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Kurzfassung

Kiirzlich konnte gezeigt werden, dass Graphen und Graphen-Nanobénder (GNR) aus einer
Vielzahl von molekularen Prakursoren unter Ultra-Hochvakuum-Bedingungen auf Met-
alloberflichen gewachsen werden kénnen. Im Besonderen wurden aus 10,10’-Dibromo-
9,9-Bianthryl (DBBA)- und 1,1-Ferrocendicarboxyl-Saure (FcAd)-Molekiilen GNR. und
dreieckige Graphen-Inseln durch geniigend hohes Heizen auf Edelmetalloberflichen herge-
stellt. Dags Ziel dieser Arbeit war es ein vollstdndiges Bild der Adsorptionseigenschaften von
Prakursoren und Reaktionsprodukten zu erhalten. Wir benutzten Rastertunnelmikroskopie
und —spektroskopie um die Strukturen und elektronischen Eigenschaften der Edukte und
Produkte zu untersuchen.

Die Deposition von DBBA-Molekiilen auf Au(111) bei Raumtemperatur resultiert in geord-
neten molekularen Inseln. Die Selbstassemblierung der Strukturen wird durch Wasser-
stoffbriickenbindungen und 77w Wechselwirkungen bestimmt. Weiterhin haben wir die
Prékursor-Strukturen auf verschiedene Temperaturen von 100 °C bis 400 °C geheizt. Mit
steigender Temperatur vollfithren die DBBA-Molekiile eine strukturelle Neuanordnung auf
der Oberfliche, bevor Dehalogenierung und anschlieffend Ullmann-Kopplung einsetzen.
Schlieklich formen sich GNR, die sich durch an den beiden Enden lokalisierten Tamm-
Zustédnden identifizieren lassen. Um temperaturinduzierte Reaktionen mit photonenin-
duzierten Prozessen zu vergleichen, haben wir die Probe mit Laserstrahlung beleuchtet.
Dies fithrt zur Aufspaltung von C-C-Bindungen innerhalb der Anthracen-Einheiten und
schlieRlich zu Tetradecan-Molekiilen.

Wir haben auferdem die Struktur und elektronischen Eigenschaften von FcAd-Molekiilen
auf Ag(111) und Cu(111) untersucht. Auf Ag(111) konnten wir zwei Adsorptions-Konfi-
gurationen, vertikal bzw. horizontal, der FcAd-Molekiile identifizieren. Die horizon-
talen FcAd-Molekiile fithren zur Bindung zweier benachbarter FcAd-Dimere. Auf Cu(111)
formen die FcAd-Molekiile auch molekulare Inseln, wobei aber nur die horizontale Ad-
sorptionskonfiguration gefunden wurde. Die lokale Adsorptionskonfiguration innerhalb
der Molekiilinseln konnte durch Bias-Spannungspulse gedndert werden. Das Heizen der
FcAd/Cu(111) Probe fiihrte zu dreieckigen Graphen-Inseln auf Cu(111). Durch die hohe
Menge von thermisch induzierten, ungeordneten Nebenprodukten wurde das weitere Wach-
stum von Graphen-Inseln behindert. Wir schlagen vor, dass die Bildung von Graphen-
Inseln den Prozess der Ringtffnung des 5-Kolenstoff-Rings und Neubinden zum 6. Kohlen-
stoffatom unter Verwendung des Kohlenstoffatoms aus der COOH-Gruppe derselben Cyclo-
pentancarboxyl-Einheit beinhaltet. Ahnliche Experimente wurden auf Ag(111) mit Heizen
der FcAd/Ag(111)-Probe durchgefiihrt. Allerdings wurden hier keine Graphen-Inseln be-
obachtet, was vermutlich an der geringeren katalytischen Aktivitit gegeniiber dem Cu(111)-
Substrat liegt.

Wihrend Ethylen durch Dekomposition auf reaktiven Oberflichen bekanntermafen zu de-
fektfreien Graphen-Lagen zusammenwéchst, ist die auf Edelmetalloberflichen schwieriger.
Wir haben einen Hochtemperatur-Ofen zum Heizen von Au(111)-Oberflichen mit der
Moglichkeit gleichzeitigen sputterns der Oberfliche mit Ethylen-Gas in Betrieb genom-
men. Wir finden Kohlenstoff-Inseln auf der Au(111)-Oberfliche, wenn die Probe wéhrend
des Ethylen-bombardements auf 790 °C gehalten wird.

