dz \/a [49].

¢ The electronic and geometric characteristics of the STM tip might influence the channels

contributing to the tunnel current. This is further discussed in the following sections

Furthermore equation 1.2 and figure 1.2 imply, that STM topographs are to be seen as surfaces
of constant local density of states (LDOS). The measured tunneling current always contains
mixed contributions of height information and the LDOS and thus should be interpreted
carefully. For flat metal surfaces, such as the famous example of the observation of the Au(111)
herringbone surface reconstruction [50] or flat lying molecules [35] the interpretation of
the STM topography is straight forward. Examples for STM data, where electronic effects
influence the observed topographic information and thus cannot be interpreted in a straight
forward manner, are for instance standing wave patterns of surface states [51] or inside nano-
scale structures, such as the famous "quantum-coral" [52]. In these cases, effects such as
the confinement of electron surface states creates additional features observable in STM

topography, which do not originate from a variation in the position of the surface atoms.

Also STM topography acquired with non-metallic STM tips has to be treated in a more careful

way. This will be discussed in the following sections in more detail.
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1.1. Theory of scanning tunneling microscopy (STM)

Scanning tunneling spectroscopy (STS)

In order to obtain a full description of the tunnel junction in a STM, one has to take the tip and
the sample DOS into account. This is schematically visualized in Fig.1.3. One can see that the
Fermi levels on both sides of the vacuum barrier are shifted with respect to each other due to
the applied Ug. In the depicted example a positive bias is applied to the tip, causing electrons

to tunnel from the sample into unoccupied states of the tip.

vacuum level

potential
gradient

vacuum level

relaxation
an
s

density of states (DOS)

adiabatic
transmission

occupied
states

sample vaccum tip

Figure 1.3 — Schematic visualization of the principle of tunneling in a STM tunnel junction
from sample to tip.

Using Bardeen’s approach [53] one can find an expression for the total current by integrating

over the entire DOS of tip and sample (Equation 1.3) between Er and Ug,

2
I= %;f(b"ﬂ)[l—f(EV+eV)]IMﬁVI5(Eﬂ—Ev), (1.3)

where f(E) is the distribution function of the states indicated with y and v of tip and sample

and E, and E, the electrochemical potentials on both sides of the junction. The §-function
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Chapter 1. Theoretical and Experimental Background

limits the description to elastic tunneling processes. My, is the so called transition matrix

element and is determined by the overlap of the wavefunctions of tip and sample (v, and y,):

h? X *
M, = Mfst(w”va—wVun) (1.4)

For the approximation of small Up and a constant DOS of the tip it is possible to derive a

relation between the differential conductance and the DOS of the sample to:

dl  2me
ﬁm 7psample(Ep+eV) (1.5)
The limitations for the maximal values of Up usually are determined by factors like the stability
of the tip and the investigated system and the workfunction ¢ of the sample. For energies
greater than ¢ the measurement does no longer take place in the tunneling but in the field-
emission regime. As equation 1.5 implies, the measurement of the differential conductance
in a STM gives direct access to the DOS of the sample at an energy which corresponds to Up
with respect to the Fermi energy. Within the actual experiment the differential conductance
(dI/dV) can be obtained by directly differentiating an I(V) curve. A major drawback of this
method is a bad signal-to-noise ratio. A better way, is the direct acquisition of the differential
conductance using a lock-in technique [47]. A small periodic voltage (in the mV range or
below) is superimposed with Up and used as a reference signal. A modulation frequency
above the bandwidth of the feedback loop is chosen to not interfere with the z-feedback. Then
Up is ramped within a previously defined window, while the dI/dV is recorded. The result is
dI/dV as a function of Ug. Defined states, such as the surface states of certain (111) surfaces
of noble metals [54] or molecular orbitals [55] appear as steps or peaks in the dI/dV curves.
Apart from localized scanning tunneling spectroscopy (STS), the DOS can also be mapped
out spatially giving a powerful tool to directly image the spatial distribution of specific states
such as the spatial extension of molecular orbitals [35]. Thus the frontier orbitals, the highest
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), of

molecular species are directly accessible.

STM with functionalized tips

In order to enhance the resolution in a STM, that can be achieved with an atomically sharp apex
of a metal tip, a well established approach is the application of functional STM tips generated
by the controlled decoration of the tip apex with small atoms or molecules [56]. Initial works

by Eigler et al. [57] dealt with the manipulation of small atomic and molecular species such as
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1.1. Theory of scanning tunneling microscopy (STM)

Xe. In 1998 Bartels et al. [58] first discussed the concept of experiments with functionalized
tips by picking up CO from a Cu(111) surface and performing STS measurements with a
CO decorated tip. For a broad variety of small atoms and molecules attached to STM tips,
remarkable resolutions upon imaging flat lying organic molecules such as PTCDA could be
achieved [56]. Especially noted should be here the case of H, modified STM tips leading to
very high spatial resolutions. H> adsorbed on cold STM junctions was studied by Gupta et al.
in 2005 [59] and used for high resolution imaging in 2008 by Temirov et al. [60].

Figure 1.4 — High resolution constant height STM images of PTCDA utilizing various functional
tips (modified from: Wagner, Prog Surface Science 2015 [56])

High resolution imaging was also reported for Xe [61], CO [61] and CH, [61]. The molecules
used for tip functionalization could be transferred in a reproducible way by setting Up to spe-
cific voltages (depending on the molecular species to be picked up) and gradually approaching
the STM tip to the surface until a jump in the tunneling current is noted. Examples for STM
images with various functional STM tips are depicted in Fig.1.4. It should be noted, that this
is not possible for H; since it is not possible to directly image it in a STM. The tip decoration
process in this case has more statistical character. One can see that these decorated tips lead
to STM images closely resembling the actual chemical structure of the investigated molecule
and thus not being limited to the mere observation of extended molecular orbitals.

Although not understood completely up to now, it is assumed that the mechanism responsible
for the increased resolution are forces acting on the molecule adsorbed at the tip apex. These

forces arise due to pauli repulsion between the sample surface and the adsorbed molecule[56].
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Chapter 1. Theoretical and Experimental Background

The adsorbed molecule is not attached in a fixed geometry to the STM tip but rather possesses
some degrees of freedom. While scanning over the sample, the molecule at the tip always
tries to reside in a minimum of the surface potential created by the corrugation of the surface.
Thus the adsorbed molecule is slightly displaced in relation to the tip and can act as force
sensor. This effect could be shown by measuring force-curves in non-contact atomic force
microscopes (nc-AFM) with decorated tips [62]. It has to be noted, that the molecule on
the tip does not purely act as force sensor, but also as electronic transducer modifying the
DOS of the tip near the Fermi level. By this, also STS measurements are affected. Alternative
approaches utilizing functional STM tips do not aim at maximizing structural resolution but
rather enhancing specific electronic states. Good examples for this are the results presented
by Kelly et al. in 1996 [63] on the imaging of the electronic scattering on defects with Cgp
functionalized tips and the imaging of molecular orbitals (MO) of pentacene on a NaCl-layer

by Repp et al. in 2005 [35].

HOMO Gap mﬁ[_
- -
D

Metal Tip

STM

DFT

Free Molecule|| Pentacene Tip

Figure 1.5 - Imaging of molecular orbitals of pentacene on NaCl(100)/Cu(111) with a metallic
and a pentacene functionalized STM tip(modified from: Repp, PRL 2005 [35])

It was shown that the application of a pentacene decorated STM tip greatly enhances the
resolution for the MO of a pentacene molecule on the surface in comparison to a metal tip. This
is depcited in Fig.1.5. The pentacene functionalized STM tip is capable of imaging the structure
of MOs of pentacene in close resemblance to the structure obtained by DFT calculations for
free molecules. The studies were performed on a thin insulating NaCl layer with adsorbed
pentacene molecules. As described in the previous section Tersoff and Hamann stated, that
for STM tips exhibiting an s-wave character the acquired topography images resemble the
local DOS corresponding to the modulus squared of the sample wavefunctions [48]. However

for a STM tip with p-wave character the theoretical work of Chen [64][65] stated, that the
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1.1. Theory of scanning tunneling microscopy (STM)

resulting STM image corresponds to the spatial derivative of the sample wavefunctions. This
was experimentally proven by Gross et al. [66] by imaging the frontier orbitals of pentacene
with s- and p-wave STM tips. The increased resolution of p-wave tips, such as pentacene and
CO-tips, for the imaging of the frontier MOs of planar organic molecules with closely spaced

nodal planes was explained by the high lateral gradient of the wavefunction.
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Chapter 1. Theoretical and Experimental Background

1.2 Experimental set-up: Homebuilt STM

The principles described in the previous sections were realized in a home-built STM set-up
operating at 5 K in ultra-high vacuum (UHV) which was used to perform the experiments
within this work. A schematic 3D-drawing of the set-up is depicted in Fig.1.6. The utilized
UHYV chamber is divided in two major parts. A preparation chamber and an individual STM

chamber. The preparation chamber includes equipment for in-situ sample preparation, such

Cryostat

Preparation ¢ » ¥ S chamber
chamber

Manipulator ; Passive
: damping
stage

Active damping
stage

Figure 1.6 — Schematic drawing of the home-built STM set-up with its major components
indicated.

as a sputter gun operable with various gases (Type: Specs IQE 11/35) , a portable filament for
electron-beam heating (Home-built), Mass-Spectrometer (Type: Pfeiffer QMG 220 M3, Prisma
Plus) for residual gas analysis and a 4-fold molecular evaporator (Dodecon) for the direct
sublimation of volatile molecular species in UHV. Furthermore the preparation chamber is
connected to a small load-lock chamber offering a fast way of introducing samples into the
UHV. The preparation chamber is pumped by a combination of turbo-molecular pumps (Type:
Pfeiffer HiPace 300, Pfeiffer HiPace 80) and an ion-pump (Type: Varian Diode and StarCell),

reaching a base pressure of approx. 2-10~'%mbar.
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1.2. Experimental set-up: Homebuilt STM

The STM chamber, usually separated by a UHV-valve from the preparation chamber, contains
aliquid nitrogen(1N>)/liquid helium(lHe) bath cryostat (Type: Cryovac) and the home-built
STM head attached to it. The vacuum in this UHV chamber is maintained by a ion-pump and
the pumping speed of the cryostat acting as a cryo pump. The internal design of the STM head
and its interface with the cryostat is depicted in Fig.1.7

a) b) STM head

i coarse
motor

Xyz-

scanner

IHe / IN, Bathcryostat
300 |

CuBe-
Springs

Transfer
Guiding
| Cone

Tip & Sample

Transfer
Pt/Pt-Rh

thermocouple
sampleholder

Figure 1.7 — a) STM head and interface to 1He-bathcryostat. b) Schematic drawing of the
internal desing of the STM head and photograph of the actual STM assembly (c). d) Typical
sample on sampleholder.

The STM head is based on a design principle described by Assig et al. [67]. The exchangeable
STM tip and the sample are introduced to the STM head from below. The scanner assem-
bly consists of a z-coarse approach realized by a slip-stick type nano-positioner (Attocube,
ANPz51eXT/LT/UHV) with a travel range of 5 mm and a tubular piezo scanner providing
fine-positioning of the tip in x-, y- and z-direction (c.f. Fig.1.7b)). In Fig.1.7¢c) a photograph
of the assembly of the coarse motor, the scanner tube and the STM tip is depicted. Typically
Pt-Ir or W tips were applied within the scope of this work. Pt-Ir tips were cut from UHV grade
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Chapter 1. Theoretical and Experimental Background

wire under ambient conditions. W tips were prepared by electro-chemically etching in NaOH
using a three electrode setup and a potentiostat. The so prepared tips were assembled into a
tip assembly consisting of the tip itself, a Cu-tube with an outer thread fixing the tip and a tip
holder with a banana plug acting as a carry and electrical interface. The tip assembly can be
introduced to the UHV via the load lock and in-situ introduced to the STM head.

The sample-assembly (Fig.1.7d)) consists of a circular sampleholder, with an outer thread
to fix the sample in the manipulator or the STM head. The sample itself is a hat-shaped
monocrystalline metal sample (Diameter (bottom): 6.2 mm, diameter (top): 4.2 mm, height:
5.5 mm) with a polished surface oriented in a specific crystal orientation. The sample is fixed
by two metal-plates, one platinum and the other one a platinum-rhodium alloy. These plates
are a thermocouple type S used to monitor the sample temperature. In order to maximize
the signal-to-noise ratio of the STM, the set-up provides three damping stages. The first
one is realized with active piezoelectric feet, carrying the entire set-up. As a second stage
passive air dampers are used. As a third stage the STM head itself is suspended on damped
Cu-Be-springs, while STM is in operation. The STM is operated using a Nanonis RC4 (Specs)

control electronics.

Vacuum suitcase

In order to extend the possibilities for sample preparation and characterization and maintain
the advantage of the controlled environment of UHV, a UHV-suitcase can be attached to the
load lock of the preparation chamber. The applied suitcase (Ferrovac) was equipped with
a magnetic manipulator compatible to the sample holder design utilized in the 4K STM. A
schematic drawing and a photograph of the employed suitcase attached to the load-lock of

the UHV chamber is depicted in Fig.1.8.
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1.3. Electrospray ion beam deposition (ES-IBD)

a) b)

2. NEG pump
1. Vacuu 4. Power
chamber |// supply

3. Manipulato

Figure 1.8 — a) Schematic 3D visualization of the utilized UHV suitcase and its main compo-
nents.b) Photograph of the utilized suitcase. The numbering corresponds to the one used in
a).

This allows for fast and easy transfer of samples to and from the preparation chamber to other
UHV set-ups, while maintaining a constant base pressure of approx. 2-107'° mbar. The UHV
suitcase is equipped with a small UHV-chamber, which is pumped by a compact Ion-Getter
pump (NEG pump (NexTorr)) and powered by a portable power-supply lasting for several days
without direct power connection. Currently the suitcase design is modified to contain a small

liquid nitrogen reservoir, which allows for sample transfer at low temperatures (100 K).

1.3 Electrospray ion beam deposition (ES-IBD)

In an all UHV sample preparation process a common limitation is the restriction to small
volatile molecular systems, which can be brought to the sample surface by thermal sublima-
tion, for instance in a molecular evaporator. Especially when dealing with large non-volatile
molecular systems, such as peptides an alternative way for the sample preparation has to be
found, since they tend to fragment or undergo chemical reaction before reaching sublimation
temperature [68].

One way is to prepare the sample ex-situ by for example dropcasting, causing an exposition
of the sample to ambient conditions and relatively poor control over purity and coverage.
A good alternative is electrospray ion beam deposition (ES-IBD) in combination with UHV
preparation techniques of samples. The electrospray ionization (ESI) method was developed
by John Fenn [69] and awarded with a Nobel prize in chemistry 2002. ESI is a powerful
technique, which allows to bring charged molecular systems from liquid to gas-phase in a
very gentle way [38]. This technique does not pose any restriction to the molecular systems in
terms of mass or volatility, the only limitation is the solubility in any solvent [70].

Once the dissolved molecules have been extracted from the solution and turned into a beam
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Figure 1.9 — Schematic visualization of a sample preparation under continuous UHV conditions
at the ES-IBD setup with consecutive transfer to a 4K-UHV STM via a UHV-suitcase (modified
from: [36]).

of molecular ions by means of dispersing them under the influence of a high electric field, they
can be analyzed in a mass spectrometer giving access the structure and composition of the
molecules. For peptides, this was demonstrated with a determination of their sequence [70].
Employing suitable ion-optics, the molecular ions can be guided and deposited towards a
sample surface in UHV. In the set-up utilized in this work the ion-beam is guided through six
differentially pumped chambers. By using RF-quadrupole ion optics and electrostatic lenses
the ions are mass-selected and can be guided into a time-of-flight mass-spectrometer for
further analysis (Fig.1.9). By applying a deceleration voltage with respect to the sample surface,
the molecular ions can be "soft-landed" avoiding fragmentation upon the impact [38].

In the actual experiment as it was performed in this work the samples, e.g. atomically flat
metal surfaces, were prepared under UHV conditions. A vacuum suitcase was then utilized
to transfer the sample under UHV conditions to the ES-IBD setup. After completing the
deposition process, the sample was moved back to the 4K STM in a similar way. By this, the

purity of the sample could be controlled and guaranteed.

1.4 Amino Acids and peptides

Amino acids are a class of biologically relevant chiral, organic compounds which mainly
contain an amine- (-N H>) and a carboxyl-(—COOH) group as well as a functional residue. A
general structure of an amino acid is depicted in Fig.1.10 a). In total over 500 amino acids are
known [71] but among them only 20, the so called canonical or proteinogenic amino acids, are
encoded in the genetic code for the production of proteins and peptides. All of these canonical
amino acids are L-amino acids. In biology amino acids play a crucial role as the building

blocks of peptides and proteins. As shown in Fig. 1.10b) amino acids can condensate upon
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1.4. Amino Acids and peptides

subtraction of a water molecule to a linear peptide sequence. Sequences of up to 50 amino
acids are referred to as peptides, larger sequences are generally classified as proteins. This
linear sequence starting from an N-terminal (e.g. the leftover amino group of the first amino
acid in the sequence) and terminating in the so called C-terminal (e.g. the residual carboxylic
group of the terminal amino acid in the sequence) is referred to as the primary structure. The

principal chain of peptide bonds is the peptide backbone.

a) Amino Group Carboxylic Acid Group

H H O
| [
H—N— (|:—C—OH

Side Chain
with functional Residue
b) Peptide Bond
H H O H H O H H OH H O
| [ 1 I R T 1 g A [
H—N—C—C-0H + H—N—CI—C—OH Tho H—N—C—C—N—Cl—C—OH
| 2
R, R, Ry R,
Amino Acid 1 + Amino Acid 2 — Peptide

Figure 1.10 — a) General chemical structure motif of an amino acid b) Formation of a peptide
by condensating two amino acids and interconnecting them with a peptide bond

In a next step, the three dimensional conformation of the peptide backbone develops by the
formation of hydrogen bonds in between amine hydrogens and carbonyl oxygen atoms of the
peptide backbone. The conformation can be described by the dihedral bonding angles in a so
called Ramachandran plot [72] making it possible to evaluate energetically favorable bonding
angles for a given peptide sequence. Two common examples for secondary structures are the
a-helix and the 3-sheet. In this step also the steric properties of the individual amino acids is
of importance as they can inhibit folding or turning (bulky amino acids). In a third step, the
interaction of the individual amino acid residues defines the overall three dimensional shape
of the protein. Among the 20 canonical amino acids a broad variety of chemical characteristics,
ranging from hydrophobic to polar is present defined by the amino acids individual moieties
(Fig.1.11). These properties become of great importance within the peptide sequence, by
defining specific interaction between the individual building blocks. Amino acids, such as
arginine and glutamic acid are polar and thus can interact via hydrogen bonding and polar
interactions. Aromatic and non-polar amino acids, such as phenylalanine mainly interact
through dispersive forces (e.g. van der Waals forces). Furthermore the peptide structure

is stabilized by salt-bridges and disulfide bonds. It should be noted that the formation of
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Figure 1.11 — Overview over the 20 canonical amino acids and their respective chemical
characteristics

a specific ternary structure arises by the interplay with the native environment, e.g. an
aqueous solution governing the orientation of hydrophilic and hydrophobic moieties. In a
superordinate step multiple ternary structures can assemble to the quaternary structure and
thus generate a unit with a specific biological function such as the hemoglobin heterotetramer
[73]. This process, known for proteins is referred to as folding [23]. In the context of STM
experiments amino acids and peptides/proteins became of great interest in the recent time,
because of their outstanding functionalities and their biologic relevance. A broad variety

of studies were performed from single amino acids, like Cystein [74] and small peptides as
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diphenylalanine [75] to big proteins as Cytochrome-C [36].
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4 Pentacene on Different Types of De-

coupling Layers

A key objective in many studies when investigating individual molecules with STM is the
observation of their molecular orbitals (MO). First studies performed by Ohtani et al. on
benzene on Rh(111) [76] and by Lee et al. [77] on alkylcyanobiphenyl on graphite discussed
their results in terms of the influence of molecular orbitals. One obstacle in the observation of
molecular species adsorbed on conductive substrates is the interplay between the reactivity of
the substrate and the observation of the unperturbed electronic structure of the molecules.
Highly reactive substrates might facilitate the observation of individual isolated molecules as it
was demonstrated for Cu-phtalocyanine on Cu(100) by Lippel et al. [78]. The strong interaction
with the electron bath of the metal substrate however broadens the discrete molecular levels
and furthermore due to hybridization with the substrate the levels are shifted and mixed and

thus multiple orbitals can contribute to the STM contrast as observed in the experiment [79].

