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Abstract

Future technologies such as molecular electronics require the creation of functional
structures directly on solid surfaces. For this task, molecular self-assembly has been
identified as a most-promising bottom-up approach. The challenge, herein, is to
find a fine balance between intramolecular interaction and the interaction between
substrate and molecules. However, since molecular self-assembly relies solely on
reversible interactions, the structures formed are inherently unstable. Thus, the
creation of covalent bonds via on-surface reactions is of utmost importance in the

development of molecular devices.

Therefore, in this thesis, strategies needed for the precise modification of self-
assembled structures and novel concepts for on-surface reactions are presented. Using
state-of-the-art non-contact atomic force microscopy in ultra-high-vacuum, which
allows for imaging individual molecules on bulk insulators, the decisive influence
of anchor moieties on the molecular self-assembly was shown. Furthermore, the
stability of self-assembled structures was greatly enhanced by controlling on-surface

reactions and enhancing molecule-substrate interactions.

The decisive influence of electrostatic anchors is demonstrated by the comparison of
an aromatic molecule and its fourfold chlorinated derivative. For these molecules,
strikingly divergent self-assembly behaviour was observed. It is shown that the
ability to self-assemble into stable molecular islands, is driven by the substituents

and the dimensions of the molecules.

Within this work the photochemical reaction of organic molecules on a bulk insulator
is demonstrated for the first time. The reaction is forced into a specific direction by
the dimensions of the underlying substrate, which was corroborated by a thorough

statistical analysis.

Furthermore, a general concept for the enhancement of self-assembled structures,
based on the controlled transfer of electrons, is presented. With an increasing amount
of charge-donating atoms, the thermal stability of molecular islands is shown to
be significantly enhanced. Additionally, the desorption behaviour of the islands is
distinctively changed by the doping process.



iv

In conclusion, this thesis evaluates and successfully applies strategies designed to
steer the process of molecular self-assembly and the concepts needed to stabilize and

modify self-assembled structures.

Abstract (german)

Fiir die Realisierung zukiinftiger Technologien, wie z.B. molekulare Elektronik,
werden Strategien benoétigt, um funktionale Strukturen direkt auf Oberflichen zu
erzeugen. Fiir die Bewéltigung dieser Aufgabe ist die molekulare Selbstanordnung
ein duflerst vielversprechender Bottom-up-Ansatz. Hierbei ist eine der gréfiten
Herausforderungen das Zusammenspiel aus intramolekularer Wechselwirkung und der
Wechselwirkung zwischen Substrat und Molekiilen in ein Gleichgewicht zu bringen.
Da jedoch die wirkenden Kréfte der molekularen Selbstanordnung ausschliellich
reversibler Natur sind, ist eine langfristige Stabilitat fragwiirdig. Somit ist die
kovalente Verkniipfung der gebildeten Strukturen durch Reaktionen direkt auf der

Oberflache unerldsslich, um die Stabilitdt der Strukturen weiter zu erhohen.

Hierzu stellt die vorliegende Arbeit eine ausfithrliche Studie zu molekularer Selb-
stanordnung und der zielgerichteten Modifikation ebensolcher Strukturen dar. Durch
den Einsatz von hochauflésender Rasterkraftmikroskopie im Ultrahochvakuum,
welche es erlaubt einzelne Molekiile auf Nichtleitern abzubilden, wurde der mafige-
bliche Einfluss von Ankerfunktionalitdten auf den Prozess der molekularen Selb-
stanordnung gezeigt. Des Weiteren konnte die Stabilitdat der selbst angeordneten
Strukturen durch neue Oberflichenreaktionskonzepte entschieden verbessert wer-

den.

Der Einfluss von Ankerfunktionen, die elektrostatische Wechselwirkung zwischen
Molekiil und Substrat vermitteln, auf den Strukturbildungsprozess der molekularen
Selbstanordnung wird eingehend durch den Vergleich eines aromatischen Molekiils
und seines vierfach chlorierten Derivates gezeigt. Fiir diese beiden Molekiile wurde
ein deutlich unterschiedliches Verhalten der Selbstanordnung beobachtet. Es wird
gezeigt, dass die Fahigkeit zur Bildung selbst angeordneter, stabiler Inseln entschei-

dend durch die Substituenten und die Abmessungen des Molekiils beeinflusst wird.

Auch wird in dieser Arbeit die erste photochemische Reaktion organischer Molekiile
auf einem Isolator gezeigt. Qualitative und quantitative Ergebnisse liefern ein
detailliertes Bild dariiber, wie die Abmessungen des Substratgitters die Richtung

der Reaktion gezielt beeinflussen.



Des Weiteren wird ein allgemeines Konzept zur selektiven Stabilisierung selbstan-
geordneter Molekiilstrukturen durch den kontrollierten Transfer von Elektronen
préasentiert. Durch die gezielte Steuerung der Menge an Dotierungsatomen wird die
Desorptionstemperatur der molekularen Inseln signifikant erhéht und das Desorp-

tionsverhalten der Inseln entschieden verandert.