Schlieklich haben wir die Selbstassemblierung von 4-Carboxy Benzylidenanilin (CBA)-
Molekiilen auf Au(111) untersucht. Die CBA-Molekiile formen Dimer-Reihen, welche durch
Wasserstoffbriickenbindungen stabilisiert werden. Co-deposition von CBA-Molekiilen und
Kobalt-Atomen auf der Goldoberfliche resultiert in neuen metallorganischen Strukturen
mit verschiedenen Bindungsmotiven, bei denen die Kobalt-Atome mit den Carboxyl-Gruppen
koordinieren.
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Abstract

Recently, it has been shown that graphene and graphene nanoribbons can be grown under
ultra-high vacuum conditions by heating a large variety of molecular precursors on metal
surfaces. In particular, 10,10’-Dibromo-9,9-Bianthryl (DBBA) and 1,1-Ferrocenedicarbox-
ylic acid (FcAd) molecules have previously been shown to yield graphene nanoribbons
and triangular graphene flakes when heated to sufficiently high temperatures on noble
metal surfaces. The goal of this thesis was to obtain a complete picture of the adsorption
properties of the precursors as well as of the reaction products. We used scanning tunneling
microscopy and spectroscopy to study the structures and electronic properties of educts
and products.

Deposition of DBBA molecules on Au(111) at room temperature results in ordered molec-
ular island. The self-assembly of the structures is driven by hydrogen bonding and 7-7
interactions. Due to the weak intermolecular bonding, individual DBBA molecules can be
dragged out from the islands by the STM tip. We then heated the precusor structures
to five different temperatures from 100 °C up to 400 °C. With increasing temperature,
DBBA molecules undergo a structural rearrangement on the surface before dehalogena-
tion followed by Ullmann coupling sets in. Finally graphene nanoribbons are formed with
the identifiable Tamm state localized at the two terminals of the ribbons. To compare
temperature-induced reactions with photon-induced processes, we illuminated the sample
with a laser. This led to C-C bond cleavage within the anthracene units, and, eventually
to tetradecane molecules.

We have also investigated the structural and electronic properties of FcAd molecules on
Ag(111) and Cu(111). On the Ag(111), we identify two adsorption configurations of FcAd
molecules, vertically and horizontally. The horizontal FcAd molecules mediate the binding
of two adjacent FcAd dimers. On the Cu(111), FcAd molecules also form molecular island.
However, only the horizontal adsorption configuration has been found. Applying bias
voltage pulses could change the local adsorption configuration of FcAd molecule within the
molecular island. Annealing the FcAd/Cu(111) sample led to small triangular graphene
patches on Cu(111). Due to the large number of unordered thermally induced by-products,
the growth of graphene islands was hindered. We propose that the formation of graphene
patches involves the process of 5-carbon ring opening and re-bonding to the 6th carbon
atom provided by a COOH group of the same cyclopentanecarboxylic moiety. Similar
experiments have been performed on Ag(111) by annealing the FcAd/Ag(111) sample.
However, the we did not observe graphene patches, probably due to the lower catalytic
activity compared to the Cu(111) substrate.

While it is well-known that ethylene decomposition on reactive surfaces leads to defect-free
graphene sheets, their production on noble metal surfaces is more difficult. We set up a
heating station for high-temperature annealing of Au(111) surfaces with the possibility
of simultaneously sputtering the surface with ethylene gas. We observe carbon islands
on the Au(111) surface when the sample was kept at around 790 °C during the ethylene
bombardment.

Finally, we investigated the self-assembly of 4-Carboxy Benzylideneaniline (CBA) molecules
on Au(111). CBA molecules form dimer rows, stabilized by hydrogen bonds. Co-deposition
of CBA molecules and cobalt atoms on the gold surface results in new metal-organic struc-
tures of different bonding motives, where the carboxylic groups coordinate with Co atoms.
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Introduction

With the rapid development of modern technologies, electronic equipment becomes much
smaller and works more efficiently. This is due to the big progress of minimization of the
electronic devices, making the average individual yield larger and larger. However, behind
the flourishing scenes, huge consumption of resources, especially the non-renewable ones,
urge people to explore more environment-friendly and sustainable substitutions. There-
fore, organic molecules and their derivatives are regarded as the substitution materials for
producing new generation electronics.