A solution to this problem was proposed by utilizing thin insulating films as spacer layers (de-
coupling layers) between the metallic substrate and the molecular adsorbate in combination
with low temperature STM [35, 80]. These layers only have little DOS near the Fermi level and it
has been shown that already layers of the thickness of a few atoms provide sufficient electronic
decoupling of the molecule from the substrate to enable the observation of the unperturbed
molecular DOS in STS. It was shown that examples for suitable decoupling layers are, amongst
others, alkali halides like NaCl [81][80] and oxides like Al, O3 [82][83]. A very prominent ex-
ample for the observation of unperturbed MO was shown by Repp et al. for pentacene on
a NaCl layer deposited on a Cu(111) surface[35]. Further experiments on napthalocyanine
on NaCl/Cu(111) and RbI/Cu(111) enabled the observation of a current-induced hydrogen

tautomerization by inelastic scanning tunneling spectroscopy (IETS) [84].
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Chapter 2. Pentacene on Different Types of Decoupling Layers

2.1 Hexagonal boron nitride (h-BN) on Rh(111)

Although thin insulators enable the observation of electronic features of adsorbed molecules
and atoms in STS a common drawback for many insulating layers is their low capability to
immobilize adsorbates. This leads for example to increased diffusion and thereby causing
clustering or manipulation of molecules during the measurement [85]. In order to overcome
these peculiarities a considerably increased effort in the sample preparation needs to be
undergone involving most commonly a deposition at low temperatures to limit the diffusion
length of molecular adsorbates [35].

An interesting approach here is to exchange flat spacer layers by such layers providing intrinsic
features, which act as diffusion barriers for molecules. It was shown by Dil et al. in 2008 [86],
that a surface with such properties can be realized by growing a mono-atomic layer of h-BN
on Rhodium (111) (Rh(111)). It was possible to immobilize molecules at room-temperature
(Cu-Pthalocyanine) and Xe atoms (below 81 K). This was explained by circular dipole-rings
formed at the outer rims of the h-BN valleys acting as trapping potential for the adsorbates.
Additionally h-BN is an excellent dielectric with a band gap of = 6 eV [87] and close structural
relation to graphene [88] making it an interesting candidate for device fabrication. h-BN
can be grown on various transition metal surfaces (Cu [89],Ir [90], Ag [91], Pt [92], Ni[93],
Pd [92], Rh [94]) in a chemical vapour deposition (CVD) process, which utilizes the heated
metal surface as catalyst. Unless high partial pressures of the precursor molecule borazine
((HBN H)3) are applied [88], the growth process of h-BN grows is self-terminating and thus
limited to one monolayer. The reaction from (HBN H)3 to h-BN follows the reaction depicted

schematically in Fig. 2.1.

H
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Catalyst:
H/B\N/B\H Transition mgtal surface N/ \B_N/

Figure 2.1 - Structural formula of the h-BN precuror borazine (HBN H)3 (left) and the reaction
pathway leading to h-BN (right).

Depending on the underlying metal-substrate, the atomic registry and the interaction strength

between the h-BN superstructure and the metal, the resulting topography of the surface can
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2.1. Hexagonal boron nitride (h-BN) on Rh(111)

vary. The observed h-BN Moiré pattern range from topographically flat as for h-BN/Ni [95],
merely electronically corrugated as for h-BN/Cu(111) [89] to a buckled superstructures as it

was reported for h-BN/Rh(111) [86].

h-BN on Rh(111): Sample preparation and structure observed by STM

A clean Rh(111) substrate was prepared by alternating bombardment of the surface with
accelerated Ar*-ions (sputtering) and heating cycles (annealing). A total ion current of about
1-3pA and a kinetic energy of the ions of 1.2 keV was used. Typical sputter times were 30
min. Subsequently the sample was annealed to 800°C for 5 min to restore an atomically flat
crystal surface. As an additional cleaning step to the standard procedure the sample was
initially sputtered with Ar™ ions (Isputter = 1—3uA) for 1 h at a temperature of 830°C ("hot-
sputtering"). This created a surface depletion layer for the intrinsic carbon contaminants of
the Rhodium crystal.

h-BN on Rh(111) was prepared by chemical vapor deposition (CVD) of Borazine on a Rh(111)
surface kept at 800°C. The hot metal surface was then exposed to 110 L of Borazine leading to
the growth of a full monolayer of h-BN. The Borazine was cleaned in a so called freeze-pump
method, involving repeated cycles of freezing with liquid nitrogen (I N») and pumping of the
volatile contaminants. The Borazine was dosed into the UHV-preparation chamber using a
leak-valve. The 110 Langmuir amount to an actual exposure of the sample to a partial pressure
of Borazine of = 1.2-107% mbar for 3 min. Small fluctuations in the partial pressure do not
affect the growth of the single layered h-BN, since the preparation parameters are chosen as
such, that the h-BN grows in a self terminating process.

On a Rh(111) surface a lattice mismatch of 6.7 % [94] leads to a growth of a buckled hexagonal
Moiré superstructure of the h-BN lattice with a periodictiy of 3.2 nm. The buckling results
from areas of close proximity (= 2.2A) to the Rh(111) substrate (Valleys) surrounded by areas
with bigger substrate-h-BN spacing (= 3.4A) (Rims) [96]. This is depicted in Fig. 2.2 a), showing
a density-functional-theory (DFT) simulation of the h-BN/Rh(111) superlattice. The DFT
calculation of the h-BN/Rh(111) Moiré were performed by Z. Hooshmand and T. Rahman
(University of Central Florida) in a joint collaboration. The results are in good agreement with
other DFT simulations, as for example reported by Gémez Diaz et al. [96]. In literature the
valley areas of the h-BN are also often referred to as "holes" or "pores" [94, 97]. From the
DFT calculations it is possible to simulate a STM topography image (Fig. 2.2b), which shows
that the h-BN valleys exhibit quasi-hexagonal shapes with lower apparent height. The lower
apparent height of the valleys originates from the increased interaction of the h-BN with the
substrate, partially depleting the electrons of the underlying rhodium, that contribute to the

conduction near the Fermi-level. This corresponds well to the STM topography observed in

25



Chapter 2. Pentacene on Different Types of Decoupling Layers

rim-area

valley-area

b) 100

W TRESTy W I e

ek
aree -

A A 4

z (pm)

Figure 2.2 — a) DFT simulation of the buckled h-BN superstructure on Rh(111). b) Simulated
STM topography image of the h-BN/Rh(111) Moiré-pattern in comparison to an experimen-
tally determined STM topography image of h-BN/Rh(111) (Acquisition parameters: I = 50 pA,
Up =-0.5V)(c). STM topography image and profile of apparent height corresponding to the
red line.(I =50 pA, U =-0.5V)

the experiment (c.f. Fig. 2.2 b), c¢) ), although the shape of the valley is more rounded than in
the simulation. This might be caused by the shape of the tip. Experimentally a difference in
apparent height of about 90 pm between valley and rim is observed which is in good agreement
with literature [94].

STS measurements on the valley and rim regions of the h-BN show, that the single h-BN sheet
has insulating character with a band gap of = 7 eV in the valley and = 5 eV on the rim positions
(Fig. 2.3). These values are in good agreement with literature values [87].

With typical measurement parameters of Ug = 0.5 V and I = 50 pA, the periodic structure
of the Moiré pattern of h-BN on Rh(111) is observable. However the poor resolution does
not allow any conclusions about the atomic structure, especially inside the valley region. In
order to resolve the atomic structure, measurements with more extreme parameters (Up =
0.005V,1 =90nA4, G= 1.8-107%) were performed. These values correspond to conductance
values comparable to those of Gy = e—; ~3.87-107°Q"!, implying a point contact between tip
and the h-BN surface. The results of these measurements are depicted in Fig. 2.4. One can
see, that it was possible to resolve the atomic structure of the h-BN. A cartoon of the chemical

structure of h-BN is superimposed with the experimental data for comparison. Additionally a
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Figure 2.3 — STS measurement on h-BN valley and rim position. The observed band gap is
indicated in the graph. Lock-in parameters: Modulation voltage Uy;,4 = 50mV, modulation

frequency: fi0q =832Hz.

difference in contrast between every other atomic position in the h-BN hexagons (e.g. between
B and N sites) is observable at the highest magnification. Unfortunately an unambiguous

assignment of the high and low contrast region to Boron or Nitrogen cannot be performed.
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Figure 2.4 — Atomic resolution STM topographs of the h-BN/Rh(111) Moiré-pattern.

2.2 Pentacene on h-BN/Rh(111)

The following section is based on our recent publication (Koslowski et al., Pentacene adsorp-
tion and electronic properties on thin dielectric decoupling layers, Submitted to: Beilstein
Journal of Nanotechnology, December 2016).

As already motived in the introduction of this chapter, a thin spacer layer with a large band
gap of several eV can be used to electronically decouple molecules from a metal substrate
and study them by STS. Various thin insulating layers have so far been used as decoupling
layers in STM experiments [85]. However, it was stated that a weak interaction between the
metal substrate and the admolecule is still present, due to the observation of a deviation of
the orbital energies from their unperturbed state. Therefore it is desirable to classify these
systems according to their capability to effectively decouple an organic adsorbate from the
underlying metal substrate. In this section pentacene (Co2 H14) is used as a model system and
its structural and electronic properties on a monoatomic layer of hexagonal boron nitride (h-

BN) are investigated and compared to its properties on KCl layers grown on various low-index
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noble-metal surfaces.

Sample preparation of pentacene on h-BN/Rh(111)

A Rh(111) single crystal was cleaned and h-BN was prepared according to the procedure
described in previous section. Pentacene molecules were deposited by thermal sublimation at
185°C. The deposition time was adjusted to achieve submonolayer coverage with individual
pentacene molecules on the sample surface. During the pentacene deposition, the substrate

was kept atroom temperature.

Structural and electronic properties of pentacene on h-BN/Rh(111)

A Rh(111) single crystal was cleaned and h-BN was prepared according to the procedure
described in previous section. The pentacene molecules deposited onto h-BN on Rh(111)
are preferentially found at the edges of the valleys of the h-BN Moiré superstructure (Fig. 2.5),
similarly to what was observed for the Xe/h-BN/Rh(111) system [86] that was explained by
dipole rings inside the valleys. This resulting in-plane electric field attracts the adsorbed

molecules to the edges of the valleys.

Pentacene

W Pentacene

1.5nm

Figure 2.5 —a) STM topography image of pentacene on h-BN. b) Large-scale STM topography
image of pentacene on h-BN. The white circles indicate the preferential adsorption sites
illustrated in the inset. Inset: Illustration of the six possible pentacene adsorption geometries
inside the h-BN valley.

The pentacene molecules appear as 1.5 nm long rod-like objects with an apparent height of
about 1 A when scanned in a bias range of + 1V below the lowest molecular state (Fig. 2.5 a)).
An overall preferential 6-fold adsorption geometry can be observed. The pentacene molecules

preferentially adsorb with their long axis facing an intersection of rims (orange dots in inset Fig.
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2.5 b)). Molecules perpendicular to the h-BN rim are not observed. Geometric conditions, e.g.
energy minimization due to best alignment with the hexagonal valley, might hinder additional
adsorption geometries. Defects or multiple pentacene molecules adsorbed in the same valley,

however, break this scheme and cause adsorptions in alternative geometries.

The electronic properties of the pentacene molecules were probed by measuring the differ-
ential conductance (dI/dV) in STS experiments. In STS, pentacene reveals two molecular
orbitals near the substrate Fermi energy, one at negative (-2.1 V) and one at positive bias
voltages (+1.2 V) (Fig. 2.6). The absolute peak positions showed some variation from molecule
to molecule, presumably due to slightly different adsorption geometries. The typical gap
between the peaks amounts to 3.39 +0.31 V. The positions of the peaks were determined to be
-2.16 £0.16 Vand + 1.22 +0.22 V. The error was obtained as standard deviation from statistical
evaluations of the measured molecules. Repp et al. [35] stated for experiments on pentacene
on NaCl/Cu(111) that tunneling through these states of pentacene results in a temporary
charging of the molecule prior to the dissipation of the charge into the substrate. The peaks
observed in STS on pentacene are therefore also referred to as the positive- and negative-ion
resonances (PIR and NIR). Thereby, the NIR corresponds to the HOMO and the PIR to the
LUMO.
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Figure 2.6 — STS of pentacene on h-BN/Rh(111) showing the resonances of the frontier molecu-
lar orbitals. The red curve depicts the dI/dV of bare h-BN. Zero bias refers to the Fermi energy
of the Rh substrate.

Spatial imaging at the energies of the orbitals observed in STS yields the shape of the DOS of
the frontier orbitals of pentacene [98][35][99]. For +1.2 V, two prominent lobes connected by a

series of dimmer lobes are observed (Fig. 2.7a)). This structure can be ascribed to the LUMO.
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2.2. Pentacene on h-BN/Rh(111)

For voltages within the HOMO-LUMO gap between -1.75 V to +0.75V, the molecule appears as
a featureless rod with low apparent height (Fig.2.7 b)). At -2.16 V, we observe the structure
of the HOMO (Fig. 2.7 ¢)), with 4 prominent lobes connected by a row of smaller lobes. The
differences in apparent height along the short axis of the molecule can be attributed to the
local slope of the adsorption position at the edges of the valley of the h-BN mesh underneath

the molecule.

)
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LUMO (+1.2V) GAP (-1.75V to +0.75V) HOMO (-2.16V)

Figure 2.7 — Spatial mapping of the molecular orbitals of pentacene. a) at positive (LUMO),
b) inside the gap and b) at negative (HOMO) bias voltages (bias voltages are indicated in the
image). The scale bar equals 0.5 nm.

In order to improve the spatial resolution, the tip is functionalized with a pentacene molecule,
as it has been shown for pentacene on NaCl [35]. Accordingly the functionalization is achieved
by positioning a metallic tip over the endpoint of the pentacene molecule. While monitoring
the current, the tip is lowered until an abrupt change in the tunnel current is measured,
marking the jump of the molecule to the tip apex. A successful tip functionalization can be
observed by the vanishing of the pentacene molecule from the surface (c.f. Fig.2.8a)) and
the appearance of additional resonances in STS mainly at negative U (c.f. Fig. 2.8b)). These
changes might be attributed to the molecular resonance of the pentacene adsorbed on the tip.
Using a functionalized tip, the LUMO is now imaged as a structure with two bright lobes at the
ends separated by 5 smaller elongated lobes with slightly varying shapes. The HOMO exhibits
4 prominent lobes at the edges and 6 minor lobes .The structure has a node along its long axis
(Fig.2.9). This observation is in good agreement with the results published in [100] stating,
that a p-wave tip increases the sensitivity towards orbital structures with high spatial gradients
in their orbital structure [35]. Furthermore, a pentacene-functionalized STM tip might express
a considerably smaller effective tip apex due to scanning with one of the 7 -orbitals of the
attached pentacene molecule and thereby improves spatial resolution.

The assignment of HOMO and LUMO is further supported by Hiickel calculations which yield
nodal structures similar to the ones observed by STS.

The calculated orbital structure consists of a sequence of orbital lobes with alternating sign of

the wave function ¢, indicated by the color code (violet, green) in Fig. 2.10. The experimental
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Figure 2.8 —a) STM topography image before and after picking up of a pentacene molecule
by the tip (dotted circle). (Acquisition parameters: Ug=-1V, I=50 pA) b) STS measurement
on h-BN (red dotted line) and pentacene (black line) with a pentacene molecule at the tip
(Acquisition parameters: =50 pA, Uy,04=50 mV, f,,04= 832 Hz)

5A

T metallic functionalized

Figure 2.9 - Spatial mapping of the molecular orbitals of pentacene by employing an STM tip
without (left) and with (right) pentacene functionalization.

observation is in good agreement with the structures obtained from Hiickel calculations of

the free molecule.
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2.2. Pentacene on h-BN/Rh(111)

Figure 2.10 — Hiickel calculations of the DOS of the frontier molecular orbitals (HOMO and
LUMO) of pentacene in the gas phase superimposed with a ball and stick model of the
molecular structure (Calculated using HyperChem).

Level alignment of organic - insulator interfaces

In order to quantify the values observed for the HOMO and LUMO in terms of their energy
position, one has to relate them with other measurable quantities of the investigated system.
Two well-suited quantities for molecules are the electron affinity (E,), i.e. the energy cost of
adding an electron to the neutral molecule, and the ionization energy (E;), the energy needed
to remove an electron from a neutral molecule [101]. For various molecular species, including
pentacene, these values are well known from photoemission and inverse photoemission

experiments [102].

In a first approximation, the physical quantity connecting E,; and E; with the measured
energetic positions of the HOMO and LUMO, respectively, is the work function ¢ of the
underlying h-BN/Rh(111) substrate, namely the energy difference between the vacuum level
and the Fermi energy. The specific relation between these quantities is depicted in the scheme
in Fig. 2.11.

¢ of a surface is defined as the energy, which is required to remove an electron from Er
into the vacuum at infinite distance. ¢ influences the reactivity, the adsorption geometry
of adsorbates or catalysis reactions [103]. ¢ of a material is a surface property and can
furthermore vary depending on the termination of the surface. This was demonstrated on the
example of Ag. Ag(111) has a ¢ of 4.74 eV, Ag(110) 4.52 eV and Ag(100) 4.64 eV [104]. This can
be explained by the different surface properties of each termination regarding surface dipoles
or the distribution of charge density. ¢ can moreover also vary laterally due to adsorbates
such as clusters of metal atoms or molecules [105] [106]. Also thin dielectric adlayers such
as salt-layers [107], graphene [108] or h-BN [96] modify ¢ laterally via spatial variations of

the adsorption geometry (in general caused by lattice mismatches between the supporting
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substrate and the adlayer). These influence locally properties as the charge transfer between

the metal substrate and the dielectric.

¢ of a surface can be determined by photoemission [109] or transport-based techniques [103]
on large scales. For atomic scales the Kelvin probe technique [110] or the measurement of
field-emission states (FER) [107] can be used to locally probe ¢ utilizing an atomic force

microscope (AFM) or STM.

The underlying h-BN substrate can be described with ¢ = 4.15 eV [97] ! as a literature value
for ¢ for a single layer of h-BN on Rh(111). With this, the HOMO at -2.16 V can be attributed
to a bound state with an energy of 6.31 eV, respectively the LUMO at 1.2 V to a bound state
with an energy of 2.95 eV. These energies can be related to the electron affinity of 1.35 eV
[101] and the ionization energy of gas-phase pentacene at 6.58 eV [102]. The deviation of the
gas-phase energies from the energies found on the surface can be explained by the screening
of the underlying substrate during the temporary charging of the molecule [111][112]. In the
presented measurements a decrease of the HOMO/LUMO gap by 1.87 eV (e.g. an average
shift 0f 0.85 eV for HOMO and LUMO) in comparison to the gas-phase value for pentacene
was observed. Thus the molecular ion (positive/negative) is stabilized with respect to the
gas-phase ion due to screening of the molecular ions’ charge, induced by the formation of
image charges in the topmost layers of the metal substrate, as described by Willenbockel et
al. [113]. This is in agreement with photoelectron spectroscopy measurements on pentacene
molecules in the gas phase. Measurements on molecules adsorbed on metal surfaces showed
that the energies of both the HOMO and the LUMO were shifted towards the Fermi energy,
reducing the HOMO/LUMO gap of the molecule.

To estimate the expected reduction of the gap, a point-charge model is utilized assuming a
flat h-BN layer on a planar metal substrate. A single charge (ql = g2 = e) at a distance 2d from
its image charge is assumed. The distance d between the charge (ion) and the metal surface
(reflection plane) was estimated to be 2.8 A using calculations for the h-BN/Rh(111) system
based on the local distance of the h-BN layer at the position of the pentacene molecule from
the metal substrate [96]. A value of ez = 4 is assumed for the dielectric constant of h-BN, as
proposed by Kim et al. [114] for 2-5 nm thin h-BN films. Using the following formula, the

resulting energy shift can be estimated:

q192
4meg2dL

(2.1)

el =

1 This value is a theory value based on DFT, because no reliable experimental data was available for single layer
h-BN/Rh(111).
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Pentacene on: | E,(eV) | E;j(eV) | Egap/Egapo | ¢p(eV)
KCl/Au(111) 1.7 6.15 0.85 3.8
KCl/Cu(111) 0.95 5.14 0.8 2.7
h-BN/Rh(111) | 2.75 6.3 0.68 4.15[97]
KCl/Cu(110) 1.67 4.09 0.46 2.2

Table 2.1 — Experimental values for Eg, E;, Egap/ Egap,o for pentacene as well as the values for
®. @ has been determined experimentally for the KCl layers on the various substrates by 1(z)
measurements . For h-BN, a literature value is presented.

Approximating the ion as a point charge at the center of a pentacene molecule yields an

estimate for the energy shift of about 0.64 eV, compared to the measured shift of 0.85 eV.

One can see that this model gives a good estimate for the energy shift and thus for the screening
energy stabilizing the molecular ion on the surface. It should be noted that this can only
to be seen as a rough approximation for the energy, because of the uncertainties of the
molecular distance d from the effective metal surface and the dielectric constant of a single
sheet of h-BN. To compare and rationalize the results obtained for pentacene on h-BN/Rh(111),
measurements on a different metal/insulator system need to be performed. In literature alkali
halides such as KCl and NaCl [81][115] have been described to be suitable decoupling layers
growing in atomically flat epitaxial films on metal substrates. Therefore STS measurements of
pentacene were carried out on KCl/Au(111), KCl/Cu(111) and KCl/(Cul10). The resulting STS
data are depicted in Fig. 2.12. The respective metal substrates were cleaned in an analogous
way as the Au(111). The KCI layers on various metal surfaces were generated by thermal
evaporation of KCI at 380°C for 20 min. During this process, the substrates were kept at
room temperature. The HOMO/LUMO gap can be used as a measure of the efficiency of an
insulating layer to electronically decouple an adsorbate from the metal substrate. The ratios
between the on-surface E;-E, gaps and the unperturbed gas-phase gaps are listed in Table 2.1.
For a similar decoupling layer (KCI), but various substrates, the decoupling strength decreases
with the work function of the substrate. Willenbockel et al. stated that higher workfunctions
tend to lead to a larger molecule-substrate spacing upon adsorption [113]. Furthermore the
remaining interaction of the pentacene with the respective metal plays an additional role in
the decoupling, since the inert Au(111) substrate perturbs the molecular states less than the

more reactive Cu(110) substrate.