Diese Arbeit prasentiert somit erfolgreich durchgefiihrte Strategien um den Prozess
der molekularen Selbstanordnung zu steuern, sowie entscheidende Mechanismen
um die Stabilisierung und Modifizierung von selbst angeordneten Strukturen zu

gewahrleisten.






Kein tiberflissiges Wort zuviel.

— Angelika Kiihnle
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Introduction

In the bygone century semiconductor technology has triggered an enormous field of
research. Starting from devices on the scale of several centimeters down to modern
transistors being in the 10-20nm regime, the number of atoms needed to store
one bit of information has reduced from 10 atoms in 1960 to about 103 atoms
in 2010.1 For the creation of these structures two different approaches can be
thought of, namely top-down and bottom-up. Top-down approaches start with a
large amount of material. Step-by-step, material is removed, until only the desired
shape is left. Typical examples for top-down processes are the classical methods
to create semiconductor devices, e.g., lithography and etching. The bottom-up
approach starts from single building blocks, which are smaller than the resulting

structure. By combining the building blocks, the desired structure is obtained.

The classical top-down methods are expected to reach their miniaturization limits
until 2020.2 Hence, exploring bottom-up methods is mandatory for the continuous
miniaturization of structures in electronic devices. Recent advances have proven
the ability to manipulate individual atoms and molecules. While this is a very
impressive achievement, it is also very time consuming. In particular, atom-by-atom
manipulation is unlikely to provide the efficiency needed for mass production. This
is given by the serial nature of this approach, only allowing for one manipulation

step at a time.

In order to follow a parallel approach, molecular self-assembly is most promising
since it allows for the creation of structures at the atomic level.l?l Self-assembly of
molecules relies on two interactions, namely the intermolecular and the molecule-
surface interactions. By deliberately tuning the involved interactions, the resulting
structures can be controlled, explaining the great success of molecular self-assembly
for functional structure formation. However, since molecular self-assembly solely
relies on reversible interactions, the resulting structures are inherently instable.
Thus, strategies are required to stabilize these structures. Here, on-surface synthesis
has proven to be a most promising approach./*! Furthermore, on-surface synthesis
is able to provide fully conjugated networks. These are desirable because of their
electron transport properties, especially when envisioning future technologies like
molecular electronics. Another highly exciting aspect of on-surface synthesis is the
chance to discover new reaction pathways due to the two-dimensional confinement

of the reaction educts.
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In this thesis, the aforementioned concepts of molecular self-assembly and on-
surface thesis will be used for the creation of molecular structures on an insulating
substrate, namely the calcite (10.4) cleavage plane. The technique used to unravel
the processes at the molecular scale is state-of-the-art non-contact atomic force
microscopy operated under ultra-high vacuum (UHV) conditions. This technique
allows for imaging insulating substrates and the molecules adsorbed onto the surface
in real space with atomic precision. Therefore, in chapter 2 the underlying principles

of this measurement technique will be introduced.

The insulator of choice in this thesis is calcite, since this material has proven to be a
versatile substrate for molecular self-assembly. 5] Hence, in chapter 3, the properties
of calcite will be concisely discussed. A more detailed focus is lying on the (10.4)
cleavage plane, since it is the underlying substrate for all experiments discussed
herein. In the successive chapter 4, I will give a comprehensive overview over the
highly active field of on-surface synthesis. Starting from the first steps on metal
surfaces at the beginning of this century, I will furthermore discuss the very recent

investigations of thermally activated on-surface synthesis on insulators.

In chapter 6, I will present my results on how electrostatic anchors built into
perylene derivatives influence and stabilize the structures formed in the reversible
process of self-assembly. While ordered structures can be achieved, these molecular
arrangements will always lack the thermal and chemical stability that is offered by
covalently bonded networks. Consequently, chapter 7 will present a photochemical
approach for the creation of covalent bonds. I will show that the choice of substrate
is crucial for controlling the direction of the reaction. Furthermore, I will present
a statistical analysis, quantifying the directionality of the reaction. Chapter 8 will
describe how atomic doping directly influences the properties of self-assembled
structures. It will be demonstrated that the controlled dosing of a reaction partner
has the ability to increase the thermal stability of molecular islands and that the

disintegration procedure during desorption is significantly altered.

Thus, the results of this thesis present an important insight into the nature of molec-
ular self-assembly and the strategies needed for the stabilization and modification of
self-assembled structures. This thesis will, therefore, be beneficial for the further
development of tailor-made molecular structures, especially in the context of creating

future technologies like molecular electronics via the bottom-up approach.