Nowadays, it is notable that more and more functions, such as the switching behaviour, the
transistor effect and so on, have been experimentally realized with the organic molecules in
the nanoscale [IH3]. At the same time deep insight into the intermolecular and intramolec-
ular interaction mechanisms have been widely investigated, such as van der Waals forces
[4], hydrogen bonds [5] and covalent bonds [6, [7].

Among the countless organic structures, graphene, as an organic material with its unique
electrical and structural properties, has been increasingly debated in the past decades. It
arises many interests in the academic field as well as in the application field mainly because
of its high carrier mobility at the room temperature. However, the semi-metal property of
graphene hinders its development in transistors which needs high on-off ratios |8, 9]. Nev-
ertheless, by modifying the structure of graphene, a tunable band gap can be realized [10].
Hence, people are keen to utilize different methods to fabricate various sizes of graphene to
fulfill the requirement from the application field. Among them, the tunability of the band
gap of graphene nanoribbons has already been reported [11]. An edge state of graphene
nanoribbon has also been published for two decades [12]. Obviously, graphene with a
defined size and edge can meet the higher requirement from the academic and industrial
area. Nevertheless, there is some limitation of traditional top-down fabrication meth-
ods such as the lack of treatment on the edge structure [13]. Therefore, we choose to use
the bottom-up approach to fabricate the sample through annealing the precursor molecules
and inducing on-surface reactions. Heating the molecular building blocks with the bottom-
up method has been successfully performed to obtain precise size and shape of graphene
[14, 15]. However, the transition from the building blocks to the final graphene products
is finitely discussed. The investigation on the precursor molecules is capable of guiding
the direction of choosing the right organic molecules to more efficiently and purposefully
fabricate graphene. Therefore, self-assembly of different precursor molecules on Au(111),
Ag(111) and Cu(111) experiments have been conducted. The 10,10’-dibromo-9,9’-bianthryl
(DBBA) molecules exhibit similar but distinct adsorption geometries inside the molecular
island and singly on the Au(111) surface, respectively. The 1,1-ferrocenedicarboxylic acid
(FcAd) molecules show completely different self-assembly configurations on Ag(111) and
Cu(111), respectively.

Furthermore, the analysis on the thermal products derived from heating the precursor sam-
ples under different annealing temperatures could help to clarify the reaction process and
mechanism. For the DBBA /Au(111) sample, on-surface polymerization process can be di-
vided into three parts: Firstly, the DBBA building blocks form molecular clusters through
halogen bonds under low-annealing temperature. Secondly, the dehalogenation process
starts and radicals covalently bond to each other under the moderate annealing temper-
ature, leading to the polymer chains on the gold surface. Finally, graphene nanoribbons
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can be obtained through cyclodehydrogenation process under high annealing temperature.
For the FcAd/Ag(111) and FcAd/Cu(111) experiments, in the former one, FcAd molecules
exhibit two configurations in the self-assembly molecular island while in the latter one,
FcAd molecules only show single adsorption behaviours with two orientations. After an-
nealing the respective samples, triangular graphene patches can only be obtained from the
FcAd/Cu(111).

Besides, if we want to realize the molecular electronics in the application field, it is in-
sufficient to obtain the proper molecular structures. The metal electrodes for contacting
the molecular structures are also needed to be considered. Therefore, the studies on the
interaction between the molecules and metal electrodes is necessary. Coupling between
the metal electrodes and organic structures can disturb the free molecule properties. The
energy level alignment of the molecular orbitals modified by coordinating metal atoms have
already been published in ref. [16]. Along this way, we also experimentally investigate the
interaction between the 4-carboxy benzylideneaniline (CBA) molecules and cobalt atoms
on Au(111).