The values for E,; and E; were calculated for all the investigated material systems according to
the scheme shown in Fig. 2.11 (Table 2.1). Plotting E, and E; versus the work function of the
respective substrate yields the graph depicted in Fig. 2.13.

As suggested by Willenbockel et al. [113], HOMO and LUMO do not necessarily interact equally
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Figure 2.11 — Energy level diagram depicting the relations between E,, E;, ¢ and the energies
measured in STS for the HOMO and LUMO of pentacene.

with the substrate. The suggested parameter S = %, the derivative of the binding energy with
respect to the work function is an indicator for the binding strength. Molecular orbitals which
interact weakly with the metal will maintain a fixed binding energy with respect to the vacuum
level, and thus a value of S close to zero. Orbitals which are strongly bound to the metal will be
energetically fixed with respect to the Fermi level, and since the Fermi level decreases linearly
with the work function, this results in a value of S close to -1. A value of S < -1 suggests a
stabilization mechanism beyond the model, such as bond stabilization due to the shift of
binding orbitals towards higher energies [113]. The values of Syonmo0 = % and S;ymo = %
were obtained by fitting the data points for E, and E; of the pentacene/KCl/metal substrates
to a linear function. The energy levels of pentacene/h-BN/Rh(111) were not included in the fit
due to the different nature of molecule-substrate adsorption in this case, which is discussed
below. For Sgomo = —0.12 £ 0.5, a value close to 0 reveals the vacuum level pinning of E,,
which implies a weak coupling of this orbital to the substrate. On the other hand, E; decreases
with increasing work function, with a slope Sgoamo = —1.22 +£0.28. In this case, the value
of Sgomo is close to -1 (within less than a standard deviation of -1), which suggests that

the HOMO is Fermi-level pinned and therefore more strongly coupled to the substrate. In

36



2.2. Pentacene on h-BN/Rh(111)

summary, this implies that the LUMO is vacuum-level pinned and the HOMO is Fermi-level

pinned.
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Figure 2.12 — STS measurements of pentacene on various decoupling layers (see legend). In
the case of Au(111) and Cu(111), KCI grows as a bilayer, whereas on Cu(110), a monolayer
growth was observed. The right graph indicates the deviation of the HOMO-LUMO gap of
pentacene on the respective surfaces (Eg4p) from its unperturbed gas-phase gap (Egap,0)-

The results suggest that the approach of Willenbockel et al. for determining the mechanism of
orbital pinning for HOMO and LUMO [113] is not limited to molecules adsorbed onto bare
metals, but is also valid for single molecules on metals covered with a thin decoupling layer
having homogeneous properties. An exception is found for the HOMO on h-BN where the
intrinsic dipole moment of the molecule within the depressions in the h-BN superstructure
modifies the coupling strength between molecule and substrate. The observations show, how
the energies of the molecular orbitals of pentacene adsorbed on h-BN/Rh(111) deviate from
the trend set by pentacene on KCl/metal (Figure 2.13). This deviation reflects the unique
characteristics of the adsorption of molecules on h-BN/Rh(111), namely the corrugated
surface and attraction by local electric fields parallel to the surface. Lateral electric fields have
a stabilizing effect on the molecular orbitals, which, for a symmetric orbital, depend on its
polarizability [116]. In addition, the molecules appear curved as a result of both, the h-BN
curvature and the curved geometry of the attractive electric field. These unique properties
of h-BN/Rh(111) can explain why the HOMO of pentacene deviates from the trend set by

pentacene on KCl/metal.
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Figure 2.13 — Experimentally determined energies for E, (red circles) and E; (black squares)
of pentacene versus the workfunction of the respective KCl/metal substrates. Separately
indicated are the values for h-BN/Rh(111). Dashed lines indicate linear fits of E; and E;. The
open circles indicate the position of the Fermi-energy (black line).

2.3 Conclusion partI

As a conclusion, the effective decoupling properties of h-BN could be confirmed for the system
of pentacene on h-BN/Rh(111). The h-BN layer offers a desirable capacity to immobilize
molecules inside the valleys on the surface, even at room temperature. The trapping capacity
most likely originates from an interaction with in-plane electric fields present on the substrate.
This enhances the molecule-substrate interaction, which decreases the HOMO-LUMO gap in
comparison to the same molecule adsorbed on KCl/metal surfaces. In spite of this interaction,
h-BN/Rh(111) provides sufficient electronic decoupling to allow the clear observation of
pentacene HOMO and LUMO peaks by STS. Furthermore, STS mapping at the peak energies
reveals the shapes of the corresponding molecular orbitals, and tip functionalization further
improves the contrast of these structures. In order to further rationalize the results obtained
by STS on pentacene on the h-BN/Rh(111) substrate, comparative studies using a different
decoupling layer, namely KCI on varying metal substrates, were performed. For pentacene
on KCl/metals, it is surprising that in spite of the complexities of molecule-metal adsorption,
the work function of the surface plays a decisive role in determining the energies of the
binding molecular orbitals. The observed trends indicate that HOMO and LUMO participate
to different extents in binding to the surface. The binding energy of the HOMO is unchanged
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with respect to the Fermi energy on all three KCl surfaces, indicating an enhanced degree of
interaction with the metallic substrate. The LUMO, on the other hand, keeps a fixed position
with respect to the vacuum level, suggesting a weaker interaction with the metal. The results
reported here illustrate the benefits of comparing spectroscopic data from the same molecule
on similar substrates. Thus, a trend can be observed in the relation between orbital energies
and work function, which reveals the physical properties of the molecule and the substrates
which are relevant to adsorption. In addition, a deviation from this trend for hBN/Rh(111)
helps rationalize its enhanced trapping capacity and its uncommon interaction mechanism.
This study might be of special interest for the field of molecular electronics, where a precise

knowledge of the energetic positions of the available states is of great importance.
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2.4 Intercalated carbon h-BN/Rh(111)
When growing h-BN on Rh(111) according to the experimental procedure described in the

previous sections, the Rh crystal is submitted to a "hot-sputtering". This preparation step
allows to grow clean h-BN on the crystal surface due to the generation of a sub-surface
depletion layer for the intrinsic contaminants of the Rh-crystal. The amount of the subsurface
impurities can be controlled by cycles of subsequent Ar*-bombardment and annealing, which
are thinning the sub-suface depletion layer. Depending on the thickness of the depletion
layer, it is possible to observe three structures which are depicted in Fig.2.14. For a small
concentrations of impurities, isolated triangular defects located at every other rim site of the
h-BN Moiré pattern as shown in Fig. 2.14a) can be observed. These defects appear as regular
triangles with a size of about 2 nm and three corners with increased apparent height. Each of
these corners corresponds to the area of about three atomic hexagons of the h-BN layer. The

triangles are surrounded by sharp lines of low contrast.

Figure 2.14 - a) High resolution STM image in constant height mode of individual triangular
defects in h-BN layer. Ug=5 mV, I= 5 pA b) Overview STM topography image of h-BN next to
IC-h-BN. (Up= -1V, Setpoint: I= 50 pA) c) STM image of graphene/Rh(111). (Ug=-2V,1=10
pA)

Interestingly for higher contamination concentrations (e.g. a thinner depletion layer) present
at the crystal surface, we observed large continuous domains of a new phase with an altered
Moiré pattern so far not reported in literature to our knowledge (Fig. 2.14 b)). For simplicity

this new phase will be referred to as "intercalated carbon h-BN" (IC-h-BN). The choice of this
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name will become apparent in the course of this chapter.

This phase consists of an ordered arrangement of star-shaped structures. In several cases the
appearance of a third pattern depicted in Fig. 2.14 c) can be detected alongside the IC-h-BN.
This structure can be related to the Moiré-pattern of graphene on Rh(111) [117][118] and
appears for very high carbon concentrations within the topmost atomic layers of the substrate.
The reproducible observation of the three additional structures shown in Fig. 2.14 along the
h-BN depend on the thickness of the Rh surface depletion layer. This hints at the fact, that
carbon diffusing to the Rh(111) surface during the h-BN preparation are the origin of the
IC-h-BN. Adsorbents on the Rh(111) surface prior to the h-BN preparation are unlikely to be
involved in the formation of the IC-h-BN. The catalytic decomposition of borazine and its
interconnection to h-BN involves the generation of radical hydrogen as intermediate step.
Along with the elevated temperatures of = 800°C this would cause typical contaminants such
as carbon compounds to react to small volatile molecules and leave the surface. Furthermore
the catalytically active Rh(111) surface is necessary for the formation of h-BN. A closed layer
of contaminants would inhibit this process as it can be seen for the example of the formation
of graphene (Phase diagram of C-Rh: segregation of C and Rh into graphite and fcc-phase
for high C concentrations [119]). The abundance of graphene additionally hints at carbon
being one of the dominant contaminants in the present case. Furthermore it has been shown
that carbon has a temperature dependent solubility (Phase diagram of C-Rh: lowest solubility
in bulk-Rh at = = 730°C for low C concentrations [118, 119] and thus is likely to segregate
to the crystal surface. In the following the focus is laid on a detailed discussion of IC-h-BN.
Complementary techniques and theoretical descriptions of the structure were utilized to gain

deeper understanding of the initial effect observed by STM topography imaging.

High resolution STM imaging of IC-h-BN

Investigations of IC-h-BN by high resolution STM imaging gave insight into the periodicity
and the structure of the Moiré-pattern. A high resolution image is depicted in Fig. 2.15. The
respective parts of the Moiré-pattern are denominated in the inset. The high resolution
scans reveal, that the continuous layer of IC-h-BN seems to consist of a long range ordered
arrangement constructed from the individual triangular defects depicted in Fig. 2.14. If the
triangles form at every other rim site of the h-BN Moiré-pattern the remaining Moiré-pattern
is altered in contrast to the normal h-BN. Additional structures in the IC-h-BN are areas of
low apparent height and hexagonal shape ("hexagon") as well as elevated triangular regions
("bright triangles"). The line profile depicted in Fig. 2.15 shows, that the hexagons have a
periodicity of about 3 nm.

Performing scans on areas were both phases are present (Fig. 2.16a)) it can be seen that there
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Figure 2.15 — Overview STM topography image of IC-h-BN. Ug = -1V, I = 50 pA. Inset: high
resolution STM image of the Moiré-pattern of IC-h-BN. The respective areas of the Moiré-
pattern are denominated on the right STM topograph. Ug = 5 mV, I = 5 pA (Constant height).
The red line indicates the position of the depicted profile.

is no interruption of the h-BN film but an epitaxial transition from pure h-BN to IC-h-BN. As
we will discuss later in detail we can state that the areas indexed as "hexagon" correspond to
the former h-BN valleys. This is for example supported by similar periodicity of the hexagons
and the valleys (Fig. 2.16b)). Additionally it can be seen that the area of the hexagons reduced
by about 20%.

Even in high resolution STM images the dark triangles are surrounded by structures with
low apparent height in STM topography denominated as "rim". Performing scans in point
contact mode, yields STM images where the atomic bonds of the IC-h-BN are visible (Fig. 2.17).
These scans show, that the h-BN surface consists of one continuous atomic layer and does not
contain structural defects such as rifts or broken bonds. This implies, that the modification
of the h-BN Moiré takes place by modifying the space between the h-BN and the Rh(111)
substrate.

An incorporation of additional elemental species into the h-BN lattice itself is also rather
unlikely because of the partly ionic bonding character of the h-BN lattice [120]. However, it
was shown that the intercalation of hydrogen in the space between the metal substrate and

the h-BN layer is possible and results in a modification of the Moiré pattern observed in STM
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Figure 2.16 — a) High resolution STM topography image of h-BN patch surrounded by IC-h-BN
(Up = 5 mV, Setpoint: I= 5 pA (Constant height)). b) Line profile of log(I) comparing the
periodicitie of IC-h-BN and h-BN.
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Figure 2.17 — Overview STM topography of IC-h-BN superimposed with STM image of IC-h-BN
acquired in point contact mode (inset indicated by dotted line) Ug = 10 mV, I = 90 nA

[121]. DFT simulations of the h-BN layer predict an area of maximal distance of about 3A
between the h-BN monolayer and the metallic substrate at every other rim site, e.g. at the
positions of the dark triangles. It has been shown in [122], that Ar-sputtering of h-BN/Rh(111)
can lead to a trapping of Ar- atoms under exactly these h-BN rim sites. These then appear

as elevated "tent-like" regions in STM images. The h-BN valleys have the shortest distance

43



Chapter 2. Pentacene on Different Types of Decoupling Layers

to the metal substrate of about 24, and thus also have the highest interaction strength. DFT
calculation suggest that the valley areas of the h-BN superlayer contribute strongly to the total
adsorption energy of h-BN on Rh substrate [96]. A reduction of this area (as observed for the
hexagons) would be unfavorable, if not mediated by additional atoms accumulating under
the h-BN causing it to lift partially off the metal surface. A similar effect as reported for the
trapping of Ar might be possible for carbon atoms diffusing from subsurface layers to the
surface during the annealing. The structure of the possibly accumulating carbon is suggested
in a toy model as depicted in Fig. 2.18.

The amount of carbon impurities in the subsurface layers can be used as an experimental tool
to tune between samples with pure h-BN and samples with the IC-h-BN. A large depletion
layer, e.g. a sample submitted to a "hot sputtering” cleaning procedure directly before the CVD
growth of h-BN, will result in clean h-BN due to a lack of subsurface contaminants. Thinning
this depletion layer by subsequent sputtering and annealing cycles will enhance the growth of
IC-h-BN.

log(1)

Figure 2.18 — Schematic visualization of the location of carbon (blue circles) underneath the
h-BN layer. The unit cell of the Moiré-pattern indicated in white.

Variation of ¢ of IC-h-BN probed by field-emission resonances (FER)

In order to gain further understanding of the electronic properties of the surface the FER of
the IC-h-BN were measured and by this the spatial variation of the workfunction (¢b) probed.
For many metal surfaces, the projection of the bulk band structure to the surface leads to a
projected band gap, which generates a potential barrier hindering the entrance of electrons
into the bulk [123]. A negative charge, e.g. an electron, near a metal surface, will induce a
positive image charge inside the metal, causing an attractive force pulling the electron towards

the surface. The potential barrier of the projected band gap in combination with the attractive
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force of the electron creates a well-like potential for electrons near the surface. This potential
well can host a series of hydrogen-atom-like electronic states, located a few A outside the metal
surface (Fig.2.19a)) [124]. These are called image potential states (IPS) and since they are
unoccupied states, they can be probed with inverse photoemission or 2-photon photoelectron

spectroscopy [125][126].
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Figure 2.19 — a) Projected band gap (left) and potential structure confining the IPS on a Ag(100)
surface (bold solid line). The thin and dashed lines indicate the wavefunction amplitude for
the first two IPS. Modified from [127]. b) dz/dV spectrum of FER acquired with an STM on
Cu(111). (I= 50 pA (Constant current)).

Measuring the IPS of a surface is also possible within a STM experiment by acquiring a
spectrum of the variation of the tip-sample distance as a function of Ug (dz/dV spectrum).
This is done by recording variations of the z value using a lock-in technique while ramping Ug.
The feedback loop is activated during this measurement and keeps the current constant. As
soon as the energy level of an IPS is reached the tip retracts about 2-3 A, leading to a peak in
the dz/dV spectrum. Such a spectrum is depicted in Fig. 2.19 b) for Cu(111). When probed
with STM, the strong electric field within the tunnel junction causes a Stark shift of the IPS
[128]. Thus these states are referred to as field emission resonances (FER) in the context of
STM experiments as described by Binnig et al. [129]. FER energies are determined with respect
to the position of the vacuum level and thus are influenced by the local variations of ¢ [107].
This gives a way to probe the local variation of ¢» by measuring the FER as it is described in
[107].

A characteristic dz/dV spectrum measured on a h-BN/Rh(111) valley and rim respectively is
depicted in Fig. 2.20. It can be seen, that the spectra show distinctive differences between h-BN
valley and h-BN rim in terms of the FWHM of the individual peaks. This effect is assumed to

be caused by variations in the lifetimes of the respective states and is discussed extensively
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Figure 2.20 — dz/dV spectra of FER acquired with an STM on h-BN/Rh(111) on valley and
rim. (I= 50 pA (Constant current)). The position of the interface state and the first FER are
indicated.

in the Ph.D Thesis of D. Rosenblatt from 2015 [130] and will not be discussed here. Another
interesting effect is the occurrence of a peak at around +2.3 V when measuring in a valley
position. This peak can be assigned to an interface state of the h-BN/Rh(0001) interface. A
similar state was already reported in the literature for graphene/Ru(0001) [108]. It is, similarly
to the case of graphene/Ru(0001) most prominent in the areas, which have the smallest
distance to the metal substrate e.g. the valleys of the Moiré superstructure. The first FER
resonance is thereby located at about + 4 V. From the FER on h-BN, a work function variation
between valley and rim of about 258 + 14meV could be extracted, which is in good agreement
with results from photoemission [86]. It has to be noted, that for higher bias the Stark-shift is
stronger, which might influence quantities like ¢. A strong dependence of the Stark-shift on
the STM tip could be observed in the experiments. This might be caused by a modification of

the effective electric field created in the tunnel junction due to different tip geometries.

In order to observe local changes in the FER, a series of dz/dV spectra were acquired in a
line profile across a set of three valleys (h-BN) and analogous for two dark triangles and
hexagons (IC-h-BN). The results are depicted as dz/dV maps (Fig. 2.21). For the standard h-BN
phase one can see the interface state predominantly present at the valley region. The field
emission resonances are modulated periodically with the valleys and rims. This is caused by
the variations of the work function of about 260 meV between the respective areas of the Moiré
pattern. For a similar line profile on IC-h-BN one can clearly observe a strong modification of

the FER in the map. On the position of the hexagon, e.g. the position of the former valley of the
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Figure 2.21 — Line profiles of the energetic position of the FER on h-BN(left) and IC-h-BN
(right). The corresponding spatial positions are indicated in the STM topographs (red dashed
line). Dashed black line: Position of the 1% FER (h-BN). Dashed white line: Position of the
interface state (h-BN). Dashed white circle: New state at dark triangle position (IC-h-BN).

h-BN, the interface state as well as the first FER have a almost similar position (c.f. Fig. 2.21).
The higher order FERs are shifted to higher energies by about 0.5 eV for IC-h-BN, most likely
due to another tip geometry. This is indicated in Fig. 2.21 for the 2nd and 3rd FER. A similar
effect was also discussed in [130]. The effect caused by a variation of the effective electric field
inside the junctions is more prominent for the higher order FER since they are affected more
strongly by a Stark Shift. Because of this, the absolute energetic positions of higher order FER
resonances cannot be compared for different sets of measurements.

For the center of the dark triangle a new state at 2.6 V is observable. Its intensity is about half
the intensity of the interface state of the hexagon. The occurrence of an state at this position
implies that in contrast to the normal h-BN this area of the Moiré-pattern now has a modified
interface to the underlying metal substrate. The accumulation of carbon underneath the h-BN
might lead to the modification in the electronic structure, observed at the position of the dark
triangle by introducing additional channels for charge transfer.

An additional modification of the electronic structure can be observed at the position of
the bright triangle. Two resonances are visible at around +3.5 V and + 6.3 V, which might
correspond to the FER of the h-BN/Rh(111) each shifted by about 500 meV. Furthermore in
the gap between these peaks an additional state appears at about 5 V. Spatially the maximum

of this state is strongly localized on the center of the bright triangle and has only about 50% of
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the intensity of the 1st FER. An individual dz/dV spectrum at the center of the bright triangle
furthermore reveals a state at 1.9 V (Fig. 2.22).
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Figure 2.22 — dz/dV spectrum of FER acquired with an STM on the postion of the bright triangle
of IC-h-BN. (I= 50 pA (Constant current)). The position of the individual peaks are indicated.

Without DFT simulations of the electronic structure (analogue to the analysis performed
in [108] for graphene/Ru) of IC-h-BN, however it cannot be unambiguously determined
at this point whether these peaks are FER resonances shifted due to a modified chemical
environment or new interface states. These observations indicate a strong modification of the
surface composition and especially of the interaction between the h-BN and the Rh substrate
at this point. The large shift of the FER of about 500 meV and the resulting large change of ¢

supports once more the hypothesis of carbon underneath the h-BN.

It was shown in the literature that the difference in ¢ between graphene/Rh(111) and h-
BN/Rh(111) is about 600 meV [131]. This could consolidate for small patches of carbon
leading to the spatially confined work function modification. To further analyze the observerd
FER, their spatial extension was recorded in dI/dV maps for each energy at which a peak was
observed. An area was chosen where two domains of h-BN and IC-h-BN meet. The resulting
dI/dV maps are depicted in Fig. 2.23. It has to be noted, that the absolute positions of the
FERs vary from those depicted in Fig. 2.21, since they were acquired with a (geometrically)
different STM tip. The first FER of h-BN can be clearly observed at +4.5 Vand at +3.5to +4 V

48



2.4. Intercalated carbon h-BN/Rh(111)

for IC-h-BN. The second FER respectively at + 6 V (h-BN) and +5.5 V (IC-h-BN) (Fig. 2.23).