Chapter 1 Introduction
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Atomic Force Microscopy

The most widely used chemical analysis methods, e.g. infra-red spectroscopy, x-ray
diffraction or nuclear magnetic resonance spectroscopy, are highly valuable tools
for chemists and physicists to unravel the properties and the behaviour of all kinds
of compounds and materials. However, all these techniques reveal information
in a way that most of the time is not straightforward in analysis. Furthermore,
these techniques usually do not reveal information on a local scale. In order to
obtain such local information, at best at the single-molecule level, the usage of
microscopy techniques comes to mind. However, due to the diffraction limit of classic
optical microscopes,®l which is directly connected to the used wavelength, resolving

molecular and atomic structures is quite challenging.!”]

The first steps towards the broad field of scanning probe microscopy (SPM) were
accomplished by R. Young, J. Ward and F. Scire in 1972.8] Their so-called to-
pografiner already included nearly all features of a modern scanning tunnelling
microscope (STM). Operating under high-vacuum conditions, they used the field-
emission current to record the topography of a diffraction grating with a lateral
resolution of 400 nm. Furthermore, they could show a distance dependant metal-
vacuum-metal tunnelling current.

The first real surface study with an STM was conducted by Binnig, Rohrer and
Gerber in 1981.1% Due to the exponential distance dependence of the tunnelling
current, they could already resolve monatomic steps on a CalrSny (110) surface with
a lateral resolution of 1 nm. Only five years after this invention, Binnig, Quate and

Gerber presented the atomic force microscope (AFM).[*0)

General Setup

All SPM methods are based on the same main principle. A tip is positioned close
to a surface and scanned in a line-by-line fashion over the surface. This movement
is conducted by an XYZ-Scanner, which typically consists of a piezo tube. Here,
an external voltage is applied to the tube and translated into a deformation of
the piezo crystal. This deformation causes a displacement of the tip and allows

[10]

for sub-nanometer movements.""”) While scanning, the interaction between tip and

sample is recorded, and, depending on the scanning mode, fed into a feedback loop
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which tries to keep the tip sample interaction constant at a pre-set value, i.e. by

controlling the tip-sample distance via the scanning piezo.

Please note that the measured interaction can be of manifold origin. Typical
measurement signals are for example tunnelling current, chemical bonding forces,
Pauli repulsion, or magnetic forces. This large variety of measurable quantities
makes the field of SPM a highly versatile method for the investigation of surfaces in

real-space.

The AFM employs a micro-machined cantilever (see Fig. 2.1 A) which is usually
made out of silicon or silicon nitride.*] At the very end of the cantilever the conical
tip is positioned, which, in the ideal case, reduces to a single atom at the tip apex
(see Fig. 2.1 B). The most widely used way to detect a change in interaction between
tip and sample uses a laser beam which is reflected at the back side of the cantilever
and is detected at a 4-quadrant position sensitive diode (PSD) (see Fig. 2.1 C).
When the tip-sample interaction changes the bending of the cantilever, the incident
angle of the laser beam on the cantilever backside changes accordingly. Thus, the
reflected laser beam illuminates a different position on the PSD, resulting in a change
in current, proportional to the cantilever displacement. With the AFM, the effect of

the force between tip and sample is measured.

l

Fig. 2.1.: (a) Close-up of a micro-machined cantilever chip;(b) SEM image of a cantilever
(image courtesy of Jannis Liibbe);(¢) Schematic setup of a beam-deflection AFM (CL =
Cantilever, PSD = position sensitive diode).

Operating Modes

Like any SPM method, the AFM can be operated in various modes. All of these
scanning modes can be performed with or without the use of a feedback loop. When
no feedback loop is used, the piezo displacement does not change over time, thus,
the absolute height of the cantilever does not change. Hence, it is referred to as
constant height mode. When the feedback loop is activated, the mode is called
constant force/amplitude/detuning, where the exact name depends on the measured

quantity.

Chapter 2 Atomic Force Microscopy



The simplest mode is the static or contact mode (see Fig. 2.2 A). By constantly
pressing the cantilever onto the surface, the cantilever is bend due to Pauli repulsion.
When the sample topology changes, the bending of the cantilever is also changed.
This bending is detected by a PSD and, depending on the scanning mode, fed into
a feedback loop, which tries to keep the force acting on the cantilever at a constant
value, by varying the distance between tip and sample. As easily evident, the
simplicity is paid for by accepting severe drawbacks. Due to the contact between tip
and sample, the tip loses its sharpness rather quickly. This results in a diminished
resolution, because the contact area is several nm? large. At best, lattice resolution
can be achieved, where the crystal lattice of the tip is scanned over the crystal lattice
of the sample, thus, making the detection of atomic defects impossible. Additionally,
shearing forces acting between the cantilever and the sample can easily result in the
destruction of soft samples.

In the intermittent contact mode (see Fig. 2.2 B), the cantilever is driven near
its resonance frequency and periodically taps onto the surface. By a change in
tip-sample interaction, the oscillation amplitude changes. Again, this change in
measurement signal can be kept constant by a feedback loop, and, thus, the topology
of the sample is mapped. Yet, the resolution limit is still comparable to the contact
mode, since a rather large area is in contact with the sample. Shearing forces are,
however, avoided. Hence, soft samples can be investigated without destroying their
surface.