Therefore, to investigate the structural and electrical properties of the precursor molecules
for fabricating graphene, in this thesis, we study their structural and electronic behaviours
in the level of molecule-molecule interaction as well as the molecule-metal interaction by
using STM and AFM. STM system is capable of providing the high resolution images
and high energy resolution spectra. AFM measurements could explore the intramolecular
structures. The thesis is described in the following way:

In chapter 1, we introduce the details of the STM setup and the molecules used in this
thesis. We also review the methods of graphene growth.

In chapter 2, we investigate the organic self-assemblies of DBBA molecules on the Au(111)
surface. Structural properties of DBBA molecular islands and single DBBA molecule
have also been discussed. Then, electronic properties of the molecular islands and sin-
gle DBBA molecule are measured with STS. The interaction between the DBBA island
and the gold substrate has been analyzed. Heating treatment experiments under different
temperatures have been conducted and the thermal products have been introduced. The
DBBA molecules on Au(111) experience a process including the formation of two phases
through the halogen bonds under low annealing temperature, the dehalogenation and Ull-
mann reactions under moderate annealing temperature, and the formation of GNR under
high temperature. Furthermore, we investigated the impact of laser illumination of the
DBBA/Au(111). This lead to the formation of tetradecane molecular islands.

In chapter 3, we examine the adsorption and assembly of FcAd molecules on two more
reactive metal surfaces, Ag(111) and Cu(111) respectively. Therefore, FcAd molecules
exhibit different structural and electronic features on two substrates. It is also notable
that triangular graphene patches can be obtained through annealing FcAd molecules on
Cu(111), however, it cannot be observed by heating the FcAd/Ag(111) sample.

In chapter 4, we utilize the sputter gun to bombard the ethylene molecules upon the
Au(111) while keeping the substrate at high temperature. Some organic islands have been
observed growing from the step edges of Au(111), which can be ascribed to carbon-related
structures.
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In chapter 5, we study the adsorption behaviour of CBA molecules on Au(111). The
metal-organic coordination has also been investigated on the sample of Co atoms and
CBA molecules. Annealing condition has also been performed and some new features have
been observed.

In chapter 6, we summarize the results presented in this thesis.
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1 Theoretical Background and Experimental Approaches

In 1966, Russel Young proposed to characterize the conductive surface by measuring the
weak current between a metal tip and a sample. Soon after that, in 1971, Russel and
coworkers published their result, showing their new instrument is capable of measuring
the high resolution topographic map of the surface. This measurement setup was named
“Topografiner [17]. The working mechanism of the topografiner is based on the tunneling
effect, which leads to a current depending on the distance between the tip and the sample.
Therefore, the topografiner can be regarded as the precursor and the prototype of scanning
tunneling microscope (STM) [18] [19].

In 1982, the scanning tunneling microscope was invented by G.Binnig and H.Rohrer at
IBM institute [20]. They investigated a Si(111)-7x7 surface in real space with atomic
resolution [20]. Because of the tunneling principle in quantum physics, STM, for the first
time, could help researchers to directly observe the atomic structures on surfaces. Addi-
tionally, scanning tunneling spectroscopy (STS) provides information about the electronic
configurations of the surfaces and possible adsorbates.

The invention of STM can also be used to investigate molecular structures, surface defects,
and chemical reactions on the atomic scale. The main advantage of STM, in contrast
to other measuring techniques such as low energy electron diffraction (LEED) exhibiting
average information over large sample area in reciprocal space, is that it does not rely on
the diffraction and periodic structures, but measures the current in real space. Due to the
significant influence and promising applications in surface science, material science as well
as bioscience, the Noble Prize in Physics was given to Binnig adn Rohrer |21, 22].

However, STM has some limitations, such as the samples need to be conductive since
the tunneling current is used as the imaging signal. In addition, the topographies taken
from STM measurement contain the electronic structure of the sample, which makes the
interpretation of STM images not that straightforward. In fact, the topographies are a
convolution of the tip-sample spacing and the electronic structure of the sample. Therefore,
based on the development of STM, a series of scanning probe setups were invented such
as atomic force microscopy (AFM) [23], magnetic force microscopy (MFM), which are also
widely used in the fields of surface science. These techniques greatly improve the capability
of perceiving the nano-world.