Topography
(1A V)

Figure 2.23 — Spatial mapping of the FER in dI/dV maps (Acquisition parameters: Setpoint
1=50 pA (constant height mode), U,,,4=50 mV, f;,,,4=832 Hz) at the energy positions of the
major resonances for standard h-BN and IC-h-BN. The corresponding STM topograph of the
area utilized for this measurement is depicted on the bottom right.

One can see that for some resonances, especially for the interface state of the h-BN valleys
at + 2.5V, both domains show a DOS with similar geometries. This observation supports
the hypothesis that for IC-h-BN the hexagon is unmodified and carbon intercalates on the
rim-sites. In contrast the modified interface state at +2 V can only be observed on the IC-h-BN
and does not have a counterpart in h-BN. Similarly the state at +5 V is observed as a strongly
localized DOS at the position of the bright triangles. Interestingly, the interface states of both
phases and the state at +5 V are observed at similar energies as in previous measurements,
whereas for the FER a small energy shift, most-likely because of tip variations, can be measured.
This might hint at the fact, that also the state at +5 V is an interface state of the carbon/Rh

interface.

XPS on IC-h-BN/Rh(111)
XPS is a surface sensitive technique in which a sample is irradiated with X-rays and based
on the photoelectric effect, electrons are extracted from it . It is commonly used to gain

information on the elemental composition of a sample, as well as their chemical and electronic
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state [132]. In a XPS measurement electrons are excited by the X-rays and removed from the
core shells of the atoms. The excited electrons diffuse to the surface and subsequently leave
the sample as photoelectrons. The kinetic energy of the extracted electrons is measured in a
spherical analyzer, in which variable retarding voltages and electrostatic lenses are utilized to
sort the electrons by their energy. Thus a spectrum of the electron kinetic energy is generated.
The measured kinetic energy of the electrons also contains information on their binding
energy which is specific for the element they originate from as well as the specific orbital
they were bound in. Due to the penetration depth of about 10 nm, XPS is not purely surface
sensitive but rather sensitive to the topmost atomic layers of the sample.

Since the photon energy of the X-Ray source is known (typically Al K,= 1486.7 eV or Mg K=

1253.6 eV) the binding energy of the electrons can be derived according to:

Ebinding = Ephoton — Ekinetic 2.2)

In order to get further insight in to the composition and origin of the IC-h-BN the so far utilized
Rh(111) crystal has been transferred to another UHV setup equipped with X-ray Photoelectron
Spectroscopy (XPS) and Ultraviolet-Photoelectron Spectroscopy (UPS) facilities. The sample
was prepared in-situ in a UHV preparation chamber connected to the XPS set up following the
procedures described earlier in this chapter. After the preparation the sample was transferred

under UHV conditions to the XPS setup.

The utilized XPS was operated at a base pressure of 1-10~!? mbar. The measurements were
performed with an Al-X-ray source emitting photons at 1486.7 eV. A resulting full range XPS
spectrum of the kinetic energy, with all relevant peaks labelled is shown in Fig. 2.24.

The peaks indicated in the overview spectrum could be identified by comparison with liter-
ature values. No signature of additional elements apart from carbon present on the surface
could be detected in the overview spectrum,strongly supporting the hypothesis of carbon
being the source of the modified Moiré pattern. To further analyze the individual relevant
peaks, detailed scans have been performed. These are depicted as spectra of binding energy
in Fig. 2.25 a)-c). A nonlinear Shirley background function was subtracted from the data. The
peak position, the full-width-at-half-maximum (FWHM) and total area under the peak was
determined by fitting the respective peaks with a Gaussian-Lorentzian line shape using a
fitting algorithm. The resulting values are denoted in the graphs in Fig. 2.25.

The nitrogen 1s peak was determined to be at 398.208 eV. This corresponds well to the value

reported in literature [133].
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Figure 2.24 — Spectrum of the kinetic energy acquired by XPS on a IC-h-BN sample.

The characteristic carbon 1s peak for the IC-h-BN sample is located at 284.471 eV. For literature
values from high resolution XPS measurements on graphene on Rh(111) the C 1s peak has
been reported to split into two peaks one at 284.94 and one at 284.41 eV, caused by the
buckled growth of graphene/Rh(111) and thus two different binding states of carbon 2. For
XPS measurements on pure sp> carbon (diamond) a binding energy of the of about 290.45
eV, whereas for pure sp? carbon (graphite) a binding energy of about 284.36 eV was reported
[134]. The observed C 1s peak is shifted towards the binding energies reported for sp? carbon
or graphene/Rh(111). Thus a good hypothesis in the case of IC-h-BN might be, that the
carbon is predominantly found in aggregates with sp?-character at defined positions in the
space between the rhodium surface and the h-BN layer. Since the utilized XPS-chamber
does not allow for an in-situ transfer to a STM, the results could not be cross-checked with
STM topography. This option is currently under construction and will be utilized to provide

additional insight into this matter.

DFT model of IC-h-BN/Rh(111)

To rationalize the assumptions based on the experimental results, density functional theory
(DFT) calculations of the resulting h-BN Moiré pattern under the presence of 1, 2 and 3 carbon-
rings were utilized based on the model depicted in Fig. 2.26 a) and b). These simulations were
performed by the group of Prof. Talat Rahman (University of Central Florida) in a collaboration
on this project.

In the simulations the carbon rings were placed at similar symmetry points on the Rh(111)

2A measurement of an energy variation of this size is beyond the resolution limit of the utilized machine.
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Figure 2.25 - Binding energy of the characteristic elements of a IC-h-BN sample measured
by XPS. a)-c) The characteristic peaks in the binding energy of the elements C, N and B
are depicted along with the corresponding fits and the resulting parameters for the energy
position, FWHM and peak area.

surface (Fig. 2.26b)). In order to compare these results to the experimentally observed data,
simulated STM images were created. These are depicted in Fig. 2.26c). Whereas for 1 phenyl
ring per suggested binding site, barely a change in the simulated STM contrast is visible,
distinct structures form for 2 and 3 phenyl rings. Clear structures of a triangular regions with
high and low apparent height are found. The best agreement with the experimental data was
achieved for 3 phenyl rings. A comparison between experimental data and DFT simulation is
shown in Fig. 2.27. One can see, that the structures of the bright and dark triangles, as well as
the hexagonal shape of the valley are reproduced very well.

Considering the experimental and theoretical results presented in this section, the origin of
IC-h-BN can be related to intercalated carbon between the Rh(111) surface and the h-BN
superlayer. After the growth of h-BN on Rh(111), the temperature of the metal substrate is

gradually decreased. For a certain temperature range, carbon has the lowest solubility in
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a) Side view

Top view
b) 1 phenyl ring 2 phenyl rings 3 phenyl rings

h-BN sim. STM topography

Figure 2.26 — a)Side view of model of IC-h-BN. b) Top view of the model used for the DFT
simulations for 1, 2 and 3 phenyl rings. ¢) Simulated STM images based on the results of the
DFT calculations for 1, 2 and 3 phenyl rings. The blue triangles indicate the position of the
"bright triangle", the black triangles the position of the "dark triangle".

the Rh bulk and thus diffusion to surface of the Rh-crystal is promoted. Due to the strong
interaction of the h-BN with the Rh(111) surface at the valley position, carbon accumulates at
the rim-areas with the furthest distance to the metal substrate, resulting in the formation of a
new Moiré-pattern. Since this is the equivalent of carbon intercalated between h-BN and Rh,
we call this phase IC-h-BN.

Pentacene on IC-h-BN/Rh(111)

As an additional experiment we investigated, if IC-h-BN has modified characteristics towards
molecular adsorbates compared to h-BN. Since pentacene is a well understood model system
and we studied its behavior on h-BN extensively, we also performed a similar study of pen-
tacene on IC-h-BN. A STM topography image of the resulting sample surface of pentacene
adsorbed on IC-h-BN/Rh(111) is depicted in Fig. 2.28.

The pentacene molecules again appear as rod-like objects when imaged in the energy range of

the HOMO-LUMO gap. In contrast to h-BN, where their binding position was defined by the
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Figure 2.27 — a) High resolution STM topography image of IC-h-BN. The respective character-
istic areas are denominated and indicated in the image. b) Simulated STM topography image
based on a DFT calculation assuming three phenyl rings at every other h-BN rim site. The
scaling and the indicated shapes correspond to those of the image depicted in a).

pentacene

hexagon

dark triangle

Figure 2.28 — a) STM topograph of pentacene on the Moiré-pattern of IC-h-BN (Acquisition
parameters: Ug=-1V, I= 100 pA) . b) Adsorption position of pentacene indicated on simulated
STM image of Moiré-pattern of IC-h-BN. ¢) STM constant height image of the orbital structure
of the pentacene HOMO acquired as a dI/dV map. (Acquisition parameters: Ug=-2.1V, I= 100
PA, Upioq=50 MA, fn0q=832 Hz)

dipole rings inside the h-BN valley, they are now almost exclusively found in the dark triangles.
They adhere in such a way, that the long axis of the molecule is aligned in parallel to one of the
triangle sides. In STS measurements it was possible to resolve the molecular resonances of
HOMO and LUMO with a similar gap as for h-BN/Rh(111) as well as their orbital structure (c.f.
Fig. 2.28 c)).
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This indicates that the decoupling capability of the binding site of the pentacene of the dark
triangle is similar to the valley. The modified adsorption position might originate from the
fact, that the dipole ring of the h-BN was modified due to the carbon formation underneath
the h-BN layer or due to a small geometric change of the h-BN valley. The latter seems unlikely
since the area of the dark triangle is smaller than the area of the hexagon. If and to what extend
the dipole-ring of the original h-BN valley has been modified cannot be determined at this
point. A more plausible explanation is a local modification of the reactivity of the surface due
to the increased gradients in the local ¢ introduced by the carbon. Analogous to the trapping
potential of the dipolar rings of the h-BN Moiré formed by the work function differences
between valley and rim, this local gradient of ¢ at the observed adsorption position might

generate a similar attractive potential.

2.5 Conclusion partII

In conclusion we could show, that we can steer the growth of an additional Moiré-pattern
of h-BN/Rh(111) by modifying the amount of carbon impurities in the subsurface layers of
the Rh(111) substrate. By means of high resolution STM and STS in combination with XPS
measurements and the support of DFT it could be shown, that the structure originates from
small domains of sp?-carbon forming at specific registries with the substrate at the position
of the highest distance between h-BN and Rh(111) substrate. The observed work-function
variations, probed via the FER, could be shown to affect the local reactivity of the surface.
This results in altered adsorption geometries of small molecular species. In order to get a
deeper understanding of this process further theoretical models will be utilized in the future

to especially clarify the origin of the individual electronic states.
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Single amino acids on surfaces

The study of functional biological molecules, such as peptides and proteins on (inorganic)
surfaces by means of high resolution STM and STS has been an emerging field in the recent
years. This was demonstrated on a broad range of investigations on small natural peptides and
proteins such as studies on the assembly of cyclic peptides [135], the formation of aggregates
of peptides and lipids[136], the assembly of small dipeptides on metal surfaces [11] and the
folding of proteins on metal surfaces [36]. Especially to rationalize the final conformations of
folded peptides on surfaces [37] the chemical properties of the individual amino acids and
their individual interactions play a crucial role. Good examples for the role of the specific
interactions of amino acids, such as for example hydrogen bonding, are the formation of
specific conformational motivs, like the a-helix or the g-sheet [23][137]. The self assembly
of peptides on surfaces [15, 22, 138] is determined by their amino acid sequence and its
interaction with the underlying substrate. The 20 proteinogenic amino acids exhibit a broad
chemical diversity [71] and thus are interesting model system for a broad variety of effects.
The ability of amino acids to form ordered structures at metal surfaces was studied in 1978
by Atanasoska et al.[139] using low-energy-electron diffraction (LEED). Another important
aspect of the self-assembly of amino acids on surfaces is their specific chemical form. The
chemical form of amino acids can, depending on their immediate environment (e.g. the metal
substrate), vary between a acidic, cationic, zwitterionic or neutral [140] and thus facilitate
different bonding schemes. A number of STM studies were performed, such as for the example
of L- and S-proline on Cu(110)[141] and D- and L-methionine on Au(111) [142], where the
self-assembly of the structure on the surface was determined by the chirality of the building
blocks. For L-tryptophan on Cu(111)[143] the assebly of tightly packed structures driven by the
intermolecular hydrogend bonds and the 7-stacking of the indole residues was observed. The
specfic adsorbtion of L-cysteine to surfaces via its thiol groups was investigated on Si(111)[144]
and Au(111)[74]. On behalf of these examples it can be seen that amino acids on surfaces offer

a vast research field to study the diversity of self-assembled structures.
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In this chapter basic studies by means of high-resolution STM and STS on the characteristic
assemblies of the amino acids phenylalanine, tryptophan, arginine and proline on metals are
presented. As a second part, the possibility to attach specific amino acids to the STM tip is
presented. It is shown that characteristic motifs of the respective amino acid assemblies on
the surfaces are identified and moreover utilizing amino acid functionalized STM tips their

electronic structure could be assessed.

3.1 Phenylalanine

L-phenylalanine (Phe) is a proteinogenic amino acid with a functional residue consisting of a
phenyl ring [22] and thus exhibits an aromatic and hydrophobic character (c.f. chapter 1.3).
The chemical structure of Phe is depicted in Fig.3.1 a). By measuring the atomic distances
within a chemical drawing software one can approximate the length of the Phe molecule to
about 0.85 nm.

In the experiments presented here an atomically flat Cu(111) surface was employed. The
surface was prepared by subsequent cycles of Ar™ —ion- bombardment (E;,=1keV, pa,g =
1-10~% mbar) and annealing to 550°C for 5 min. The L-Phe was bought as an enantiomer pure
powder with a purity of >99% from Sigma-Aldrich. Utilizing a molecular evaporator (Dodecon),
the molecules were sublimed in-vacuo onto the clean Cu(111) surface. The successful (intact)
sublimation and its onset temperature could be determined using a mass-spectrometer. The
sublimation temperature range could be determined to approx. 118°C to 130°C. Subsequently
the deposition parameters were adjusted via STM measurements to a low submonolayer
coverage. An overview STM image is depicted in Fig.3.1a).

On the surface mainly three molecular species can be found (Fig.3.1 c) - e)). According to
their respective dimensions, symmetry and the number of observable constituents, one can
deduce, that these are dimers (c)) and tetramers (e)). This is visualized by superimposing high
resolution STM images with the chemical structure of Phe. The aggregate depicted in (d))
cannot be clearly assigned to a specific number of constituents. Most-likely these structures
consist of three Phe units (trimers). This was estimated by comparison of the aggregate size to
the size of the tetramers, which is about 25% larger. However this might also be related to a
variation in the adsorption geometry of the individual Phe units.

The dimers appear as rod-like structures with two bright protrusions at the outside and an area
of lower apparent height in the center. The bright protrusions can most-likely be allocated
to the phenyl-rings of Phe. Based on the calculations presented in [145] it is likely that the
amino group binds to the surface. The elevated binding geometry of the phenyl ring results
in the bright protrusion observed in STM topography. The observed structure fits well to the
structure reported by Lingenfelder et al. [11] for the dipeptide consisting of two Phe adsorbed
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10 nm

Figure 3.1 — a) Chemical structure of Phe and its length. b) Overview STM image of Phe
deposited on a Cu(111) surface. Exemplary the position of a Phe tetramer and a trimer is
indicated. c)-e) Detailed STM images of dimer (c)), unspecific aggregate (d)) and tetramer (e))
superimposed with structural formula of Phe in tentative models. (Acquisition parameters:
b)-e) Ug = 1V, I= 200 pA (constant current))

on Cu(110). The Phe units in the present case are not interconnected via a covalent peptide
bond. Nevertheless might the similar appearance in STM topography hint at an analog binding
motif to the one suggested in [11] for Phe-Phe.

The most common species at low coverages is the trimer. For higher coverages, the tetramers
are preferred. The trimers exhibit a central L-shaped region with elevated apparent height,
which generates a chiral assembly. Using this feature one can observe that the trimers adsorb
in three distinct orientations on the surface as it is shown in Fig.3.2 a)-c).

Most likely the observed adsorption geometry is governed by the interaction, of the Phe with
the underlying Cu(111) substrate and represents the three crystallographic directions of the
surface. As shown in studies by Forster et al. for S-proline on Cu(110)[146] and extensively
described by Barlow et al. [140] an important factor, which might lead to a certain bonding
geometry of the individual amino acid units, is the chirality on the surface and furthermore
the so called organisational chirality [140]. It can be seen that only one enantiomer of the
trimers can be found on the surface, which hints at a preservation of the chirality of the Phe
on the surface and furthermore a chirality induced organization to the tetramer structures.

The Phe tetramers appear in a rhomboid shape with two central lobes arranged in a linear
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)

Figure 3.2 — a)-c) Detail STM topography images of Phe trimers. Their specific orientation
is indicated by the red L-shaped line. Ug = 1V, I= 200 pA (constant current). All scale bars
correspond to 1 nm.

geometry (Fig.3.2 d)) and correspond well to two times the size of the dimer. Interestingly the
Phe units in the tetramers (and in the trimers) seem to bind in a different fashion to the surface
as in the case of the dimers, since they express a single elevated region in the center. In contrast
to this the endpoints of the dimers were the regions of highest apparent height. This variation
might be caused by the lateral interaction of the polar amino groups of the individual Phe units
in the trimers and tetramers. In general a geometry was suggested were the polar residues of
the Phe units are facing each other and thus can engage polar non-covalent interaction such
as hydrogen bonding, whereas the unpolar phenyl residues are facing outside (c.f. Fig.3.1).
A similar motif was reported for the folding of natural peptides on surfaces imaged by STM
in [13]. For the dimers and tetramers also a threefold adsorption geometry on the Cu(111)

surface can be observed.

In general, Cu (111) is a relatively reactive substrate compared to other nobel metal (111) [147]
surfaces and thus molecular adsorbates bind strongly to it. This enables STM imaging even
at higher bias voltages (in the range of U = £2V.), without displacing molecular adsorbates.
However, the strong interaction with the substrate comes at the cost of poor resolution in STS.
Molecular features are typically broadened, due to the hybridzation with the electron bath of

the metal [35, 85] making an observation difficult.
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In order to gain access to spectroscopic features, we have worked on decoupling the molecules
from the metal substrate by means of a thin dielectric layer. In literature it was shown, that
Ceso amongst others can act as a suitable decoupling layer with a band gap of more than 1
eV [148] for molecular systems. Smooth Cg layers can be grown in a very straight forward
way via thermal sublimation of the Cgy molecules in a molecular evaporator onto a clean
Ag(111) substrate. A flat Ag(111) surface was prepared by subsequent cycles of Ar* —ion-
bombardment (E;,=1keV, parg=1- 10~%mbar) and annealing to 530°C for 5 min. Cgy grows
in a layer by layer growth (Frank-van der Merwe) mode [149]. For an approximate coverage
of about 1.5 monolayers, Cgy was sublimed at 510°C within several minutes. Exemplary
a resulting STM image of an area with a bilayer of Cgy/Ag(111) and corresponding height
profile is shown in Fig.3.3 a) and c), a high resolution STM image depicting the individual Cg

molecules in Fig.3.3 b).

a)

fot™
xS

X (nm)

Figure 3.3 — a) STM topograph of a bilayer Cgy deposited on a Ag(111) surface. The black
square represents the dimensions of the high resolution STM image depicted in b). The red
dotted line indicates the height profile depicted in c). (Acquisition parameters: [=30 pA, Up=-2
V)

The Cgp molecules appear mostly as three lobe structures and exhibit a surface roughness of
less than 50 pm in a close packed layer [149]. Phe was deposited onto the Cgp in a similar way

as before. The result is depicted in Fig.3.4.
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Ag(111)

Figure 3.4 — a) STM image of linear structures of Phenylalanine grown on the Ag(111) surface
for a low coverage of Phenylalanine. b) Detail of linear Phenylalanine cluster. The inset shows
a zoom-in on the image with an overlay of the chemical structure of Phenylalanine to visualize
possible arrangement within the linear assembly. ¢) Resulting assmebly of Phenylalanine on
Ag(111) for higher coverages. d) Zoom-in on Phenylalanine assemblies for higher coverages.
The inset shows a zoom-in on the image with an overlay of the chemical structure of Pheny-
lalanine to visualize possible arrangement within the assembly.(Acquisition parameters(a)-d)):
I=30 pA, Up=-1V)

As shown in Fig.3.4a), no admolecules are found on the Cgg layer but well ordered chains can
be observed at the boundaries of the Cg islands. Phe seems to be too mobile on the Cg films
and thus it is diffusing to the bare Ag surface instead. The diffusion length of Phe is at least
of the order of a couple of 100 nm because no molecules can be found even on extended Cgg
islands. Lowering the sample temperature during the deposition of Phe to liquid nitrogen
(IN>) lead to a similar result, demonstrating that the diffusion length of Phe still exceeds the
typical size of the Cg islands. Acquiring high-resolution STM images of Phe on Ag(111) reveals
that the observed structures match well in size with linear aggregates of Phe. It should be
noted that the structure as shown in Fig.3.4 b) is a suggestive model. Increasing the coverage
of Phe leads to a saturation of the free patches of exposed Ag(111) surface (Fig.3.4c),d)), but
does not lead to the adsorption of Phe on the Cgg layer. These results imply, that Cg is not a
suitable decoupling layer within the accessible temperature range during the deposition, to
enable STS experiments on Phe because it does not exert sufficient interaction with the amino

acid to immobilize it.
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3.2 Tryptophan

The results obtained from the experiments performed with Phe indicated that surfaces wich
are too reactive (Cu(111)) and those which are too inert (Cgp) only allow limited access to
topographic and spectroscopic features of adsorbed molecular species. For surfaces which are
too inert, the large diffusion length of the molecules on the surface inhibits the observation
of individual molecules. For strongly interacting surfaces the electronic features cannot be
observed due to strong hybridization. As a less reactive substrate Au(111) [147] was utilized.
Furthermore Soe et al. showed in 2009 for pentacene adsorbed on Au(111) [111], that it is
possible to observe the topography as well the orbital structure of pentacene adsorbed on
Au(111). This suggests, that Au(111) is inert enough to enable STS but still allows for the
observation of individual molecules. Au(111) was prepared in an analogue way to the Cu(111)

surface.