The highest resolution is achieved with the non-contact mode. Here, either the

B Contact B intermittent contact Non-contact
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Fig. 2.2.: Schematic view over the most common scanning modes and the resulting signals.

amplitude or the frequency (see Fig. 2.2 C) of the oscillating cantilever can be

modulated. However, when measuring in UHV amplitude-modulation-atomic force

2.2 Operating Modes
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microscope has the tremendous disadvantage that the response time 7457 of the
cantilever to changes in the tip-sample force is directly proportional to the quality

factor @ of the cantilever, as evident from the relation*2

2Q
TAM R —. (2.1)

fo
High @ factors, which are typical for UHV,* prolong the response time of the
system and demand low scanning rates. Thus, AM-AFM is not feasible under UHV
conditions, but is a technique used in ambient conditions, where the @) factor is

much smaller.

Instead frequency-modulation (FM) AFM is used under UHV conditions.

FM-AFM

In 1991, Albrecht and co-workers managed to combine high scan speed and low
noise, due to high @ factors, by introducing the FM mode.[!3] Here the cantilever is
oscillated at its eigenfrequency f, while keeping the amplitude constant (see Fig.
2.2 (C)). Tip-sample interactions shift the eigenfrequency fy of the unperturbed
cantilever by Af, where

Af=f— fo. (2.2)

If we assume the cantilever to be a harmonic oscillator, we can express the eigenfre-

1 k
Jo= By | Gy (2.3)

with m* and k being the effective mass and the spring constant of the cantilever,

quency as

respectively.

By approaching the tip to the immediate vicinity of the surface, the oscillating tip
is affected by the forces arising from the tip-sample interaction (see Sec. 2.4). For
small variations in the tip-sample distance the force gradient k;s can be expected to

be constant, and, thus, Eqn. 2.3 can be complemented by k;s = 8Fts/8z:[12]
L fe=
= —/ —2 2.4
! 2T m* (2.4)

2Typical values for Q in UHV are 10* < Q < 10°, due to the reduced air damping

Chapter 2 Atomic Force Microscopy
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In order to mathematically connect Af and ki, the Eqns. 2.3 and 2.4 can be

inserted into Eqn. 2.2. For the case k;s << k, the resulting expression can be

simplified via a Taylor series and, thus, the frequency shift[2l

fodFs  fo
ok Bz 2k M (25)

Af =

This equation is only correct if the force gradient is constant during one period of
oscillation, which is only the case for small amplitudes.

Albeit these drawbacks, FM-afm is a most valuable technique since frequencies can
be measured with utmost precision, achieving uncertainties as low as 1.4 - 10717 Hz,
even when measuring in the THz regime.[!¥) Therefore, the detuning of the oscillating
cantilever can be used as a direct measurement signal, viz. the constant-height mode,
or processed by a feedback loop, yielding a topography of the sample, viz. the
constant-detuning mode. In all cases a phase-locked loop (PLL) is used to keep the

phase between the cantilever oscillation and a reference oscillation constant.™

Imaging Principle

The imaging signal in AFM arises from the potential energy V;s between tip and

sample. This potential gives rise to a force Fis between tip and sample in z-direction

OWVis

Fs = —
ts aZ

. (2.6)

When trying to model this potential qualitatively, the semi-empirical Lennard-Jones-

Potential is often considered,!’8! which has the general form

206 2ol
Véennard—Jjones = —Vo (2 : ? - ; 2) (27)

The attractive interaction between tip and sample is described by the first part in
equation 2.7. This part arises from van-der-Waals forces. The second part describes
the Pauli repulsion. However, it has to be noted that the Lennard-Jones-Potential
only describes the interaction between uncharged and chemically non-bonding

particles.

The Lennard-Jones potential, its contributing terms and the resulting force are
visualized in Fig. 2.3. As can be clearly seen, the interplay between attractive and
repulsive forces result in a potential minimum at the equilibrium distance 2y, with a

value of —V{. In this point the corresponding force Fys = 0.

2.4 Imaging Principle

7
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Lennard-Jones Potential
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—— repulsive term

— Force

, force

>
distance r

Fig. 2.3.: Plot of the Lennard-Jones potential and its corresponding attractive and repulsive
terms.

To further characterize the interaction, the individual contributions will be discussed

in the following section.

Long-range forces

The long-range contributions to the total force F;s mainly consist of electrostatic
forces and Van-der-Waals forces. Due to their long range, macroscopic areas of the
tip and the sample contribute to this force and, thus, atomic resolution with these
contributions is impossible. Consequently, these contributions should be compen-
sated for, e.g. by applying an external bias voltage to counterbalance electrostatic

forces.

Electrostatic forces
The electrostatic interaction between atoms is be described by the Coulomb interac-
tion. By placing two point charges 1 and 2 with charge ¢; and g2 at a distance z,

the resulting force F(z) is

with €¢g being the dielectric constant.