In this chapter, we will explain the physical basics of STM and STS. Preparation of samples
and tip will be also reported. At the end of this chapter, the experimental setups, substrates
and molecules will be introduced.

1.1 Scanning Tunneling Microscopy

1.1.1 STM Working Principles

STM is based on the quantum mechanical tunneling effect. According to the description of
quantum mechanics, particles display a wave-like nature. The wave function of the quan-
tum mechanical particles penetrates into the potential barrier. The wave function decays
exponentially in the barrier. In our case, the thickness of the barrier can be associated
with the distance between the STM tip and the sample. If the barrier is sufficiently small,
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there is a finite amplitude of the wave function at the other side of the barrier. This leads
to a finite probability of the particle crossing the barrier. This process is named tunneling
effect. Although the particles do not have enough energy to overcome the potential barrier,
they still have the possibility to appear on the other side of the potential barrier.

The working principle of STM is based on the quantum mechanical tunneling effect. It
means the distance between a STM tip and a sample surface z is limited to a few Angstroms
(A), in most cases less than 10 A (Figure a)). The STM tip and sample are two
conductive electrodes. In a simplified view, the system can be seen as metal-vacuum-metal
tunneling junction. The tunneling current I; is dramatically sensitive to the variation of
tip-sample distance z 1 A change of z results in one order of magnitude change in the
tunneling current due to the exponential decay of the tunneling amplitude. Therefore, I;
shows an exponential dependence on the tip-sample distance z,

I o exp(—Ap'/22) (1.1.1)

where A is a constant, and ¢ is the average of the work function of tip and sample, which
is p=(@i+ps)/2. v and g, are the work functions of the tip and sample, respectively.

Piezoelectric elements are utilized to control the lateral and vertical movement of the
scanning tip. By applying a voltage to the electrodes of the piezos, the motion of the STM
tip can be realized in-plane and out-of-plane in atomic scale.

In the STM measurement system, there are three important factors that highly influence
the measurement result, which are the tip-sample distance z, the bias voltage of the tip with
respect to the sample V, and the tunneling current between tip and sample I;. By tuning
the parameters, two working modes can be used for acquiring images: the constant-current
mode and constant-height mode, depicted in Figure b) and c¢), respectively.

In the constant-height mode, the tip is kept at a fixed height. Variations obtained in the
tunneling current represent the surface image. In this mode, it is necessary to have a flat
surface, otherwise the tip could easily crash into large impurities on the surface.

In the constant-current mode, a feedback loop is used to maintain a constant tunneling
current I;. The tip height as a function of lateral position results in a map of the surface
topography.

1.1.2 Theory of Scanning Tunneling Microscopy

In 1983, J.Tersoff and D.R. Hamann proposed a model based on first-order perturbation
theory to explain the working principle of STM [24] 25]. They treated the tip and the
surface as a locally spherical tip in proximity to a flat surface. In the limit of low bias
voltage and temperature, the tunneling current I; between tip and sample can be written
as [24]:

2
Iy = e’V | M,,|*6(E, — Er)d(E, — E). (1.1.2)

h
w,v
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Figure 1.1: Different scanning modes of an STM. a) Scheme of the working principle of a STM.
b) and c) Constant-current and constant-height scanning modes. The STM images are taken from
the z or the I; signal, respectively

here 7 is the reduced Planck constant (also named as Dirac constant), V is the applied
bias voltage, E, is the energy of the electronic states in the sample ¢, £, is the energy of
the tip states ¢, and Er the Fermi energy. According to Bardeen’s transfer Hamiltonian
approach [26], the tunneling matrix element between tip (¢,,) and sample (¢, ) states, M,
is given as:

h2 P *
with m as the effective electron mass. The integral is over any surface lying entirely within
the vacuum barrier region separating the two sides.

Considering the assumption of a spherical STM tip with asymptotic s-wave functions,

Equation can be expressed as [25]:
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Iy = 3270 ' ?V o pu(Bp) R2E e |6, (75)|*0(Ey — ). (1.1.4)

Here, pi(Er) is the tip density of states per unit volume of the STM tip, k = A~ (2mp)/? is
the minimum inverse decay length of the wave functions in vacuum, and Y, |6, (70)[20(E, —
Er) represents the local density of states (LDOS) of the sample surface.