As a second amino acid, L-tryptophan (Tryp) was investigated. Tryp is an aromatic amino acid
with an indole ring system as functional residue [22]. For large protein systems such as the
photosystem or membrane proteins, Tryp was reported to predominantly mediate specific
H-bridges and interaction with cations at the outer perimeter of the protein and thus act as
a stabilizing agent[150][151]. Its size estimated on behalf of its chemical structure is about
0.9 nm along its long axis (c.f. Fig.3.5a)). For Cu(110)[152] and Cu(111) [143] surface Tryp has
been investigated in STM experiments published in literature. There it was shown, that for
these surfaces the functional groups of Tryp bind to the surface resulting in a flat adsorption
geometry. In a similar way as described for the Phe sample, Tryp was obtained as highly pure
powder (>99%, Sigma-Aldrich) in an enantio pure form and was deposited by evaporation at

210°C in vacuo.

Fig.3.5b) and d) depict overview STM images of Tryp on Au(111) for high coverage (¢4eposition
=60 s) and lower coverage (fgeposirion = 30 8) respectively. For the high coverage (Fig.3.5b))
the most common structures are square like aggregates, which can also interconnect into
bigger row-like superstructures. A detailed scan (inset: (Fig.3.5b)) of these square structures
shows, that they consist of four repeating elements, each rotated by 90° (Fig.3.5¢), the shape of
a building block is indicated in red). Every sub-unit fits well in size and shape to the slightly

bent structure of Tryp originating from the geometry of the indole-residue.

Lowering the coverage leads to individual equally distributed clusters with a typical more
rounded shape as shown in Fig.3.5d). It can be seen in Fig.3.5e) that two of the observed
features of these aggregates are similar to the building blocks of the square clusters. However,
the two remaining constituent have a different appearance. An altered STM topography of

the constituents might imply a varied adsorption geometry of these building blocks medi-
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Figure 3.5 — a) Chemical structure and size of L-Tryp. b) STM image of a high coverage of L-
tryptophan deposited on Au(111). Blue square depicts area of zoomed in STM image depicted
in the inset. (Acquistion parameters: Ug=-1V, I=50 pA). c) Characteristic Tryp aggregate for
high coverage, superimposed with structural formula of Tryp (Imaging parameters: Ug=-1,
I=50 pA) d) STM image of a adjusted coverage of Tryp deposited on Au(111). The white dotted
circle indicates a Tryp aggregate as depicted in d) (Imaging parameters: Up=-1V, I=50 pA).
e) Characteristic Tryp aggregate for low coverage, superimposed with structural formula of
Tryp. The two sets of building blocks are indicated by the colored areas in the left image. For
visibility the right image depicts the STM topography without the color coded areas.(Imaging
parameters: Ug=-1V, I=50 pA).

ated either by a variation in the molecule-substrate interaction or the interaction with the
neighboring Tryp molecules. To clarify this however, a distinct simulation by means of DFT
or MD is necessary. The model as it is shown in Fig.3.5 suggests that the Tryp molecules
are arranged in such a way that the indole residue can engage in polar interaction with the
carboxylate groups of the neighboring Tryp. Studies of L-Tryp on Cu(111),Cu(100), Cu(001)
[139, 143, 152] for higher coverages of Tryp show that ordered networks are formed with a
similar arrangement as observed for the square clusters (Fig.3.5e)). The reported networks are
further stabilized by 7-stacking [143] and intermolecular hydrogen bridges. For Tryp adsorbed
on Au-nanoparticles [153] it was stated that both the indole and the carboxylate group of Tryp

bind to the surface, which is in good agreement with our STM data.

The clusters observed in the experiment on the Au(111) surface exhibit a certain mobility
on the surface and are prone to rotation or displacement upon scanning with elevated Up

(= 2V) or currents (= 500p A) indicating a rather weak interaction with the substrate but due

64



3.2. Tryptophan
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manipulation due to U, |

Figure 3.6 — Manipulation of Tryp cluster on Au(111) due to sweep of U in the range of + 2V
around EF at a setpoint of 500 pA.

to the preservation of the structure of the assembly a rather strong interaction in between the

individual Tryp units.
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Figure 3.7 — a)STS measurment on Au(111) (green) and Tryp tetramer (red) using a metal
tip. Acquisition parameters: I= 100 pA, Uo4: 50 mV, fi,04= 832 Hz. The curves have been
smoothed using a Gaussian filter for better visibility. The inset shows zoom-in on Au(111)
surface state b) Measurement on Tryp tetramer (red) and Au(111) (green) with Tryp function-
alized tip. The red arrows indicate positions of characteristic resonances. The vertical dotted
black line indicates the position of the surface state of Au(111). Acquisition parameters: I= 50
PA, Upoa: 50 mV, f,0q4= 832 Hz.
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The STS measurement on the bare Au(111) substrate (c.f. Fig.3.7 a)) shows a parabolic behavior
and at -0.45 V a step in the differential conductance. This feature originates from the Shockley
surface state of the Au(111) surface and its energetic position is in good agreement with
values reported in literature [154]. The unperturbed observation of this characteristic feature
without the abundance of additional resonances is used as a benchmark to determine, if the
tip is metallic. On a Tryp tetramer the STS measurement is mostly featureless apart from
the surface state of Au(111), an increase in the differential conductance around -1.8 V and
a small step at + 0.9 V. In order to be more sensitive towards certain molecular resonances,
the possibility of functionalized STM tips was investigated. Therefore, a Tryp tetramer was
picked up by continuously approaching the tip to the surface for Ugs = —1 to —1.5V until
a jump in the observed tunneling current is visible. Investigating the surface area by STM
topography indicates the absence of the Tryp cluster. Performing a STS measurement after
this experiment, results in the data depicted in Fig.3.7b). The green curve is measured on
the Au(111) surface. One can see that the surface state of the Au(111) is visible. However,
additional peaks are observed at -1.7 V, -1.1 V and -0.7 V. This confirms that the STM tip
was most likely modified. A similar behavior in STS can be observed, when measuring on a
Tryp tetramer (red curve). The dominant peak at -1.7 V is slightly shifted and has an about
10% increased intensity and the surface state cannot be observed on the Tryp tetramer. This
implies, that the tip functionalization might play a crucial role in the observation of the
molecular resonances, however the resonances cannot be assigned unambiguously in the
present case. The multitude of observed resonances in the STS might hint at a rather undefined
tip functionalization probably caused by the adsorbtion of a Tryp cluster to the tip. In order
gain the maximum control over the tip functionalization process it is favorable to minimize the
cluster size, ideally to individual molecules and develop a proper protocol for the controlled
adsorption of a molecule to the tip apex.

The formation of clusters, as depicted above, is facilitated by their diffusion length Thus, a
well established way to limit the clustering on a surface is reducing the thermal energy of
the adsorbates by reducing the substrate temperature. This was demonstrated for individual
atoms [57] and larger molecular species [35]. Here, we cooled the Au(111) sample during
the deposition process to approximately 77 K. The resulting two most common species are
depicted in Fig. 3.8. As before, aggregates consisting of four Tryp units can be observed.
Additionally, it is possible to observe a new structure, which can be identified as dimers (c.f.
Fig.3.8 b)).

It was possible to acquire high resolution images of these dimer structures (c.f. inset Fig.3.8 b))
utilizing a functionalized tip. These scans revealed intra-molecular contrast. Furthermore the

respective monomers exhibit a characteristic curved shape. In order to further understand the
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4.0 nm 4.0 nm

Figure 3.8 — a) and b): Resulting structures of Tryp/Au(111) for a deposition onto a pre-cooled
sample surface (= 77 K) (Acquisition parameters: Ug= -1V, 1 =50 pA). The inset of b) depicts a
high resolution constant height scan of the framed structure superimposed with suggested
geometry of Tryp (Acquisition parameters: Ug= 10 mV, Setpoint: I= 50 pA).

tip functionalization process a protocol for a controlled decoration of the tip was implemented.
As afirst step a metallic tip was prepared by means of voltage pulses or controlled indentation
into the metal substrate followed by subsequent STS measurement on a bare metal. The
pick up process was performed in a similar way as described above. Subsequently to the
pickup process, topographic images and STS measurements revealed the success of the
functionalization as depicted in Fig.3.9 a). The white arrow indicates the position of the
picked up Tryp unit. After the functionalization changes in the inner contrast of the remaining
structures on the surface are visible, most-likely due to the altered geometry of the tip apex.
Furthermore, STS measurements on Au(111) with the modified tip revealed the success of the
functionalization. Apart from the surface state of Au(111) at =-400 meV, a strong resonance at
-1.7 Vis visible most likely originating from the Tryp adsorbed at the STM tip. Repeating the
STS measurement on Tryp cluster with this tip, it was possible to resolve two distinct peaks
below and above Ef.

Although the absolute energetic positions of HOMO and LUMO of a molecular species on a
surface are influenced strongly by e.g. the specific hybridization and ¢ of the substrate [113],
the observed resonances most likely corresponding to the HOMO (Up=-1.7 V) and LUMO
(Up=+1.8 V) of Tryp by comparison with values for Tryp on Cu(111)[143] and on for Tryp on
Gold nanoparticles [153] . The HOMO at -1.7 V furthermore corresponds well to the most
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Figure 3.9 — a) Pick up of Tryp dimer. (White arrow indicates former position of Tryp
dimer) (Acquisition parameters: Ug= -1V, =50 pA). b) Corresponding I(z) curve, indicating
the tip modification in the backward sweep. c) STS measurement on Au(111) and Tryp dimer
with Tryp functionalized tip. (I= 50 pA, fi04 = 832Hz, Uj,0q = 50mV).

dominant peak observed in previous measurements. The other resonances observed for a
Tryp cluster at the tip apex could not be reproduced and thus are most likely caused by an
undefined composition of the tip apex. From the observation presented in this section, we
can conclude that the application of a well defined Tryp functionalized STM tip, enables the

observation of the molecular energy levels of Tryp deposited on a Au(111) surface.

3.3 Arginine

Following a similar protocol as previously described for Tryp, L-arginine (Arg), bought as an
enantio pure powder from Sigma Aldrich (Purity > 99%), was studied on a Au(111) surface. Arg
is a polar amino acid with a guanidine residue as functional group and thus exhibts a basic
and hydrophilic character [22]. Its chemical structure is depicted in Fig.3.10 a).

Arg was deposited onto a clean Au(111) surface by thermal evaporation at 180°C for t=30 s
leading to a typical sub-monolayer coverage as depicted in the STM overview scan in Fig.3.10
b). Characteristic aggregates consisting of four circular features can be observed (Fig.3.10c)).

The four features can be divided into a set of two smaller features with an apparent height of
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about 1.5 A and a set of two larger features with an apparent height of 1.8A. These two sets
of circular features are spaced about 1 nm apart within the aggregate. The entire aggregate
exhibits a twofold symmetry along its long axis. By comparing the size of the aggregate with the
dimension of the chemical structure of Arg and taking the twofold symmetry of the aggregate

into account they can be most likely assigned as Arg dimers.

a) 2 .- 20 nm
NH (@]
HoN H/\/\‘/U\OH
NH>
0.9 nm

Figure 3.10 — a) Chemical structure and size of L-Arg. b) STM image of L-Arg evaporated
on Au(111). Deposition paramters: 180°C, t= 30 s. The Au(111) substrate was kept at room
temperature. c) Characteristic Arg aggregate superimposed with structural formula of Arg.

Following this analysis each structure corresponding to a single Arg unit consists of two circular
features in STM topography. These originate most likely from the amino acid group, inheriting
elevated electron densities. It can be noted, that there is a difference in apparent height for the
two observed features, which might be caused either by a variation in binding geometry or by
local variations of the electron density. An exact allocation of one of the features to either the
guadinine- or the amino-group cannot be done based on the STM topography alone. However,
there is data available in literature, which indicates that the adsorption of amino acids to a
metal surface occurs via bond formation of the N (amino group) or the O atoms of the carboxyl
group (143, 146, 155]. Currently, in a collaboration with C. Baldauf (Fritz Haber Institute, Berlin
(Germany)), ab-intio simulations of Arg/Au(111) are prepared to rationalize the observed STM

topography. For a deposition at room temperature mostly dimers or larger aggregates of Arg
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are found on the sample surface. Predominantly they are immobilized at the most reactive
elbow sites [149] of the Au(111) (22 x v/3) reconstruction. In a similar fashion as for the case of
Tryp, cooling of the Au substrate to 77 K during the deposition favors monomers and hinders
the formations of dimers. These monomers (c.f. Fig.3.11a)) can again be used to specifically

functionalize the STM tip. The utilized protocol corresponds to the one described in the Tryp

section.
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Figure 3.11 — a) Arg monomers on Au(111). b)STS measurment on Au(111) and Arg dimer with
Arg functionalized tip revealing characteristic resonance of Arg (Acquisition parameters: I=
100 pA, Uj04= 50 mV, f,04=832 Hz)

With a funcitonalized tip a characteristic resonance of Arg could be detected at a sample bias
of Up = —1.7V as indicated by the black arrow. Using a functionalized tip, this peak is also
observable on the Au(111) substrate along with the surface state at Up = —400m V. It has to be
noted, that the observed resonances for Arg is at an almost identical position as the resonance
observed for Tryp, which might either indicate that the observed resonance originates from
a state of a common part of both amino acids adsorbed on the tip, such as the amino group.
However, it was shown for L-Tryp on Cu(111) [143] that the orbital structure of the frontier
orbitals of Tryp extends over the entire amino acid and thus it is unlikely that only a specific
functional group corresponds to the conductance. In the present case of Arg, it is furthermore
only possible to observe one state below Er, which most-likely corresponds to Arg HOMO,
opposed to the case of Tryp, where it was possible to observe HOMO and LUMO. The equal
position thus seems either to be a coincidence or to be more-likely caused by an uncertainty
in the measurement. Moreover a differnce in interaction between the two amino acid species
with the surface, might cause these peaks to be observed at almost identical energy positions.

The overall energy position of the Arg resonance varied within a range of about 100 meV. The
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width and the intensity of the peaks though varies rather strongly. This parameter might be
strongly dependent on the adsorption geometry of the molecule on the tip, which leads to
variations of the geometry of the tip apex. A more drastic energetic shift of the peak of the
order of a couple of 100 meV and the occurrence of multiple peaks in STS is usually related
to the adsorption of several molecules and could also be observed for Arg. A mapping of the
spatial extension of the peak at -1.7 V could not be performed, since the molecules tend to be

very unstable at these elevated values of Up.

3.4 Proline

As a fourth amino acid L-proline was investigated on Au(111). Proline is one of the smallest
amino acids and has a structural peculiarity. Its amine group is incorporated in the functional
pyrrolidine group (c.f. chemical structure Fig.3.12b)). Interconnected in peptide chains,
proline units do not bind in a linearly but interconnect in a helical binding motif as it was
shown for poly-proline chains in [156]. Furthermore poly-proline helices are reported as
very stiff assemblies due to a reduced rotational freedom of the proline-proline peptide bond
[157][158] and thus acting as integral part in the structures of bio molecules [156][159][158].
STM studies on S- and L- Proline were performed on various surfaces such as Cu(110)[146],
Ge(100) [160] and Au(111)[155]. In these studies relatively high coverages of the order 0.5 -1
monolayer of L-proline was investigated. It was shown on Au(111) that proline appears as 0.5
nm wide circular feature and arranges in a regular closely packed hexagonal pattern [155].
In the experiments performed here, it was not possible to thermally evaporate proline using
a molecular evaporator. Instead this obstacle was circumvented by utilizing ES-IBD as an
alternative UHV method for the deposition of proline. An Au(111) sample was prepared
according to the recipe described above. The sample was transferred under UHV conditions
utilizing a vacuum suitcase (c.f. section 2.2.1) to an ES-IBD setup. The proline powder was
dissolved in a mixture of H,0 and Ethanol (ratio 1:1) with 0.1 % of formic acid. Within the
electrospray process of this solution, proline was brought as positive ions into UHV. After
mass-selection proline was deposited onto the Au(111) sample, which was subsequently
transferred back to the 4 K STM. It should be noted that up to now the set-up is currently
limited to substrates kept at room temperature during ES-IBD. A new vacuum suitcase will be
implemented, supporting cooling the samples to liquid nitrogen temperatures.

An overview scan of the resulting sample surface is depicted in Fig.3.12a) showing individual
clusters of varying size. Furthermore, isolated objects have adsorbed at the elbow sites of the
Au(111) surface reconstruction and appear as dot-like features (Fig.3.12c)). As a most common
structure a tetramer assembly consisting of square arrangement of four circular objects, each

having a size of about 0.4 nm, is observed. In size and appearance these correspond well to
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Figure 3.12 — a) STM image of L-Proline deposited on Au(111). The deposition was carried
out with ES-IBD. b) Chemical structure and dimensions of Proline. c)Common structures of
Proline on Au(111). Top image: Most common Proline tetramer superimposed with structural
formula of Proline. Lower image: Tetramer after atomic manipulation with STM tip resulting
in isolation of Proline monomer. (Acquisition parameters: Ug= -1V, 1 =50 pA)

the results obtained for S-proline on Au(111) in [155]. Most of the tetramers seem to adsorb
on the objects immobilized at the elbow sites, which act as pinning centers. The tetramers
are to some extend mobile on the surface and can be easily manipulated with the STM tip by
approaching the tip or ramping Up (Fig.3.12c)) resulting in a displacement of the tetramers or

eventually in splitting them.

However, a similar behavior is not observed for the individual adsorbates on the elbow sites,
which are not prone to manipulation with the STM tip. Either this implies that they are a
chemically different species and thus a contamination on the surface along with the proline or
they are proline units which are adhered more strongly to the surface. For the Au(111) surface
it is known, that the atoms on the elbow sites are the most reactive areas of this surface [149]
making the immobilization of molecular adsorbates at these positions likely. A contamination
of the Au(111) during the ES-IBD process is unlikely, as the ionic beam is mass-filtered prior
to the deposition. As no clear identification of these features can be performed, they were

ignored for the studies on proline or for subsequent tip functionalization purposes.
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Figure 3.13 — STS measurements with proline functionalized STM tips on proline and on
Au(111). The dotted red line is a reference measurement with a metallic tip on gold. The
arrows indicate the relavant peaks (Black: Signature of proline with proline tip; Red: Signatures
of proline functionalized tip on gold) Acquisition parameters: I = 50 pA, f0qa=832 Hz, U04=
50 mV.

In order to perform STS experiments with functional tips analog to the experiments performed
on the other amino acids, the proline tetramers were split by means of a voltage pulse of about
AUp = 2V. This is indicated in Fig.3.12c). Subsequently individual proline molecules could
be attached to the STM tip according to the procedure described before. The results of the
STS measurements are depicted in Fig.3.13. Again, it was possible to observe a characteristic
feature in STS with a proline functionalized STM tip at Ug = -1.01 V. On the metal surface,
the functionalized tip revealed a state at Ug = -1.39 V. As reference experiments with a purely
metallic tip was used. Typical fluctuations of the observed states were in the range of a couple
of 10 meV. Due to the relatively high mobility of the proline units on the Au(111) surface, the
states could be observed but it was not possible to acquire spatial maps of the corresponding

DOS.

3.5 Multiple amino acids on Au(111)

In a next experiment, the two amino acids Tryp and Arg were deposited on a Au(111) surface
alongside pentacene. With this experiment we wanted to investigate, if an unambiguous iden-
tification of the various species is still possible on the surface. Pentacene was co-evaporated as
areference molecule to study the influence of a tip-functionalization with different molecular
species on STS measurements on amino acids. A clean Au(111) substrate was prepared ac-

cording to the recipe described before. During all depositions the substrate was kept at room
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temperature. Fig.3.14 depicts a typical STM overview image of the resulting sample surface.

a)

di/dV (arb.u.)