Van-der-Waals forces
The long-range van-der-Waals (vdW) forces arise from the interaction of dipoles and
are typically separated into three different contributions, base on the combination

of permanent and induced dipoles.

Chapter 2 Atomic Force Microscopy
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2.5

Keesom interaction occurs when two permanent dipoles interact with each other.
When one permanent dipole induces a temporary dipole in another polarizable
particle, the resulting force is described by Debye interaction.

Given the fact that electron clouds fluctuate over time, a temporary dipole can arise,
which induces another temporary dipole in a neighboring particle and vice versa.

This effect is described by the London dispersion force.

Short-range Forces

Atomic imaging contrast in AFM relies on short-range interaction between tip and
sample. These contribution to F}s; mainly consist of Pauli repulsion and chemical

bonding.

Pauli repulsion

Pauli repulsion is a quantum mechanical effect between particles. The Pauli exclu-
sion principle states that two fermions occupying the same space (e.g. electrons)
cannot be identical in all quantum numbers. When tip and sample are approached,
at some point their orbitals will need to overlap. When these orbitals are fully
populated, the electrons therein will not differ in their quantum numbers. Thus,
the overlap of two fully occupied orbitals is impossible and, thus, gives rise to a

repulsive interaction since the electrons are forced to occupy states with higher energy.

Chemical bonding
The exchange interaction between orbitals is an attractive force. Covalent bonds
can be formed between tip and sample, if the orbitals are not fully occupied. Due

to the scanning movement, however, these bonds are broken again immediately.

Imaging Artifacts

Artifacts in SPM images are based on the fact, that the measured signal is always
a convolution between the properties of tip and sample. For the case of STM the
influence of the tip shape on the distortion of the images is not that crucial, since
the measurement signal, i.e. the tunneling current, has an exponential decay with
respect to the distance. In AFM, however, this distance dependence is reduced to

6

z° or even a lower power, as discussed above in sec. 2.4. Hence, the microscopic tip

geometry is of much greater importance for the quality of the obtained images.

The most prominent cases are depicted in Fig. 2.4, based on the assumption of a
conical tip. When the opening angle « of the tip is smaller than the opening angle
B of the feature (Fig. 2.4 A), the scanned feature will be imaged correctly. If, on
the other hand, the opening angle « of the tip is larger than the opening angle 5 of

2.5 Imaging Artifacts
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— — — scan direction

|eau

K3ojodo)

Fig. 2.4.: Tmaging artifacts for several cases: (A) In the ideal case, the opening angle § of
the sample is larger than the opening angle « of the tip; (B) If § < «, the apparent opening
angle of the feature is a; (C) A double tip produces apparent kink sites on the side of the
feature facing the fast scan direction.

the feature, then the apparent angle of the feature will be v (Fig. 2.4 B). These two
cases are only true given that a perfectly symmetrical tip is used, which is not a
realistic assumption. In reality the tip exhibits asymmetries, as depicted exemplarily
in Fig. 2.4 C. The double tip feature leads to an apparent kink site on the side of
the feature. Furthermore, if the two tips are separated even more, small features
can be imaged twice in one image. However, it has to be noted that the previously
discussed examples are only exactly true for an infinitely fast feedback loop. If the
feedback loop behaves realistically, i.e. with a finite response time, a shadow at the
backside of the feature, with respect to the scan direction, can be observed (see the

gray lines in Fig. 2.4).

Basic Setup

The general setup of a beam-deflection non-contact atomic force microscope (NC-AFM)
is depicted in Fig. 2.5. The excitation piezo is driven by a voltage supplied by the
amplitude feedback loop (A-FB). This results in an oscillation of the cantilever.
Consequently. a laser beam, which is focused on the backside of the cantilever,
gets deflected and, thus, changes its position on the 4-quadrant PSD. Since each
quadrant converts incident light into a voltage proportional to the light intensity,
simple arithmetics of these signals yield a sinusoidal voltage proportional to the
current force, namely Fp. This signal is then fed back into the PLL and the A-FB.
The PLL then determines the current frequency f of the oscillating cantilever and

gives the frequency shift Af as an output signal. This signal is fed forward into

Chapter 2 Atomic Force Microscopy
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Fig. 2.5.: Basic setup scheme of of an NC-AFM experiment

the electronics for recording and into the distance control circuit. The distance
control circuit, subsequently, adjusts the tip-sample distance and records the change,
namely the topography.

The Fy signal is further processed by the A-FB and compared with a pre-set, i.e.
Ager. Additionally, the amplitude (A) and the dissipation (I') are recorded. The
signal to excite the piezo is then calculated from the product of the A-FB and the
PLL.