The discussion above is based on the assumption of low bias voltage. However, in the
experiment, higher bias voltages are always applied to the molecules or atoms on the
sample surface. Therefore, taking the finite sample bias voltage into consideration, we can
generalize the expression of the tunneling current using the Wentzel-Kramers-Brillouin
(WKB) approximation [27]. Then I; refers to

drre Er+eV )
Iy = e pt(Er — eV)ps(E)| Mg (E,V, 2)|“dE. (1.1.5)
Er

Here, we can observe that the tunneling current Iy is represented by the convolution of
the density of states (DOS) of tip and sample with the tunneling probability T'(E,V, z) =
| Mg (E,V, 2)|?. The value of this tunneling probability depends on the tip-sample distance
2, the energy £ and the bias voltage V:

= _E
4

2zv/2m \/aps +¢r eV
. 1.1.
- 5 (1.1.6)

|My(E,V,2)|> =T(E,V,z) = exp [—

From this formula we notice that the tunneling current depends on a combination of three
factors: density of states of tip, density of states of sample, and the tunneling probability.
In a first approximation, reasonable for small bias voltages, we can assume the value of ¢
and T'(E,V, z) to be constant. In this situation, the tunneling current Iy can be considered
as proportional to the density of states of the surface, integrated in the (Ep, Ep + €V)
energy window.

1.1.3 STM Manipulation

An STM system is not only capable of imaging the sample surfaces, but also manipulating
molecules or atoms in the nanoscale range. There are mainly two methods of manipulation.
One is called lateral manipulation, which means, by utilizing the forces between STM tip
and atoms/molecules adsorbed on the sample surface, the movement and the rotation of
atoms,/molecules can be realized. The other method is called vertical manipulation, which
means the STM tip approach very close to the object, an atom for example, accompanied
by the build of tip-atom attractive interactions. Then, the tip is slowly retracted. If
the tip-atom interactions dominate over the surface-atom interactions, the atom can be
vertically transferred to the tip. Similar experiments have been realized with Xe and Co
28], 29].
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1.2 Scanning Tunneling Spectroscopy

STM owns another powerful function called scanning tunneling spectroscopy (STS). The
spectroscopic information with high resolution from the sample electronic structure can
be obtained by establishing the relations between I;, V and the tip-sample distance z by
fixing one of them and determining the dependence of the other two.

Using constant height STS measurements one can record I-V spectra, dI/dV spectra and
d?I/dV? spectra. The I-V spectrum reflects the transport properties between STM tip and
sample [30]. The conductivity, dI/dV, is used to detect the distribution of the density of
states (DOS). According to Equation [L.1.5] the dI/dV signal can be expressed as [27] 31}
35]:

drl
v & pt(Er)ps(Er +eV)T'(Er + eV, eV, 2)

N /EF+6V dT(E,eV,2)

po(E —eV)ps(E) dE

B av

+/ pS(E)pt(dVeV)T(E,eV, 2)dE. (1.2.1)
Er

Assuming that the tunneling probability and the DOS of the tip are constant in the consid-
ered energy range, the last two terms of Equation can be neglected. Hence, Equation

can be simplified to:

drl
v & pe(Er)ps(Er +eV)T'(Er + eV, eV, 2). (1.2.2)

This formula means that the tunneling conductance is proportional to the LDOS of the
sample at the energy Er+eV . This is only valid under the assumption of low bias voltages.
For high bias voltages, the voltage dependence of the tunneling probability has to be taken
into account [36}, 37].

In STS measurements, there are three working modes for taking spectroscopy: i) in I-z
mode, dependence of the current on the tip-sample distance is recorded at a fixed voltage
V.1ii) in I-v mode, an I-v curve is recorded by sweeping the sample bias while z is unchanged.
iii) in V-z mode, I; is kept constant and the changes in z are recorded for different voltage
values.