Bias (V)

Figure 3.14 — a) STM image of Arg, Tryp and pentacene deposited on Au(111). The dotted
circles indicate the positions of characteristic structures for each species. Acquisition param-
eters: Up=-1V, =50 pA. b) Detail scans of characteristic Arg and Tryp cluster imaged with
a pentacene functionalized tip. The inset depicts an STS measurement on Au(111) with a
pentacene functionalized tip (I =50 pA, fi04= 832 Hz, U,;,04= 50 mV) and the observed orbital
shape of the pentacene HOMO.

One can see that it is possible to observe the characteristic structures for Tryp (Tetramers),
Arg (Dimers) and Pentacene. Interestingly, these structures form in a similar way as for the
samples with only one single species of amino acids. Tryp and Arg seem to not form any
hybrid structures, implying that the dominating force behind the formation of the respective
aggregates is the specific interaction between the amino acids of the same species. The very
polar guadinine residues of Arg are known to interact strongly with other polar sidegroups of
peptides and thereby determine their specific conformation on a surface [37][13]. Arg has the
tendency to passivate its polar groups via polar interaction with other Arg units on the surface.
The elongated structure of Arg and its polar guadinine-, carboxylate- and amino-groups offer

multiple sites to form hydrogen bonds or interact via dipole-dipole interactions. Tryp as the
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only other amino acid species on the surface on the other hand, has an unpolar aromatic
character and is unlikely to engage in polar interaction with Arg. Furthermore, its specific
curved conformation determined by the indole-group might also introduce a steric aspect

hampering the aggregation of Arg and Tryp.

In literature [150] it is described for proteins, that Tryp is likely to interact in a perpendicular
geometry with cations and other polar groups via its 7 electron system extending perpendicu-
lar to the plane of the aromatic ring of the indole group. By this an interaction between the n
system and a neighboring cation, e.g. the charged residue of Arg in aqueous solution can be
formed in a stacked geometry. However a stacked bonding motif would require that either
the polar residues of Arg or the aromatic ring of Tryp are lifted off the surface. Due to the
interaction of aromatic adsorbates with the dipole moment of the surface [161] a flat binding
geometry seems to be more likely. By this the formation of specific clusters consisting only of

Arg or Tryp might be favored.

Another aspect, which needs to be considered here, is the subsequent deposition of the amino
acids. Thereby the respective aggregates of one amino acid might already form on the surface
and thus making them unavailable for interaction with the second amino acid deposited in
a subsequent step. However, it is not clear in how far these aggregates are already formed
at room temperature during the deposition or if they condensate upon cooling to 5 K in the
STM. In order to asses this aspect of the formation of amino acid aggregates, measurements
at various temperatures would be necessary. To further study the role of functionalized
tips in the specific recognition of amino acids in a STM experiment we performed similar
experiments as described in the previous sections. Although it was possible to observe some
of the characteristic peaks of the individual amino acids, the obtained results are unclear. A
major problem poses the unambiguous determination of the state of the tip before attempting
a functionalization or acquiring STS data. Therefore, the tip cleaning protocols and the recipes
for a proper tip functionalization need to be more refined in control experiments. However,
for pentacene as a molecular species the funcitonalization is well known and described in
literature [35, 111, 162]. According to the experiments described in chapter 2, pentacene was
brought to the surface and used for tip functionalization. A pentacene functionalized STM tip
shows a clear signature in STS on the Au(111) substrate (c.f. inset Fig.3.14 a)). Furthermore,
the orbital structure of pentacene is easily observable as exemparily shown for the HOMO. For
the Tryp and Arg, no significant features could be determined using a pentacene tip in STS or
STM.
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3.6 Conclusion

With the experiments presented in this chapter, it was shown that various species of amino
acids could be deposited on different substrates and investigated in STM and STS experiments.
As a suitable substrate enabling both, STM and STS, Au(111) was utilized. For the amino
acids of Phe, Arg, Tryp and proline specific binding motifs could be determined. Furthermore,
employing amino acid functionalized STM tips it was possible to resolve electronic fingerprints
of Tryp, Arg and proline. This enables further studies aiming at resolving these states in

extended molecular compounds, such as peptides.
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surfaces

In biology, a broad arsenal of "machines" with very intricate shape and functions at the
nanoscale determines the processes in every cell. The utilized machinery is thereby based
upon the self-assembly of peptides and proteins into complicated but still well defined three-
dimensional conformations. Peptides consist of a chain of linearly interconnected amino
acids. Due to the chemical diversity and specific interactions of the amino acid this chain
folds and thereby defines the ultimate shape of the peptide. An aim of modern research and
development of novel nanostructured materials is to understand and mimic the exquisite
functionalities that could be observed in the toolbox of nature. DNA was one of the first bio-
logical compounds utilized for the generation of artificially engineered nanostructures [163]
and nano-machines [164]. In contrast to DNA, which is designed for information storage and
structural rigidity, peptides are chemically and conformationally versatile due to their sequen-
tial assembly. Furthermore, they often exhibit additional properties, such as catalytic activity.
As a new approach, the imitation of the outstanding self-assembly capabilities of peptides and
proteins is an interesting alternative to find ways for the generation of novel materials [22].
Thereby a general obstacle is the high structural complexity and thus the complicated poten-
tial landscapes [165] involved in the folding of peptides. Ths complicates the straightforward
access and understanding of the specific relevant process involved in the formation of the
distinct final conformation. In order to find simple model systems with reduced complexity
and circumvent the often complicated isolation of natural peptides, an interesting alternative
is the molecular class of synthetic peptide sequences. Synthetic peptides are generated for
instance by solid-phase synthesis (SPPS) [39], which was developed by Merrifield in 1963
[166]. In the recent years SPPS [167] became an affordable tool to generate artificial peptide
sequences with sufficient purity. This allows for the investigation of artificially designed model
systems and their derivatives with properties inspired by nature. Thus the complexity of natu-
ral peptides and proteins can be reduced and specific properties can be singled out, allowing

for the basic understanding of their function and structure. In the last decades, there are a
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number of examples in literature studying (synthetic) peptide self-assembly into nanostruc-
tures [168]. In [169] the formation of self-assembled amyloid nanostructures introduced by
cross B-sheet formation was studied. Matson et al. [170] discussed different classes of peptide
amphiphiles, Fmoc-peptides, self-complementary ionic peptides and hairpin peptides, which
can be utilized for the generation of self-assembled nanostructures suitable for the generation
of scaffolds for bio-active materials. Further experiments using synthetic peptide sequences
were performed by Ghadiri et al. [171]. They studied the formation of cyclic peptide nanotubes
with an alternating sequence of L and D amino acids. However, in contrast to natural peptides,
the self-assembly of engineered peptide sequences still follows rather simple design principles,
such as the use of alternating domains of polar- and unpolar amino acids leading to a segrega-
tion of the two upon folding and the formation fibril-structures [14]. The application of more
intricated design principles requires a fundamental knowledge of the peptide structure as well
as a detailed knowledge of the interactions between the individual amino acids involved in the
self-assembly process. In a first theoretical study by Frederix et al. [172] the influence on the
chemical space of tri-peptides by specific amino acids was investigated and general design
rules for the self-assembly of small peptides could be established.

On the experimental site it is therefore an interesting approach to investigate peptides and
their self-assembled structures on a single molecular level with the two key tasks of direct
structure determination and identification of the individual amino acids on a nanometer
scale. With respect to possible technological applications of peptide nanostructures, such as
functional coatings [173] or bio molecule interfaces [174, 175] with other materials another
important aspect is their specific assembly and binding to inorganic surfaces. Within the
last decade, STM became an important tool to probe peptide nanostructures with nanoscale
precision for their structural characteristics on surfaces. Claridge et al. [176] employed STM
measurements on a synthetic peptide sequence comprised of Histidine- and Alanine drop-
casted on a HOPG-surface to investigate its specific assembly. Experiments performed by So
et al. [177] studied the binding of genetically engineered peptides to a Au(111) surface and
could deduce principles behind the formation of the peptide/metal interface. Lingenfelder et
al. [11] was able to trace the chiral recognition of Phe-Phe by thermally evaporating the small
di-peptides onto a Cu(110) surface.

When performing STM experiments on large bio-polymers such as peptides a general difficulty
is the discrimination between the individual amino acids due to the lack of chemical sensitivity
of the STM. Typically it is not directly possible to perform such an identification based on
STM data, without the extensive application of MD- or DFT- based models. In the following
chapter a possible approach towards problems of the structural determination and the on

surface identification of amino acids in peptide sequences is presented. As sample systems,
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two simple synthetic peptides, consisting of two and three amino acid species respectively
are utilized. On behalf of the results presented here, the influence of a modification of the
peptide sequence on the on-surface self-assembly could be studied. As it will be shown,
macromolecules as the utilized synthetic peptides posses a high conformational freedom,
which makes the structural determination of even rather simple peptides absolutely non-
trivial. As a main focus the application of functional STM tips, modified with amino acids
adsorbed at their apex is discussed. It could be shown, that by employing these tips, a specific
recognition and thereby a partial sequencing of the peptide sequences on the surface was

enabled. By comparison with DFT models, the results could be rationalized.
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4.1 Model system - WWPPPPWW on Au(111)

The first model system discussed here is a peptide with the sequence NH, - WW — PPPP —
WW — COOH and is referred to as WWPPPPWW. The chemical structure of WWPPPPWW is
depicted in Fig.4.1. The design of the first investigated peptide was chosen as such, that it
enables the observation of individual amino acids. Therefore a sequence of two sets of amino
acids with big functional groups (Tryp (W)) separated by a short and stiff spacer (proline (P))
was chosen. A poly-proline chain consisting of four L-prolines was chosen as spacer because
of their helical bonding motif. Proline-proline bonds are considered to be one of the stiffest
peptide bonds [156, 159] and thus are a suitable structural element to enhance the rigidity
of the peptide chain. Tryp was utilized because of its conjugated indole residue providing
high electron density observable in STM [143]. Furthermore aromatic amino acids have the
tendency to adsorb in a planar binding geometry as it was shown on the example of Phe
on metal surfaces [145]. The synthetic peptides used in this work were obtained from the
commerecial supplier "GeneScript" (www.genscript.com) and delivered in lyophilized form

with a purtiy of 99%.

N-terminal C-terminal Ho

2 x L- Tryptophane - 4 x L- Proline - 2 x L- Tryptophane

Figure 4.1 — Chemical structure of the synthetic peptide with the sequence WWPPPPWW. The
N- and the C-terminal are color coded.

WWPPPPWW has a molar mass of 1390 g/mol. Typically molecules of this weight cannot
be thermally sublimated using a molecular evaporator. In order to bring WWPPPPWW to a
surface in UHV, an ES-IBD on a Au(111) surface was performed. To this end WWPPPPWW was
dissolved in dimethyl sulfoxide (DMSO). In the mass selection process the singly protonated
state was isolated and used for deposition. STM scans of the sample are depicted in Fig. 4.2.
One can see that the deposited molecules form mainly 2D islands with varying sizes and a
substructure consisting of regularly arranged dot like features. The coverage of the Au(111)
surface can be estimated to ~ 20%. Typical island sizes range from a couple of 10 nm? to up to
a 1000 nm?. It is possible to see, that the borders of the islands follow the three high symmetry

directions of the Au(111) surface. A small periodic modulation of the apparent height is visible
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leading to a "striping" of the islands (c.f. red dotted lines in Fig.4.2a)). These features originate
by the 22x+/3 (herringbone) reconstruction of the underlying gold substrate. Acquiring high
resolution STM images gives more insight in the individual building blocks of the networks
(Fig.4.2b)). One can recognize that the individual building blocks appear in a "windmill like"
shape as it is indicated by the cartoon representation and are thus referred to as windmills in
the following. They consist of four prominent lobes with high apparent height in a squared
arrangement. Four lobes with lower height extend out of these and thereby form the windmill
shape. This structure has a four-fold symmetry and is chiral. The main lobes are spaced about
1.2 nm apart as it is indicated by the depicted profile.

Additionally the islands are divided into parallely arranged domains of about 4 nm width (c.f.
white dotted lines Fig.4.2 a)) separated by domain borders, which appear as dark lines in the
STM contrast. A precise origin of these domains cannot be determined. The equally spaced
domains with two binding geometries might hint at a strain relief mechanism, for example due
to the mismatch of the preferred adsorption sites of the molecules on the Au(111) substrate
[178]. Furthermore in one domain the windmills are arranged such that adjacent lines are
shifted by half the size of a windmill with respect to each other. Thereby the windmills are
arranged in a diagonal geometry. In the neighboring domains they are arranged in a linear
geometry (c.f. Fig.4.2c)). Interestingly for domains with diagonal arrangement it is not possible
to arrange the windmills by pure translation. Only every other line matches with this windmill,
which indicates the presence of two types of windmills in this domain. The linearly arranged
domains on the other-hand consist of only one type of windmill. An explanation for this
observation might be given by accounting for the chirality of the windmills. In the diagonal
domains with alternating lines varying chirality of the windmill form the networks, whereas
the linear domains only consist of homo-chiral windmills. Similar effects were also reported
in literature for instance for self assembled two-dimensional networks of adenine on HOPG
(179, 180].

On the edges of the networks, evenly spaced (about 1.6 nm) features with a doubled apparent
height and bean like shape are visible (right STM image Fig.4.2c)). At each position of such a
feature the neighboring windmill is missing one of its prominent lobes. This indicates that
the elevated features are part of the windmill which are lifted off the surface due to a lack
of interaction with a neighboring windmill. This also hints at the fact, that the windmills
are indeed the smallest building blocks of these networks and presumably correspond to
one WWPPPPWW peptide. By comparison of the structure observed in the network to the
chemical structure of WWPPPPWW one can see that they do not match in a straight forward
manner. From the chemical structure one can estimate the size of an outstretched WWPPP-

PWW molecule to be about 3.1 nm, roughly twice the size of the observed building blocks.
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X (nm

Figure 4.2 — a) 2D-network of WWPPPPWW on Au(111) (dotted square). The right STM
topography image depicts a zoom-in on the marked frame. The red dotted lines indicate
the course of the Herringbone reconstruction. The white parallel dotted lines indicate the
borders of the respective domains within the 2D-network (Acquisition parameters: Ug= -1
V, I= 50 pA (constant current)) b) High resolution STM image (Parameters: Ug=1 mV, I 50 pA
(constant height)) of the network superimposed with cartoon representation of a building
block. The red line indicates the position of the height profile shown in the right graph. c)
High resolution constant-height STM image superimposed with cartoon of building blocks to
visualize the assembly. The white dotted line indicates a domain border. The circular arrows
describe the chirality of the folded peptides.

Furthermore, the observed symmetry and periodicity of the network cannot be reproduced

using an outstretched single molecule. A local gradient relaxation in the gas-phase was per-
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formed by J. Cortes et al. (LAAS-CNRS, Toulouse, France) to obtain a first estimate of the
structure. The resulting structure is depicted in Fig.4.3 a) and b). The energy minimum of the
peptide conformation in the gas-phase corresponds to a folded structure with Tryp groups
in one plane and a curved poly-proline chain arranged below (Fig.4.3a)). The size of this
folded conformation obtained for the gas-phase, fits well to the dimensions of the "windmill"
units of the networks. Assuming that these units correspond to a single peptide, implies that
WWPPPPWW exhibits a folded conformation on the surface as well. The peptide backbone is
folding in such a way, that the polar groups of the N- and the C- terminal but also the NH- and
doubly bond oxygen groups of the backbone can engage in polar interaction and can form
hydrogen bonds. The non-polar functional residues of Tryp and proline are facing outwards
towards the non-polar medium of the vacuum, whereas the polar residues are passivated due
to their mutual interaction. This is a common motif of peptides in non-polar environments

and is described in literature [13, 37, 181].

a) Side view b)

Top view

Tryptophane

Proline

[
>

Figure 4.3 — a),b) Side and top view of the structure of WWPPPPWW generated by a gas phase
relaxation. c) WWPPPPWW networks on Au(111) superimposed with the simulated structure.

With this model, the four equivalent most prominent lobes of the windmill building block of
the structure can most likely be explained by the two terminal sets of Tryp groups arranging
in a square geometry. One of the two ring-systems of the indole group might correspond to

the arm like structures extending from the four main lobes of the windmill (c.f. Fig.4.3 ¢) STM
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image). However, it should be noted that this is just a tentative model based on experimental
observations in tandem with a gas-phase model. The symmetry of the windmill-shape is
not reproduced by the gas-phase model, most-likely since no interaction with an underlying
metal-substrate and no interaction with neighboring peptides was taken into account. The
interactions with the neighboring peptides in the network, such as hydrogen bonding or polar
interactions, might lead to a reorientation of the individual residues and thus yielding the
shape and symmetry as it is observed in the experiment. In order to rationalize the structure
further, a simulation of the molecule including the surface and neighboring WWPPPPWW

units needs to be performed. This is a rather cost-intensive calculation and could not be

included in this work.
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Figure 4.4 — a) STM topography image of a WWPPPPWW dimer on a Au(111) surface. b) Con-
stant height STM image of WWPPPPWW dimer. The two circles correspond to the coordinates
of the STS measurements depicted in e). The red dotted line indicates the position of the
height profile shown in d) (Acquisition parameters: 1=50 pA, Up=-1.7 V). c) Spatial distribution
of the DOS at -1.7 V acquired simultaneously to the current map shown in b) using a lock-in
technique (Parameters: U,,,4=50 mV, f,,,4=832 Hz) with a peptide-modified STM tip.

Interestingly it was also possible to observe smaller repeating structures on the surface which
could be attributed to WWPPPPWW dimers by their size of about two times the building
blocks (c.f. Fig.4.4 a), b)). They have a length of about 2.7 nm and two characteristic lobes with
elevated intensity (c.f. Fig.4.4 d)). In STS measurements it was possible to identify a molecular

resonance at Up =-1.7 V (Fig.4.4e)). The reference measurement on gold indicated that the
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utilized tip was functionalized, most likely with another WWPPPPWW molecule due to the
occurrence of additional resonances apart from the surface state (c.f. black curve Fig.4.4e).
With this tip, it was possible to map out the spatial distribution of the LDOS at this energy
(Fig.4.4¢)). It is possible to notice a clear difference of the obtained LDOS to the STM topogra-
phy. A clear assignment of the specific origin of this peak cannot be made at this time. Further
measurements utilizing functional STM tips with specific probe molecules combined with
simulations of the molecular structure on the surface and the resulting electronic structure

are necessary to gain a more complete understanding of the observed structure.

From the results presented here on the first studies of a synthetic peptide an initial determi-
nation of the structure on the surface could be performed and deduced that the sequence is
undergoing a specific and reproducible folding process. The folded peptide units exhibit the

capability to form highly ordered networks in a self assembly process.

4.2 Modifying the sequence - WWPPPPRR on Au(111)

We modified the sequence described in the previous section in order to find a peptide sequence
suitable as a model system for sequencing. Such a model peptide should preferentially provide
an outstretched and flat adsorption geometry on the surface allowing to resolve all contained
amino acids in the sequence. Furthermore, it should be possible to discriminate between
N- and C-terminal to aid the identification of the individual groups. Therefore, one set of
the terminal Tryp groups was replaced by two Arg groups resulting in a new peptide with
the sequence NH — WW — PPPP — RR — COOH, which is in the following referred to as
WWPPPPRR. The chemical structure of WWPPPPRR is depicted in Fig.4.5 a).

The guanidine residue of Arg might enable hydrogen bonding to the C-terminal, which might
lead to an outstretched conformation. This hypothesis is supported by local gradient relaxation
of the sequence in the gas-phase (J. Cortes et al. (LAAS-CNRS, Toulouse, France)). The
structure corresponding to the lowest energy minimum is depicted in Fig.4.5 b). One can see
that the peptide indeed favors an outstretched conformation in the gas-phase. Estimated
from its chemical structure a length of the structure of about 3.1 nm can be approximated. For
all following experiments a Au(111) substrate was utilized and prepared in UHYV, following a
similar recipe as described in the previous chapter. Because of the relatively high mass of 1093
g/mol, WWPPPPRR was brought on the surface in UHV via ES-IBD. Therefore, the lyophilized
peptide was dissolved in a solvent mixture of ethanol and H,O with a ratio of 1 to 1. In the
subsequent mass-selection in the ES-IBD process, the two fold positively ionized peak was

isolated and used for the deposition.
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Figure 4.5 — a) Chemical structure of the synthetic peptide WWPPPPRR and its amino acid
sequence. Its head to tail length was determined to = 3.1 nm. b) Resulting conformation from
a gas phase local gradient relaxation of the peptide sequence. The Tryp groups are highlighted
in blue, Arg in red. The yellow dotted lines correspond to H-bridges.

WWPPPPRR-Chains 40 nm
J '

Figure 4.6 — a) STM overview topograph depicting linear chains (dotted white circles) and
dimers (dotted blue circles) of WWPPPPRR on a Au(111) surface.

An overview STM topograph of the resulting sample is depicted in Fig.4.16a). From these scans
it can be directly seen that WWPPPPRR has completely different self-assembly properties than
WWPPPPWW. Instead of forming extended two-dimensional networks the peptide now self-
assembles to linear chains of various lengths. Two main structures can be observed, namely

extended chains and short structures with a length of about 6 nm and a two fold symmetry.
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Comparing these structures to the length of gas-phase relaxations of the molecular structures
reveals that they have about two times the size of a monomer. Thus, the smaller species might
be dimers (blue dotted circles Fig.4.16a)). Their specific structure will be discussed in the

following in detail.