KPFM

Since AFM, ideally, maps the topology of a sample surface, no information on the
local surface charge distribution can be extracted from the data.l” To overcome
this limitation, Kelvin-probe force microscopy (KPFM) was introduced. FM-KPFM
extends the capabilities of SPM, by measuring the contact potential difference (CPD)

between a metallic tip and a metallic sample.

The basic principle originates from the historical Kelvin probe,'8 where two metals
exhibiting different work functions will transfer charges, until their Fermi levels are
aligned. By applying a suitable compensation potential, the equalizing of the Fermi
levels can be nullified. This concept was developed further by Zisman in 1932019
and transferred from the macroscopic to the nanoscopic scale by Nonnenmacher et
al. in 1991, by introducing KPFM.[ For KPFM measurements on bulk insulators,

however, the contrast formation is highly complex and still not thoroughly understood.

Thus, only the general setup will be discussed here. For a detailed theoretical
approach, please see Neff et al.[2!]

When a DC voltage Upc is applied in an FM-NC-AFM measurement, the frequency

shift Af of the oscillating cantilever is shifted, due to a change in the electrostatic

2.7 KPFM
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interaction (see green curve in Fig. 2.6). In order to minimize the electrostatic inter-
action, and in consequence the frequency shift, a voltage U,yq has to be applied. In
regular AFM experiments, this task is done once at the beginning of the experiment,
under the assumption that the change in F,; is negligible. In KPFM, however, the
applied voltage Uy (red curve in Fig. 2.6) is modulated with an additional AC
voltage Up,og, having the frequency fi,04. This results in a frequency modulation
of the cantilever frequency shift Af, with an amplitude proportional to U,,,q. The
KPFM feedback loop, subsequently, tries to minimize the amplitude of this frequency
modulation by varying Ug. until Uge = Ugpq (grey curve in Fig. 2.6). Thus, tracking

the change in U,,q, while the cantilever is scanning the sample surface.

frequency shift

u

dc cpd

applied voltage

T AWAWAWAWATAaWAaWaWaWalWs Wal- _

VAR

Fig. 2.6.: By sweeping the applied voltage between tip and sample and simultaneous
recording of the cantilever frequency shift, the amplitude of the modulation (red curve)
along the Y-axis is minimized when Uy = Uepq. Adapted from [22].

In typical FM-KPFM experiments U,,,q = 2V and f,0q ~ 1 kHz.

Chapter 2 Atomic Force Microscopy



3.1

3.2

Bulk Insulator Calcite

Calcium Carbonate

Calcium carbonate (CaCO;) is the most ubiquitous simple salt on earth.?3] Tt is
found as a major component in marine organisms, e.g. plankton, red algae and
several sponges. In these organisms, calcium carbonate is combined with numerous
organic materials to create structures with outstanding properties, e.g. shells with a
significantly higher fracture toughness.24 It is widely used in industrial applications,
e.g. as a filler in plastics, as an additive in acid-free paper.25) Given the fact that 60%
of the world’s hydrocarbons are located in carbonate rocks,26l research on calcium
carbonate is of high importance for the oil-producing industry. The outstanding
birefringence of calcite makes it useful for e.g. polarizing prisms2™28 and it can
be used to determine the position of the sun with a precision of +1°, even through

29 Thus, a deeper understanding of the interaction between

clouds or in twilight.
organic molecules and calcium carbonate is crucial for countless research fields,

ranging from basic research to industrial applications.

In its crystalline form, calcium carbonate has three different polymorphs, namely
aragonite, vaterite and calcite. Since calcite is thermodynamically the most stable
polymorph, vaterite and aragonite transform into calcite over time. In addition to the
natural modifications, five synthetic modifications are described in literature. These
modifications, namely calcite I - V, have been synthesized under high-temperature

30 Calcite is a transparent crystal, with a defined

and /or high-pressure conditions.
Mohs hardness of 3 and a density of 2.71 g cm 2.3 Calcite crystallizes in the trigonal
hexagonal crystal system and is described by the space group R32/c. Furthermore,
being a bulk insulator, it has a band gap of Eyq, = 6.0 V.32 Hence it is an ideal
substrate for future molecular electronic devices, where full electronic decoupling

from the substrate is mandatory.

The (10.4) cleavage plane

The most stable cleavage plane of calcite is the (10.4) plane. This plane has

been found to exhibit a significant templating effect on organic molecules.[336]
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Additionally, it has a surface of energy of 75 = 590 mJ m~2, which is considerably
high compared to other bulk insulators, e.g. KBr, NaCl or CaFQ.Bﬂ

As can be seen in Fig. 3.1 (A), the (10.4) surface has a rectangular unit cell with
the dimensions 0.5x0.81 nm?. Moreover, the unit cell consists of two calcium ions
and two carbonate groups. Along the [421] direction, the carbonate groups alternate
their orientation, resulting in a zig-zag pattern of the protruding oxygen atoms.
Since the carbonate groups form an angle of 44 ° to the surface, the oxygen atoms

lie 78 pm above or below the plane of the calcium ions. For the calcite (10.4) surface,