From the I-z curves, it allows determination of the sample local work function [21]. The
I-v mode is the most widely used spectroscopic technique. The feedback loop is opened in
order to take an I-v curve. The tip is positioned at a fixed height. The voltage is ramped
keeping a constant tip-sample distance and the I; is recorded over the desired range of
voltages. Information about the density of states is contained in the derivative of the
tunneling current with respect to the voltage. In the V-z mode, the I; is kept constant
by making the feedback loop closed. By changing the voltage, the tip-sample distance is
adjusted to keep the I; constant. This method can prevent the probed adsorbates from
being decomposed by the high tunneling current. It can also enhance the local density of
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states (LDOS) at low bias voltages. In comparison, The constant height (I-v) mode is more
closely related to the sample states than the constant current (V-z) mode, if the change
of the tunneling probability Tz with the barrier width z is taken into account 33, 38]. A
general trend is that the LDOS peaks in dI/dV are slightly shifted to lower energy in the
constant current mode [3§].

Spatially Resolved d//dV Mapping

The dI/dV mapping technique provides a approach for characterizing the spatial variation
of the sample density of state under certain energies. Then, investigation of surface and
single molecular electronic configuration such as surface state, local electronic state, inter-
action of surface and absorbers can be realized by this method, which can be performed
in two different modes, constant current mode and constant height mode, respectively.
During recording the slow constant current topography image, the dI/dV signal is simul-
taneously recorded in each point of the XY matrix at a certain bias voltage V. As a result,
a map of a certain region at a defined energy eV is obtained and the LDOS signal extracted
simultaneously. Since the feedback loop is enabled during the measurement, the frequency
of the modulated signal needs to be higher than the cut-off frequency of the feedback loop
response in order not to interfere with the z-piezo and change the tip-sample distance.

The constant height mode works at constant tip-surface distance z. In this case, the
feedback loop is opened. This measurement mode is preferred to be used for the planar
adsorbates on the surface while the constant current mode is utilized for mapping 3D
objects.

1.3 Experimental Setup

The STM/STS experiments are carried out under ultra-high vacuum in a low-temperature
STM. There are three main vacuum parts of the STM, seen in Figure a): The STM
chamber, the preparation chamber and the load lock chamber. Each chamber is con-
nected to the others by gate valves. The preparation chamber is also installed with mass-
spectrometer, sputter gun, ion-pump and turbo-pump.

Sample transfer is achieved with a movable manipulator. The head of manipulator is
especially designed to realize the cooling by liquid helium and resistive heating, respec-
tively. Therefore, the sample temperature can be varied from 80 K to 1000 K. Molecule
evaporators are home-made Knudsen cell evaporators and attached to the load lock.

The preparation chamber is used to prepare the sample measurement. A Titanium subli-
mation pump (TSP) and an ion pump are also connected to the preparation chamber to
keep the ultra low background pressure. Ovens for heating up the sample are based on the
mechanism of electron bombardment. In most of the conditions, the pressure can be static
around 1x10~? mbar or even lower.

The STM chamber hosts two cylindrical dewars, which compose the cooling system of
STM. The outer cryostat is filled with liquid nitrogen (LNj) for screening the outside heat.
And the inner cryostat is filled with liquid helium (LHe) to cool the sample. The STM
chamber contains the STM scanning unit. It is isolated from mechanical vibrations by
stainless steel springs and eddy current damping. The piezo elements are contacted with
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Figure 1.2: a) The image illustrates the UHV chamber with highlighted functional parts. The
inset shows the STM scanning unit where the scanning beetle with the four piezo ceramics and the
tip is hanging in the cage well above a sample holder with the ramp [39]. b) Schematic illustration
of STM cooling, clamping and damping mechanisms of the measuring stage. ¢) Zoom of the
scanner on the three fold circular ramp, which also used as a sample holder.
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the ramp to sapphire balls, shown in Figure[1.2]b) and ¢). The STM head with tip is along
the central axis of the round ramp.

Because of the high sensitivity of I;, a damping system is necessary to maintain the stable
working status of STM. Therefore, the STM is supported by four equal damping feet to
filter the low frequency vibrations arising from mechanical movements. STS measurements
are recorded with an external commercial Stanford Research SR830 lock-in amplifier. The
STM data are analyzed with the WSxM software [40].