3.3nm =
1 1 1
1 2 3 4
X (nm)

Figure 4.7 — a) STM topography image of WWPPPPRR dimer. The red dotted line indicates
the position of the height profile depicted in b). The white dotted line marks the outline of a
monomer. Two characteristic features are indicated by the arrows.

A high resolution STM image of a typical dimer structure can be seen in Fig. 4.7a). According to
this image one can identify the twofold symmetry of the dimer very well. The dimer consists of
two identical building blocks (c.f. white dotted line Fig.4.7a)), with one of them rotated by 180°.
Furthermore one can see that each of the building blocks has an apparent length of about
3.3nm (c.f. height/length profile Fig.4.7b)). For each building block one can identify 3 main
features. The central part consists of a "bean" shaped structure with the highest apparent

height. This structure is surrounded by two circular structures at each end of the dimer.
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Figure 4.8 — a) Splitting of WWPPPPRR dimer induced by increasing Ug from -1 Vto -2.5V (I=
50 pA). The two separated Monomers remain next to each other b) Splitting and removal of
one WWPPPPRR monomer out of the dimer assembly by similar voltage pulse as in a).

A strong bond between the building blocks of the dimers can be excluded, since it was possible
to split them in the experiment by relatively mild voltage pulses of about -1.5 V to -2 V while
the tip was positioned in the dimer center. This is depicted for two cases in Fig.4.8a) and b).
Furthermore the experiments depicted in Fig.4.8 show that the dimers indeed consist of two
identical building blocks. With this, a general rationalization of the observed structures is
possible, proofing that they are dimers.

For the observed structure, a local gradient based ab initio relaxations (DFT, VASP algorithm)
of a WWPPPPRR monomer on two atomic layers of gold were performed !. The simulated
structure is depicted in Fig.4.9. From the side view image of the relaxed structure (Fig.4.9a))
one can see that the functional residue of Tryp has the tendency to bind in a flat geometry to

the gold surface. The two groups of arginine adsorb in slightly varied adsorption geometries,

1Collaboration with C. Schén et al. (Rheinische Friedrich-Wilhelms-University Bonn (Dept. Chemistry), Max-
Planck Institute for Solid State Research, Stuttgart)
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one in a planar geometry, the other one slightly rotated. The most elevated parts of the peptide
are the N-terminal and two of the proline units. The geometry of the proline units inside the
peptide chain can be related to the helical bonding motif of the proline-proline bonds, forcing
two prolines away from the substrate and into this geometry. The helical conformation of the
poly-proline segment of the peptide is counteracted by the tendency of the indole residue
of Tryp to bind in a flat geometry to the gold surface. For the aromatic system of Tryp, the
interaction with the dipole moment of the surface favors [182] a flat adsorption geometry as it
is described for numerous aromatic molecular species on metal substrates in literature [98, 99,
145, 183, 184].

a)

Side view

Figure 4.9 —a) Side view of structure of WWPPPPRR monomer relaxed on (DFT, VASP algorithm)
two atomic layers of gold. The end to end length of the structure is indicated in the figure. Tryp
and Arg are color-coded. b) Top view of relaxation result (for visibility reasons the surface is
not depicted). c¢) Simulated STM image for the occupied orbitals within 2 eV below the Fermi
level based on the structure from b). Orange colors correspond to low apparent height, bright
yellow colors to high apparent height.

The top view (Fig.4.9b)) shows that the peptide has a curved conformation on the surface.
There are a number of different contributions leading to this conformation. On the Arg side of

the peptide the flat lying guadinine group seems to exhibit a relatively strong interaction with
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the gold surface, indicated by the relatively close distance to the surface. However it should be
noted, that the displaced gold atom is most likely an artifact from the calculation and does not
correspond to an actual physical effect. A strong affinity of Arg to bind to a Au(111) surface
however was also reported in literature [182]. A major contribution to the overall conformation
of the molecule and the non-equal bonding scheme of the two Arg groups might furthermore
originate from the hydrogen-bonding of the rotated guadinine group to the C-terminal of the
peptide as it is indicated in Fig.4.9 b). This stabilizes this conformation. It should be taken into
account that a global search for energetic minima in the potential landscape for WWPPPPRR
indicated several minima which are in close energetic proximity to the one corresponding to
this structure. This shows hte high conformational freedom of macro molecular structures

such as the one of WWPPPPRR.

For the relaxed structure it was possible to calculate a simulated STM image based on a gas-
phase DFT calculation performed with a home-made code by R. Gutzler?. A gas-phase method
was chosen, since it was assumed that the Au(111) substrate is interacting rather weakly with
the electronic structure of the admolecule and thus can be neglected for this calculation. This
is in good agreement with the results reported for Angiotensin-II on Au(111) by Abb et al. [13].
All contributions to the electron density from orbitals within an energy window from Ef to 2
eV below Er were taken into account. This corresponds to the typically applied values of Up
for this experiment. The result of this simulation is depicted in Fig.4.9c). One can see that the
most prominent features in the simulated STM image have their origin in the upright standing
proline groups and the N-terminal of the peptide. The functional residues of Arg and Tryp

exhibit some contrast but appear considerably lower due to their flat binding geometry.

2Simulation performed by R.Gutzler (Max-Planck Institute for Solid State Research, Stuttgart (Germany))
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Experiment

Figure 4.10 — Comparison of experimental STM topography image (top) of WWPPPPRRR dimer
to relaxed (simulated) structure (middle) and simulated STM image (bottom).

In Fig.4.10 a direct comparison between a STM image of a WWPPPPRR dimer and the suggested
arrangement based on the simulated model is shown. One can see that the relaxed structure
fits to the experimental data. It should be kept in mind that the dimer structure is assembled
based on the relaxed structures for the WWPPPPRR monomer (similarly for the simulated STM
image). Thus, the specific orientation, especially of the individual amino acid residues cannot
be determined precisely. For the experimentally observed structure, the length of a monomer
could be determined to 3.3 nm. In contrast to this, the theoretical structure has only a length of
2.3nm from end to end. Nevertheless, this is in good agreement, since in a STM experiment the
extended electron density is measured to the effect that an object appears bigger than its pure
chemical structure is. Minor deviations of the experimental data from the simulated structure
furthermore originate from the high conformational freedom of the peptide sequence on the
surface. The agreement between theory and experiment is visualized best by comparing the
simulated STM image with the experimental one (bottom image Fig.4.10). By this it becomes
apparent, that the "bean" shaped elevated regions correspond to the upstanding proline

units in the center of the peptide sequence. The circular features in the center of the dimer
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are related to the N H, group at the N-terminal together with one of the Tryp residues. The
two arm like features extending from the "bean" shaped area correspond to the functional
residues of the Arg. In this conformation the dimer structure is stabilized most likely by a polar
interaction between the two N H, groups of the N-terminals and the aromatic 7 system of the
indole. These interactions between polar groups or cations and the aromatic system of Tryp
are also reported to provide a significant contribution to the structural stabilization of natural
proteins [185-187]. Although the most favorable interaction geometry was reported to be a
perpendicular arrangement, parallel interaction schemes are observed as well. Taking into
account the interaction of Tryp with the surface this might be plausible. Overall this could
result in the slightly staggered arrangement of the two N-terminals (circular features at the
dimer center in the STM topography) as it is observed in the experiment. By introducing Arg
as polar amino acid on the C-terminal of the sequence, an outstretched conformation of the
peptide units on the Au(111) could be observed in dimers and linear chains. Combining high-
resolution STM imaging with simulations of the molecular structure, the individual features

visible in STM topography could be related to the respective amino acids of the sequence.

Partial sequencing of WWPPPPRR using an Arg functionalized STM tip

An aspect, which is still missing is an experimental proof for the individual orientation of the
monomers inside the dimer assembly. Therefore a methodology is required, that enables to
be sensitive towards specific groups within an STM experiment. It was shown in the previous
chapter on amino acids, functional STM can indeed yield access towards specific electronic
features in STS experiments. In a similar fashion it was tried to gain sensitivity towards
amino acids within the peptide chain by applying functional STM tips decorated with specific
amino acids. As an initial step a sample of WWPPPPRR on Au(111) was prepared as described
before. In an additional step, Arg was co-deposited in a thermal evaporation process, while
the sample was cooled to [N, temperature (77K). This preparation resulted in a sample with
the previously described WWPPPPRR chains and dimers, as well as Arg monomers. In a first
set of experiments STS measurements with a metallic tip were performed on the WWPPPPRR
dimer (Fig.4.11 a)).

As a reference, a STS measurements on Au(111) was performed with the same metallic tip.
Here, only the surface state at Ug=-400 mV is observable. On the WWPPPPRR dimer at the
position indicated by the red dot in Fig. 4.11a) a molecular resonance can be observed at Ug =
-1.77 V. In a next step a neighboring Arg (dotted circle Fig.4.11a)) was picked up according to
the methodology described in the previous chapter. Fig.4.11b) shows the same area after the
functionalization of the tip with the Arg. One can see that the adsorbed Arg is gone from the

surface. Furthermore, a change in the internal contrast on the dimer can be observed, which
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—— WWPPPPRR
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Figure 4.11 - a) Left: STM topography image of a WWPPPPRR dimer and neighbouring arginine.
Right: STS measurements with a metallic STM tip on the indicated positions on gold (blue
graph, blue dot) and WWPPPPRR dimer (red graph, red dot). b) Left: STM image of the same
area as shown in a) after picking up arginine with the STM tip (dotted white circle). Right: STS
measurements graph with a functionalized tip (solid lines). The arrows indicate the positions
of new resonances observed on gold and the WWPPPPRR dimer. The dotted lines depict the
STS measurements shown in a) for comparison. (Acquisition parameters: STM images: I = 50
pA, Up= -1V (constant current); STS: I = 50 pA, U,,0q4 =50 mV, f,04 = 832 Hz)

can be accounted to an altered geometry of the tip apex. Performing an STS measurement on
the Au(111) reveals, apart from the Au(111) surface state, two additional peaks visible at Up=
-1.28 Vand U= +1.39V, indicating a successful tip functionalization. In the following the STS
measurement on the WWPPPPRR dimer (similar position as before) with this functionalized
is repeated. With identical measurement parameters the previously observed feature is now
measured as a peak with an intensity increased by a factor of 3 compared to the measurement
with a metallic tip. The energetic position of the molecular resonance has not changed within
the accuracy of the measurement. This strong enhancement of this particular molecular
resonance makes it possible to spatially map the extension of this molecular orbital using a
lock-in technique and a value of Up where the gradient in the dI/dV is highest. Thus a value
of Up = -1.64 Vwas chosen. As shown in Fig.4.7, the WWPPPPRR dimer exhibits a variation
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a) b)
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Figure 4.12 — a) dI/dV map of LDOS with an Arg functionalized STM tip at -1.64 V of a WWPPP-
PRR dimer and simultaneously acquired topography image (Up = -1.64 V, I = 100 pA (Constant
current), Up,p4=50 mV, f,04= 832 Hz, time per pixel: 5 ms). The position of the highest signals
are marked with a white dotted line and are indicated in both images. b) DOS and topography
from a) superimposed with MD model of WWPPPPRR.

in apparent height of about 0.4 nm. To compensate for this height variation and to single
out the contribution from the variation of the LDOS, the measurement was performed with
activated feedback (constant current mode). The resulting map of the LDOS is depicted in
Fig.4.12 a). One can see that the map acquired at -1.64 V shows a strongly spatially localized
signal in the DOS. The signal is localized on the outer regions of the dimer. Furthermore some
substructure is visible. The LDOS consists of a central lobe and two neighboring small lobes
on each side (Fig.4.11 b, blue frame). Especially by comparing the simultaneously recorded
STM topography, it is possible to see that the areas of high intensity in the LDOS map do

not coincide with the areas of highest apparent height. This indicates that the observed
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contrast originates from a variation in the LDOS and is not influenced by the topography of
the molecule (white dotted circles Fig.4.12 a)). In tandem with the strong enhancement of
the STS signal for a Arg-functionalized STM tip, these results imply a sensitivity towards a
specific units in the peptide. Comparing the observed LDOS with the structural model and
furthermore assuming that the two monomers are coupled via the Tryp groups and Arg is thus
located at the outer edges of the dimer, indicates that the high LDOS is mainly localized on
both of the two Arg groups and the C-terminal of the peptide.

Occupied Orbitals
(sorted by increasing energetic distance from E;)

1. HOMO 2
3 bl 1 / ( ‘\/Ag A - 1
@?Y%Em o0 \(@ﬂ%%g; oot

o0
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Figure 4.13 — Occupied orbitals as calculated by DFT (gas-phase) based on the structure relaxed
on a Au(111) surface. The orbitals are sorted by their energetic distance from E starting from
the HOMO.

In order to understand and rationalize these findings, they are compared to the theoretically
derived (DFT) orbitals in close energetic proximity to Er. It should be noted that the simu-
lations presented here are performed for the gas-phase. The 5 highest orbitals are depicted
in Fig.4.13 starting from the HOMO (1.). One can see that for the HOMO and the HOMO-1,
only the top left Arg group and the C-terminal is occupied. The next two orbitals (3. and 4.)
are related to the Tryp groups. The lower left Arg group is occupied first in the 5. highest
orbital. Orbitals providing LDOS at both Arg groups simultaneously can only be found at
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much larger energy distances to Er and thus are not considered as relevant for the energy
window accessible in a STM experiment. The DFT description is in contrast to the observed
LDOS, which by their spatial extension as well as their structure indicates a contribution from
both Arg groups. A possible explanation for the deviation of the experimental data from the
simulations might be found by taking the hybridization of the peptide orbitals with the metal
substrate into account. Thus observation of a LDOS might be possible, which is not solely
determined by the spatial extension of the HOMO or LUMO. A similar effect was described
in [79] for Cu-pthalocyanine on Cu(100), where a combination of up to seven orbital were
necessary to reproduce the experimental results.

On the part of the simulation it should be considered that it was performed for the gas-phase
and thus a certain deviation from the experimental results might be possible. Especially
the energy distance between the indivdual molecular states might be reduced due to the
interaction with the surface. Furthermore, small variations in the binding geometry of the
individual groups might introduce deviations in the calculated LDOS and their sequential
order with respect to EF.

A strong argument that accounts for a "resonant" tunneling process is the enhancement of the
signal observed in STS by a factor of 3 and its dependence on the functional tip apex. This effect
supports the hypothesis of a specific sensitivity towards a certain part of the peptide sequence
when employing an amino acid modified tip. By comparison with the results obtained from
the DFT simulations of the orbital structure, it is implied that an Arg tip results in a sensitivity

towards Arg within the peptide sequence.

Figure 4.14 - Manually summed occupied orbitals for Arg as calculated by DFT based on the
structure relaxed on a Au(111) surface in comparison with the experimentally observed DOS
at -1.64 V with an Arg functionalized STM tip.

As it was already shown in the chapter about the amino acids, especially for the STS measure-

96



4.2. Modifying the sequence - WWPPPPRR on Au(111)

ments the status of the tip seems to be crucial. These results hint at the fact, that amino acid
modified STM tips enable the observation of the specific electronic structure of the amino acid
on the surface not observable with a metallic tip. A similar effect might be present here. One in-
dication for this is the strong enhancement of the intensity of the observed peak. Furthermore
the extension of the observed DOS over both of the Arg groups and the C terminal can hint at
a sensitivity beyond the HOMO of the WWPPPPRR although an eventual uncertainty of the
calculation should be considered. In literature some examples utilizing functional STM tips
are described. It was shown by Chen et al. [188] for the observation of a negative differential
conductance caused by matching tip and sample orbitals (W and Ni tip on CoPc/Au(111)) that
a specific electronic state of the tip enables the observation of certain electronic effects which
are obscured otherwise. A similar approach might be useful in the present case to explain the
strong enhancement in the observed STS signal. A direct chemical interaction enabled the
specific recognition for molecules on a sample. This could be shown by Tanaka et al. [189] for
the identification of a nucleic acid on single stranded DNA deposited on Cu(111) by utilizing
STM tip with covalently attached nucleic acids. Specific H-bonding between matching nucleic
acids on tips and sample facilitated an increase in electron transmission and thus locally
enhanced the contrast observed in STM. However it should be noted, that DNA is designed
for information storage and thus a read out by specific interaction with probe molecules is
enabled. Van der Vegte et al. [190] showed for different probe molecules attached to the tip of
an AFM, that depending on their specific chemistry the interactions between tip and sample
vary from hydrogen bonding, van der Waals interactions to coulombic interactions. In the
present case of Arg a polar interaction or hydrogen bonding might also be plausible. However
it is unclear if this process would be specific to Arg-Arg interaction as it is for the matching
nucleobases in DNA [191-194]. A process increasing the resolution by a geometric effect due
to a smaller terminal tip orbital (apex) (e.g. CO, H, modified tips [195]]) or sensitivity towards
orbital geometries with high spatial gradients (e.g. pentacene functionalized tips [100]) can
be most likely excluded. Apart from the strong enhancement of the observed signal in STS
after the tip functionalization, only small variations in resolution and shape of the imaged
molecules could be noted in topography(c.f. Fig.4.11). To my current knowledge no effect
in literature is known for a peptide amino acid interaction explaining this observation. In
order to understand the involved processes a simulation of the transmission of the tunneling
current through the functionalized tip would be favorable and is planned, similarly as it was
performed for the nucleobases immobilized on STM tips in [196].

With our working assumption that the enhanced signal corresponds to a sensitivity to the Arg
group, it was possible to gain deeper insight into the various binding motifs of WWPPPPRR

dimers on the surface. Thus three types of dimer structures could be identified and are
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Figure 4.15 — Determination of the Arg position within WWPPPPRR dimer by acquisition of
dI/dV maps using Arg-functionalized tip. The upper row of images shows the STM topography.
In the lower row, the simultaneously recorder dI/dV maps are depicted. a) Symmetric dimer
with Tryp as the central part superimposed with chemical structure of WWPPPPRR monomer.
For comparison a simulated STM image of a manually arranged dimer is shown. b) Asymmetric
dimer with a central part of Arg and Tryp. c) Symmetric dimer with Arg as the central part.
(Acquisition parameters: I= 100 pA, Up as indicated, U,;,o4=50 mV, f;,,04 = 832 Hz)

depicted in Fig.4.15. Fig.4.15a) shows the STM topography and corresponding LDOS of Arg
of a symmetric dimer as it was discussed before. Furthermore, dimers with other binding
motifs can be found as shown in b) and c). For the dimer shown in b), the specific resonance
of Arg is located for one monomer at the terminal position according to the case of the dimer
discussed before. For the second monomer, the observed LDOS is shifted towards the center
of the dimer. For the structure depicted in c) a clear difference in conformation can already
be seen in the STM topography. For this dimer, the LDOS is for both monomers located
in the center of the dimer. The depicted dimers can thus be identified as asymmetrically
bound dimer (Fig.4.15b)) with Tryp and Arg meeting in the center, and an inversely assembled

symmetrically dimer (Fig.4.15c)) with Arg in the center, respectively. A statistical analysis
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for 104 observed dimer structures yields that the symmetric dimer is encountered with 70%
probability, the asymmetric one with 23% and the inversed symmetric one with 7%. The
big difference in occurrence, especially between the symmetric and the inversed symmetric
dimer indicates that the interaction of the Tryp groups or the N-terminals is the structure
determining motif for the dimers. The comparably low fraction of the other two structures
hints at the fact that these are rather to be seen as unfavorable binding motifs on a Au(111)
surface. The interaction of the Arg groups of two peptides or a mixed Tryp-Arg interaction
might be suppressed in the initial formation of the dimers and only becomes relevant in the
subsequent formation of the chain structures. Even if our working assumption, the sensitivity
to Arg with an Arg-functionalized tip is wrong, we can conclude that we have three coupling
motifs that can only be explained by an exchange of Tryp and Arg groups in the center of the

dimer.

To proof how the terminal groups and their various combinations determine the motif, simu-
lations of the different dimer structures and their binding energies are performed. An experi-
ment aiming at the clarification of the role of the N- and C- terminal in the dimer formation is
ongoing work. Therefore, a synthetic peptide with the inversed sequence RRPPPPWW will be
investigated on a Au(111) surface in a similar experiment. For this sequence the positions of
N- and C-terminal are exchanged with respect to WWPPPPRR.

As shown in the beginning another species, namely linear chains of various lengths can be
observed on the surface. A detailed STM topography image of a WWPPPPRR chain is depicted
in Fig.4.16.

Figure 4.16 — Detail STM topography scan of WWPPPPRR chain superimposed with cartoon
visualizing the repeating building blocks of the chain. The inset depicts a detailed STM image
of two building blocks of the chain. (Ug=-1V, I= 100 pA)
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The chains are built up by a repeating motif, which consists of 5 features in the STM topograph.
One terminal of this motif is formed by a feature appearing as a triangular region with elevated
apparent height. The other terminal is formed by a circular feature with lower apparent height
(c.f. Fig.4.16). In the linear chain, every other of the motifs is rotated by 180°. This is indicated
in Fig.4.16) in the cartoon superimposed with the STM topography image. The alternating
building blocks (rotated and non rotated) are discriminated by the colors green and blue. This
motif can be observed unperturbed in the straight areas of the chains. Bends or terminal
points of the chain cause local defects with varying binding geometry. Upon closer inspection
of the bonding geometry, two triangular features point directly at each other, whereas the
circular features are arranged under an angle of = 45° with respect to the chain direction,
implying that the peptide chain has a bend conformation on the surface. In comparison to the
observations discussed for the dimer structures, one can identify two bonding motifs yielding
similar contrast in STM topography. The two circular features resemble the Tryp-Tryp bonding
scheme of the WWPPPPRR dimers. The elevated triangular features resemble the Arg-Arg
bonding motif.