64 pm- -
AR T
&0 _BoiFord0 B D0 B0 @p_So
07076 &0.81 nm~o\|0
IR S RIS I
25 0.5NM Pt
A A AT A DO
— &0 B0 30 0 @0 _So_Po_Fo —
[421]0,0 6 ¢~ & 07 0 0\ [421]
o _oR 1o 1oR To o o o o
o&)o&OG)m@mQ&oo&oo&oo o&o
o0 e(2x1)»’ 0” e” e” o T
[010]
O Calcium
o Carbon
o Oxygen

Fig. 3.1.: (A) Model of the (10.4) cleavage plane and the corresponding unit cell.; (B)
Drift-corrected NC-AFM image of the bare (10.4) surface of calcite. The surface unit cell
and the (2x1) reconstruction are indicated by the white dashed rectangle and the white and
red dashed rectangle,respectively. Furthermore, along the [421] direction, the zigzag of the
carbonate groups (black line) and the row-pairing (white dashed ellipse) can be observed.

two reconstructions are described in literature (see Fig. 3.1). The first is the (2x1)
reconstruction, which was first observed by low-energy electron diffraction (LEED)
in 1991.58) This reconstruction manifests in alternating bright and dark features
along the [010] direction (red and white dashed rectangle in Fig. 3.1 (B)). The
second reconstruction is the so-called row-pairing (white dashed ellipse in Fig. 3.1
(B)). Here, two neighbouring carbonate groups along the [421] direction slightly
differ in appearance, and, thus, give the impression to form a pair. First observations
of this contrast were reported for contact AFM in water.9)

The birefringent nature of calcite allows for an easy determination of the absolute
orientation outside of the UHV chamber. If light passes the crystal perpendicular to
the (10.4) surface, it is split up along the [421] direction.”! Thus, the orientation of

the crystal examined by AFM can be determined by a complementary method.

A detailed description of the bulk structure of calcite, the peculiarities of the (10.4)
surface and a thorough analysis of its contrasts in NC-AFM experiments can be
found in the thesis of P. Rahe.l”!

Chapter 3 Bulk Insulator Calcite
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On-Surface Synthesis

In recent years, on-surface chemical reactions have proven to be a highly versatile

s.[4400 Ag compared to molecular

tool for the creation of stable molecular structure
self-assembly, which relies on reversible intermolecular interactions,*! on-surface
synthesis provides the opportunity to create stable molecular structures by formation
of covalent bonds. Performing the reactions directly on the surface bears a great
potential for surface functionalization and the creation of functional devices, e.g.
in the field of molecular electronics. On-surface reactions can be realized without
solvents under ultra-high vacuum conditions, which allows for utmost control over
the purity of products. Moreover, on-surface synthesis offers the possibility to
prepare compounds that cannot be synthesized in solution due to solubility issues.
Most importantly, the confinement of the reaction into two dimensions gives access
to entirely new reaction pathways, e.g. by stabilizing specific conformers. For the
investigation of these reactions, scanning probe techniques are a most valuable tool,
since they allow for directly imaging the precursors and their resulting products in
real space.

In this chapter, I give an overview of the advances and the current state-of-the-art
in this highly active field of research. Starting from proof-of-principle studies at
the beginning of this millennium, the consequent enhancement of these reactions
will be discussed. Furthermore, concepts improving reaction control, structural
complexity and stoichiometry are presented. Finally, first successful approaches

towards on-surface synthesis on insulating substrates are shown.

Proof-of-Principle

Since on-surface reactions can be classified as a new kind of reaction type, already
established reaction concepts and reaction procedures have to be thoroughly adapted
to fit the modified environment in the presence of a surface. Numerous synthetic
protocols have already been transferred and adapted to fit the specific needs of

on-surface synthesis.

Among the first examples for the on-surface creation of covalent bonds between
molecules is the well-known Ullmann coupling. The classical Ullmann synthesis has

first been described in 1904142 and allows for the selective formation of carbon-carbon
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Fig. 4.1.: Cu-mediated Ullmann coupling between two aryl halides.

bonds between two aryls by a Cu-mediated activation of halogen aryls, such as

chlorobenzene (see Fig. 4.1).
(ALl B [ C EL Br
Yo ogYo gYo

Fig. 4.2.: Ullmann coupling of substituted porphyrins with control over the dimensionality.
By using different building blocks with (A) one, (B) two or (C) four Br substituents, dimers,
one-dimensional lines or two-dimensional networks are formed (see STM images below).
Adapted from [43].

On a surface, this has been demonstrated with scanning tunneling microscopy for the
first time by Hla et al. in 2000.144 In this case, they have adsorbed iodobenzene on a
Cu(111) surface held at 20 K. By applying a voltage pulse with the tip of a scanning
tunneling microscope (STM), the carbon-iodine bond could be cleaved. Subsequently,
two closely lying phenyl radicals have been brought into proximity of each other by
lateral manipulation again using the STM tip. With a further voltage pulse, the
two phenyl radicals have been covalently linked to form a biphenyl molecule. The
successful linkage has been demonstrated indirectly by manipulation of the newly
formed molecule that has been moved as an entity. Another prominent example for
on-surface synthesis using an STM tip to initiate the reaction is the polymerization
of diacetylenes. Aono et al. have been able to initiate the polymerisation of 10-

12-nonacosadiynoic acid, adsorbed on a graphite surface, into a polydiacetylene

Chapter 4 On-Surface Synthesis
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nanowire. Interestingly, the start of the reaction could be precisely controlled by
applying a voltage pulse with an STM tip, while the reaction direction has been
governed by the underlying substrate, resulting in uni-directional rows. 4%

Despite the impressive nature of these experimental achievements, reaction initiation
by the tip of an STM appears unlikely to be adopted for the creation of extended
nanostructures, because of its serial concept. A most promising parallel approach
has been published by Grill et al. in 2007.143 After adsorbing porphyrins with a
varying number of bromine substituents on a Au(111) surface, they have been able
to deliberately steer the dimensionality of the reaction product. By annealing the
gold substrate to 400 K, thermal homolysis of the carbon-bromine bond has been
induced and a phenyl radical has been created. During diffusion on the surface, the
highly reactive radicals recombined and formed dimers, linear chains or extended
networks (see Fig. 4.2). Based on the same strategy, other examples exist in the
literature. Lipton-Duffin et al. have demonstrated the coupling of diiodobenzene
on Cu(llO).[46] By using the two isomers 1,4-diiodobenzene and 1,3-diiodobenzene,
they have been able to create poly(para-phenylene) lines and poly(meta-phenylene)
zigzag rows, respectively. Additionally, the reaction of 1,3-diiodobenzene has allowed
for the formation of sexiphenylene macrocycles. A similar approach has been used
by Fan et al. By enlarging the reactant by two meta-positioned phenyl rings, i.e.,
changing from 1,4-dihalobenzene to 4,4”-dihalo-m-terphenyl, they have been able to
synthesize hexagonally-arranged hyperbenzene macrocycles on a Cu(111) surface.[47]
Similarly, the synthesis of poly(3,4-ethylenedioxythiophene) by polymerization of 2,5-
diiodo-3,4-ethylenedioxythiophene on Cu(110) has been shown.*8l Further example

for successful Ullmann-like on-surface syntheses are shown in Table 4.1.

In a comprehensive study comparing various surfaces, Gutzler et al. have shown
that the Ullmann coupling crucially depends on the underlying substrate. Ther-
mal annealing of monolayers of 1,3,5-tris(4-bromophenyl)benzene on graphite(001),
Cu(111) and Ag(110) has clearly shown that the homolytic cleaving of the C-Br
bonds is not taking place on graphite, since the molecules desorb before they are
able to react. On metals, however, the split-off Br atoms are chemisorbed to the
surface and, in consequence, stabilized.[49 Thus, it is crucial to carefully consider the
influence of the substrate on the surface reaction. In this context, metal substrates
provide the great advantage that they are catalytically active and typically possess
a rather high surface energy.7)

Advanced Studies

In the interest of enlarging the set of synthetic tools for the creation of covalent

structures directly on the surface, additional chemical reactions have already been

4.2 Advanced Studies
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successfully converted into on-surface synthesis concepts. These will be discussed in

the following.

Further parallel approaches

C-H bonds are known to be rather inert, especially when considering long alkyl
chains. A possibility for activating this bond is the use of aromatic groups or
methyl groups added to an aromatic core. Very recently Wiengarten et al. have
demonstrated the creation of homocoupled porphine arrays. The activation of the
C-H bonds situated directly at the aromatic ring has allowed for the creation of
up to three C-C bonds between neighboring molecules.®® Due to the desorption
of molecules upon post-deposition annealing, they have deposited the molecules
directly on a surface, held at elevated temperatures. By performing the reaction at
different sample temperatures, they have been able to increase the yield of coupled
porphine from 70 % at 533K, to 99% at 613 K.

In’t Veld et al. have shown an oligomerization of tetra(mesityl)porphyrin.[51] This
reaction is facilitated by the fact that the radicals formed when cleaving off one
hydrogen atom are comparatively stable. This stabilization is due to the aromatic
core of the mesityl groups, which stabilizes radicals by delocalization. Hence, the
recombination of the two created radicals is hindered and the porphyrin radicals
exists long enough to find a suitable reaction partner. Thus, simple annealing
of these precursors on a Cu(110) held at 420-470 K has shown to be sufficient to
form covalently linked oligomers. The C-H activation of linear alkanes has been
shown by Zhong et al.’l Deposition of di(eicosyl)benzene (DEB) on a Au(110)
surface constrained the molecules into one dimension. Subsequent annealing to
420K has yielded the corresponding polymer, namely poly(DEB). Calculations
have show