Again, using our working assumption, the identification of the Arg state with an Arg tip could
also be demonstrated for the chain structures, in a similar way as for the WWPPPPRR dimers.
This is depicted in Fig.4.17 a) and b).

The observation of the same enhanced LDOS in the chains with an Arg-functionalized tip as
beforehand discussed for the dimers, gives the possibility to assign the previously introduced
cartoon model to the simulated structure and the observed features in STM topography
(Fig.4.17¢)). The areas of high intensity depicted as triangular shapes correspond to the Arg
groups of the peptides. The circular features which resemble the ones observed in the center
of the symmetric dimers correspond to Tryp groups and the N-terminal. Especially when
comparing the observed Arg DOS for chains with the Arg DOS of the dimer (Fig.4.17b)) one

can see a good agreement.
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Figure 4.17 — a) Topography of WWPPPPRR chain imaged with Arg functionalized tip. The
cartoon model of the WWPPPPRR chain was superimposed with the topography image. b)
Simultaneously recorded dI/dV map in comparison with the DOS recorded at a similar energy
for a WWPPPPRR dimer (Ug;g5=-1.64V, U,;,,4=50 mV, 832 Hz).

Partial sequencing of WWPPPPRR using a proline functionalized STM tip

For Arg it was shown, that an Arg functional STM tip enabled the specific localization of
a specific area within the peptide and most likely to the Arg groups within the peptide or
its polymeric compounds. In order to proof the concept as a viable approach for other
amino acids, it is necessary to perform additional experiments. Initial tests using proline
functionalized tips have been performed. In a two step ES-IBD process first WWPPPPRR and
subsequently L-proline was deposited to a Au(111) surface prior to imaging it in the 4K STM.
The proline could again be identified by its characteristic tetramers. By controlled manipu-
lation with the STM tip, individual prolines could be isolated and utilized for tip functional-
ization (Fig.4.18a)). With the so obtained proline tip, a characteristic STS feature on proline
could be recorded. On the WWPPPPRR dimer, two characteristic molecular resonances could
be identified at Up=-2.2 V and Up=+2 V (Fig.4.18b)) which similarly to the Arg case were not
observable before. The LDOS corresponding to these peaks could be mapped out spatially
as shown in Fig.4.18c). For a proline functionalized tip the dimer was prone to manipulation
and furthermore the observed appearance was strongly altered in contrast to a metallic tip.

Typically such effects might be caused by a strong mechanical interaction of the probe and
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Figure 4.18 — a) STM topography before and after pick up of proline from characteristic
proline cluster (Acquisition parameters: I= 100 pA, Up=-1 V). b) STS of proline with proline
functionalized tip (black curve) and of WWPPPPRR on two positions on the WWPPPPRR dimer
(red and blue curve). c) Spatial mapping of characteristic STS resonance recorded with proline
tip on WWPPPPRR dimer.

the molecule on the sample and could be explained by the upstanding binding geometry of
the poly-proline chain. From this measurement a clear assignment of the dimer type and also
the exact spatial origin of the observed resonance cannot be deduced. It should be noted that
the proline groups do not have any occupied orbitals within 2 eV from Er (c.f.Fig.4.13). This
is also refelcted in the relatively high energy of E — Er = 2 eV of the molecular resonance of
proline in WWPPPPRR. This complicates a clear and stable observation of this peak further.
In conclusion it could be shown, that for a proline modified STM tip it becomes possible
to observe an enhanced molecular resonance in STS at a different energy position as for an
Arg functionalized tip. Furthermore the proline at the tip apex seems to introduce a strong

mechanical interaction between tip and sample.

4.3 Conclusion

In this chapter it could be shown, that synthetic peptides offer the possibility to study their
intricate assembly on surfaces and could be used to develop a methodology to identify indi-
vidual amino acids within the sequence. Utilizing a simple amino acid sequence consisting

of the aromatic L-tryptophan and a poly-L-proline chain as spacer, the self-assembly into
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regular 2D-networks could be demonstrated by means of high resolution STM imaging. It
was shown, that the networks consist of two types of "windmill"-shaped building blocks only
differing by their chirality. Within the networks chiral selective and heterochiral domains
could be identified. With the aid of gas-phase relaxations performed for the peptide sequence,
the individual building blocks could be assigned to a folded conformation of the synthetic
peptide, mediated by H-bonding of the backbone. Upon modifying the sequence and re-
placing two terminal Tryp units by the polar amino acid L-arginine the on-surface assembly
could be tuned. High resolution STM-images of the modified sequence on Au(111) revealed
now a self-assembly into ordered chain-like structures and dimers implying an unfolded
conformation of the peptide backbone. The unfolded conformation of the peptide could
be related to the suppression of hydrogen bonding within the backbone due to a saturation
of the C-terminal by the guadinine residue of the Arg. By this the observed structure could
be rationalized. By co-depositing amino acids the methodology of preparing amino acid
functionalized STM tips was applied to the outstretched peptides. For an Arg modified STM
tip a significant enhancement of the local STS with respect to a metal tip could be observed
at specific areas of the dimer and the chain. To assess to which part of the peptide the tip
is sensitive to, DFT calculations of the orbital structure were performed. Comparing these
results to on-surface relaxations and simulated STM images of the peptide sequence indicated
a good agreement between theory and experiment. A working assumption that the Arg tip
is sensitive to the Arg groups in the peptide could be deduced. In a similar experiment the
specific resonance of proline as a second amino acid could be identified utilizing a proline
functionalized STM tip. As a next step similar measurements with Tryp co-deposited along
WWPPPPRR will be performed to proof the concept of specific sensitivity towards individual
amino acids. Furthermore negative tests, e.g. trying to observe the Arg resonance with a Tryp
modified tip, will be performed. Moreover, the computer models of the peptides on Au(111)
will be further refined concerning multiple aspects. On one hand the structural simulation will
be refined and extended to various types of dimer motifs and ultimately to the chains. Thus, it
will be possible to rationalize the observed structures better and asses the distinct interactions
leading to the formation of the observed structures. On the other hand specific simulations of
the tunneling process in a junction consisting of an amino acid modified tip and a peptide
on a metal surface will be performed. Thereby, we hope to explain the specific mechanism
involved in the resonant tunneling process leading to the strongly enhanced signal.

Independent of the exact correlation between the specific functionalized tip and the corre-
sponding part in the peptide, our method is definitively sensitive towards a specific unit in the
peptide. This result allows us to conclude that if we can once assign with certainty to which

group we are sensitive to, we are able to partially sequence peptides on surfaces.
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In the following section a conclusion of the results presented in the respective chapters of this

thesis is given.

5.1 Conclusion

Scanning probe techniques such as STM at low temperatures and under UHV conditions are
an essential tool for imaging molecular species in real space at surfaces with unprecedented
resolution. In combination with ES-IBD it becomes now possible to access macromolecules
deposited under UHV conditions onto well defined surfaces. Thus ES-IBD as preparation
technology extends the accessible range of molecules to biologically relevant non-volatile
species. Within this thesis investigations of various molecular species on surfaces enabling

structural determination and access to their electronic structure are demonstrated.

Especially the access to rather weak electronic features of molecular species adsorbed on
metal surfaces with STS is a challenging task due to hybridization of the molecular orbitals
with the electron bath of the metal substrate. A common practice to overcome this obstacle
is the utilization of thin insulating layers to electronically decouple the electronic systems of
molecule and substrate. In the second Chapter of this thesis the capability of h-BN to effec-
tively decouple a molecular adsorbate from the underlying Rh(111) substrate in the context of
STS measurements was analyzed utilizing pentacene as a model system. We could show, that
the corrugated h-BN/Rh(111) Moiré-pattern effectively traps the pentacene molecules in a
six-fold binding geometry and by comparing the HOMO-LUMO gap of pentacene on h-BN
to its gap on a selection of KCl/metal systems the dependence of the energetic position of
the molecular orbitals to the respective substrate could be determined. By this an existing
model for the interaction strength of molecules with metal surfaces could be extended to thin

dielectric decoupling layers.

As a second part of Chapter 2 we could demonstrate the modification of the well known h-
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BN/Rh(111) Moiré pattern to a new, long ranged ordered structure by controlling the amount
of carbon contamination in the sub-surface Rh layers. Utilizing XPS and spatial mapping of
the FER as experimental tools combined with DFT simulations, carbon clusters consisting
of three carbon rings located at well defined positions underneath the h-BN super layer
could be identified as the origin of this phenomenon. As an interesting result, a modified
reactivity of the new surface could be demonstrated by investigating the adsorption geometry
of pentacene.

In the context of STM, large molecular systems such as peptides are not extensively studied yet
due to experimental restraints in the sample preparation. However, their biological relevance,
their vast chemical and structural versatility and their outstanding functionality, opens with
peptides as a molecular class an interesting field of research. As a first step to understand
the rather complex systems of peptides, we studied amino acids as their individual building
blocks. The amino acids were thermally evaporated onto atomically clean metal surfaces and
investigated with STM and STS. Characteristic structural motifs and molecular resonances
in STS of the respective amino acids could be identified. As a crucial point of this study we
could show, that it was possible to adhere individual amino acids to the STM tip by controlled
manipulation. Thereby the access and enhancement of specific molecular resonances of the
amino acids was possible.

In Chapter 4 synthetic peptide sequences deposited on Au(111) surfaces by means of ES-
IBD were investigated. As a first result the structural properties on the Au(111) surface of
a synthetic peptide consisting of the two amino acids L-Tryptophane and L-Proline could
be determined by high resolution STM. We could show that the peptide forms extended 2D-
networks with domains consisting of two sets of constituents of different chirality. Based on
gas-phase models it could be shown that the peptide inherits a folded conformation prior
to the deposition, which is retained on the surface. In a second step we could show, that the
self assembly of these peptide sequences could be drastically modified from 2D networks to
linear chains by exchanging one terminal set of Tryptophane units by the polar amino acid
Arginine. By means of high resolution STM imaging, two major species, chain-like aggregates
and dimers could be identified and their internal structure determined. The application of
two different amino acid modified STM tips enabled a partial sequencing of the deposited
peptides.

The work presented here gave further insight into fundamental processes relevant in the con-
text of self-assembly and protein folding. Specific control over the self-assembly and folding
of engineered macromolecules, such as peptides into distinct nanostructures is currently
investigated with respect to a broad range of research fields. These range for example from

the development of interfaces between inorganic and organic systems for future medical
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applications (e.g. biosensors, drug delivery)[197] to the development of novel nano-materials
based on the self assembly of DNA-protein hybrids [198].

5.2 Outlook

In the following section possible pathways for future experiments based on the results of
this thesis are presented. First, direct follow-up experiments involving alternative molecular
systems on surfaces will be discussed. In a second part the extension of our STM to a combined

STM/AFM for the determination of the structure of macromolecules is discussed.

Synthetic peptides

Synthetic peptide sequences offer a toolbox capable of generating a broad variety of possible
self assembled nano structures. In order to rationalize the results presented in this chapter
and to gain a deeper understanding of the involved processes, a selection of possible synthetic
sequences for future projects is discussed. From the results shown here, it is possible to see
that the N- or the C-terminal and their interaction with the neighboring functional residues
of the amino acids might play a significant role in the determination of the final surface
conformation of the peptides. A possible candidate to study the influence of the polar groups
of N and C-terminal is depicted in Fig.5.1a). The depicted sequence is exactly inverted to
WWPPPPRR, which was utilized for partial sequencing (c.f. chapter 4). It might be interesting
to study the conformation of this sequence on a Au(111) surface and investigate in how far the

self-assembly characteristics have been modified with respect to the sequence WWPPPPRR.

a)

2 x L- Arginine- 2x L- Proline- 2 x L- Tryptophane

b)

2 x L- Tryptophane - 2x L- Proline - 2 x L- Arginine- 2x L- Proline- 2 x L- Tryptophane - 2x L- Proline - 2 x L- Arginine

Figure 5.1 — Synthetic peptides with various sequences (a)-b)).
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With respect to the identification of individual amino acids in a peptide sequence by means of
an amino acid functionalized tip, the sequence depicted in Fig.5.1b) is a potential candidate
as well. An extended peptide chain with an alternating sequence of amino acids might be
used to test the capability to successfully identify individual amino acids in larger compounds.
The design as alternating pattern of repeating building blocks as shown in the presented
sequence, might facilitate a more reliable proof for the sensitivity towards a specific amino
acid. For elongated peptide sequences an aspect that needs to be considered is the on-surface
conformation. An unfolded conformation is desirable to enable resolving individual amino
acids in the chain. As it was shown in [36], large bio-polymers such as cytochrome-C can be
deposited by ES-IBD in a preferentially unfolded conformation on a suitable surface. The
outstretched geometry is thereby induced by Coulomb-repulsion of the individual charges
distributed over the peptide sequence. For a more reactive metal substrate, such as Cu(001)
[36] the concept of a high-charge state deposition might be transferred to larger peptide
sequences as for example the one presented in Fig.5.1b).

In order to develop more general design principles for the development of novel sequences,
more aspects need to be considered. Peptides try to form compact structures depending on
the on-surface diffusion and the interaction of the amino acid chain with itself. A compact
conformation is preferred due to the unpolar characteristic of the UHV environment, which
forces the polar groups to self-passivate [181]. For flexible sequences and inert surfaces, such
as Au(111), self-passivation by folding is a common motif. Thereby, conformations for which
unpolar groups point outwards and the polar residues are located in the inside are generated.
For sequences with only a limited capability to self-passivate, due to steric hindrance and an
inert substrate allowing for diffusion, the passivation by dimer or multimer formation becomes
preferable. This was reported for the natural peptide At-II on Cu(111) in [13]. Moreover, based
on the results presented by So et al. in [177] and [138] for the assembly and binding of
engineered peptides to surfaces, the desing of future synthetic sequences for our experiments
can be refined. Amino acid sequences can be chosen as such that outstretched conformations
and flat binding geometries are preferred. Examples for amino acids inducing flat binding
geometries on metal substrates might be Phenylalanine [161] or Cystein, which exhibit a flat
on-surface conformation due to the specific adsorption of aromatic residues to metal surfaces
or bond formation of sulfur containing groups with the metal substrate.

Thus an approach to prevent folding of the peptide backbone might be the realization of
synthetic sequences containing sterically demanding amino acids. Additionally introducing
amino acids which exhibit planar binding geometries to a metal surface might be a viable
concept. Furthermore, the conformation and assembly of the resulting structures can be

tuned by choosing a suitable metal substrate.
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Natural peptides: Angiotensin-II

As a consecutive step to test the proposed concept of identifying amino acids with functional
amino acid tips, natural peptides on surfaces can be utilized. Two promising candidates
for this might be the peptides bradykinin (BK) and angiotensin-II (AT-II), since both have
been extensively investigated on low-index metal surfaces using STM and can exhibit planar
adsorption geometry for suitable metal substrates. Results on AT-II on Au(111) published
in [13] show, that the peptide assembles in long-range ordered self assembled honeycomb
networks comprised of flat-lying building blocks. In experiments performed on a Cu(111)
surface smaller dimer and trimer structures were reported to form as repeating conformational
motifs [199]. For BK on Cu(110)[37] two-dimensionally folded peptides were reported as
monomer or dimer structures. Although folded, the individual residues were adsorbed in a flat
geometry on the surface and could be allocated to separate features in the STM topography.
Because of their well studied on-surface conformation and their specific binding geometries
AT-II and BK might be ideal benchmarks for the sequencing of natural peptides. For AT-1I we
investigated the possibility of utilizing decoupling layers, such as h-BN/Rh(111). Depositing

AT-II onto this surface leads to structures as they are exemplary depicted in Fig.5.2a)

b)

di/dV (arb.u.)

500 pm

Figure 5.2 — a) AT-II deposited on h-BN/Rh(111) (Up =-1V,1=100 pA). The inset depicts a high
resolution scan of the dotted area in comparison to the chemical structure of AT-II. The two
circles correspond to the STS measurements with similar color code depicted in b). c) Spatial
mapping of the molecular resonances at the depicted voltages.

The size of the observed structure matches the dimensions of an AT-II monomer. However,

one major drawback of decoupling layers is the low interaction with the molecular adsorbents.
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In combination with the comparably high complexity and conformational freedom of peptides
a high variability of the resulting on-surface conformations of molecules can be observed.
Since the presented results are only a preliminary study, no detailed structural analysis can
be performed yet. However, performing STS measurements on the AT-II molecules reveals
a multitude of molecular resonances (light and dark green graphs Fig.5.2b)). The reference
measurement on h-BN revealed that the tip was functionalized, presumably with another AT-II
molecule. Utilizing a functional tip, it was possible to spatially map out the corresponding
distribution of the LDOS over the observed molecule. These are interesting initial results
offering another pathway to the identification of individual amino acids within a peptide by

enabling good access to their electronic structure on electronically decoupling layers.

5.2.1 Combined STM/AFM

Animportant aspect for the understanding of macromolecules on surfaces is to gain knowledge
about the adsorption geometry of individual groups and thereby to facilitate the identification
of certain functional residues. Topographic information obtained in an STM experiment
are always a convolution of the electronic LDOS and the height information and cannot
necessarily be deconvoluted. Another aspect, which is especially relevant to elucidate the
origin of the increased signal in STS for amino acid functionalized STM tips on peptides,
might be to study the mechanical tip sample interaction. Both of these aspects, the study of
structure determination and the mechanical tip sample interaction can be probed using an
AFM. Therefore, we modified our STM setup to a combined STM/AFM capable to address
the electronic and the structural characteristics of deposited molecules. In 1995 Giessibl
et al. [200] proposed with the so called "q-plus" sensor a novel sensor design for scanning
probe applications. The original design utilized a stiff quartz tuning fork commonly used
as time-keeper in wrist watches for a cantilever of an AFM set up. One prong of the tuning
fork was mounted firmly to a comparably large weight. At the end of the other prong a sharp
conductive tip is attached allowing for simultaneous STM measurement. The piezo-electric

material of the tuning fork material allows for direct all-electric read-out of the AFM signal.

Due to the increased stiffness of the cantilever and its high g-factor an operation with low
oscillation amplitudes in the range of 1 A is possible [203]. This allowed for simultaneous
STM and nc-AFM measurements or in other words to simultaneously probe the forces acting
between tip and sample and the electronic structure of a sample [203]. For high resolution nc-
AFM measurements with CO functionalized tips it was shown for aromatic molecules adsorbed
in a flat geometry [204][205] that it is possible to achieve impressive resolution capable to
image individual bonds and thus directly observe the molecular structure. An example for

this is shown in Fig.5.3a) for a high-resolution measurement on pentacene making individual
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b) bonded

Figure 5.3 — a) The chemical structure of pentacene resolved by high resolution nc-AFM and
STM with CO functionalized tip (Modified from: Gross et al., Science 2009 [201]). b) Formation
of a complex between an Au-atom and two phenazine molecule observed by nc-AFM. The
dotted red circle indicates the position of the Au-atom. (Modified from: Albrecht et al., Journal
of American Chemical Society, 2013 [202]).

atomic bonds visible.

Using high-resolution nc-AFM the molecular properties, such as the specific conformation
of tetraphenylporphyrin (2H-TPP) and copper-metalated tetraphenylporphyrin (Cu-TPP) on
Cu(111) [206] could be identified. Furthermore, it was possible to observe the formation of
molecule-metal complexes between phenazine and a Au-atom [202]. Two AFM-topography
images of complexated and unbonded phenazine molecules are depicted in Fig.5.3b). It can
be seen that it is possible to pinpoint the specific geometry of the complex and the location of
the involved metal atom. Another interesting possiblity opening up with this technique is the
experimental observation of charges or molecular polarization by high resolution AFM based
Kelvin-Probe microscopy [110] as it was shown in [207]. This might be a valuable technique to
identify functional polar residues as they can be found in certain amino acids.

Although challenging, the experimental technique of combined STM and nc-AFM might be a
promising approach to gain intra-molecular resolution on peptides and thereby enabling a
novel approach for the on-surface sequencing of these molecules. Employing high resolution
imaging with functionalized tips, either for structural imaging (e.g. CO functionalized-tip) or
the identification of specific electronic features based on the result presented in this thesis,

might by a good approach to investigate peptides on surfaces with STM/AFM. Although not
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all groups of the synthetic peptide utilized in this thesis adsorbed flat on the metal substrate,
the identification by AFM of characteristic planar areas, such as the indole residues of Tryp
might be still possible. Further utilizing Kelvin-probe techniques might allow to discriminate
between polar and unpolar residues of certain amino acids within the sequence. Therefore, an
experimental set-up based on the design of the 4K-STM utilized in this work was developed
and built up. The system was subsequently moved to a laboratory optimized as ultra-low
noise environment and is currently optimized there. In order to benchmark the new set up,
first samples will be flat lying aromatic molecules such as pentacene and its derivatives. In a

subsequent step the synthetic peptide sequences discussed in this thesis will be investigated

with high-resolution nc-AFM.
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