1.4 Preparation of Sample and STM Tip

1.4.1 Sample preparation

The single crystalline metal surfaces are cleaned by repeated cycles of Ne™ sputtering at
room temperature with 1.5 keV, typically for 30 minutes, and subsequent annealing to
650-800 K. After getting a clean sample surface, molecules and atoms can be evaporated
from the evaporator. It has a quartz balance to measure the frequency change caused by
the deposited layer. In order to avoid overheating the crucible of the evaporator, water
cooling tubes are connected.

1.4.2 Tip Preparation

The condition of the STM tip is extremely important in the experiment. The shape and
electronic configuration will influence the quality of the topography and spectra. In an
ideal situation, the apex of STM tip is supposed to be very sharp with only a single atom
to contribute the tunneling effect. In the measurement process, some molecules/atoms will
sometimes adsorb on the STM tip, which falsifies the measurement results. In order to get
a clean STM tip to acquire data properly, the following two ways are usually performed:

1. Applying high voltage to the tip, the emitted electrons lead to the detachment of tip
material through electromigration.

2. Tip forming, by indenting the tip into the surface while applying a few volts to the tip.
This could help to form a new clean tip, which can be checked by measuring the surface
state position and relevant intensities in the STS measurements.

1.5 Substrates used in this thesis

Choosing the right substrates for STM measurements is extremely important, especially
in self-assembly experiments. As after evaporating the molecules onto the substrate, the
competition between molecule-molecule interaction and molecule-substrate interaction in-
fluences the molecular conformation and local chemical environment of the substrate. The
structure and shape of the molecular islands can be determined by the choice of the sub-
strate because the shape of molecular islands is highly depended on the molecule-substrate
interaction.

In the following experiments, the molecules are investigated by evaporating them onto low-
index coinage metal surfaces, Au(111), Cu(111) and Ag(111), respectively. All of these
single crystals have a face centered cubic (fcc) structure with lattice constants, 2.88 A,
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2.56 A and 2.89 A, respectively. Due to the hexagonal stacking configuration, (111) plane
exhibits as threefold symmetry in the first layer with considering the atoms underneath
[41].

The electronic properties of these three surfaces share the common points that the surface
states are partially filled, showing the surface state onset position at -490 mV of Au(111)
[42], -440 mV of Cu(111) [43] and -70 mV of Ag(111) [44, 45].

1.5.1 Au(111)

Among the samples introduced above, the Au(111) surface is special, because it exhibits a
herringbone reconstruction. There are stripes with alternating fcc and hexagonally closed
packed (hcp) surface layers [46], which can be easily seen in STM images of Figure
a). The kink positions of the herringbone reconstruction have a lower potential than
other surfaces areas, which makes this elbow points the preferential adsorptions sites for
molecules and atoms [47, 48].

The formation of the herringbone reconstruction of Au(111) is due to 23 gold atoms in the
top layer placed on top of 22 atoms in the second layer, shown in Figure b). Therefore
the surface layer is stressed and shows a corrugation along the surface [110] direction. A
pattern of fcc and hep areas appears with a periodicity of 63 A. The fcc and hep areas
are separated by stacking faults and partial dislocations of the compressed topmost layer,
which are called soliton-lines. The corrugation height between two areas is 0.20 £ 0.05
A, which is largely independent of tunneling parameters and tip conditions [46]. The hcp
regions are narrower than the fcc regions, which have a width of 25 A and 38 A, respectively
[42]. The two-dimensional Shockley surface state band of Au(111) has a binding energy of
490 meV below the Fermi level [49] [50], shown in Figure ¢). The intact of the surface
state is important for the df/dV spectroscopy and can be used as a tool to identify the
status of the STM tip, since the STM tip with a constant LDOS is the basic requirement for
the STM measurement. The long periodicity of the herringbone structure creates a spatial
and energetic rearrangement of the surface state causing a binding energy variations about
25 meV between fcc and hep areas of the reconstruction, respectively [42]. The chemical
reactivity with same index surface is different from Au to Cu and Ag. Au is rather inert
compared to Ag and Cu. Additionally, the herringbone reconstruction exists neither on
Ag(111) nor on Cu(111) surfaces.

1.5.2 Cu(111) and Ag(111)

Figure|l.4]a) and c) show the clean surfaces of Cu(111) and Ag(111), respectively. Neither
of both exhibits surface reconstruction. The adsorption of CO molecules is observed as
small depressions. Cu(111) has a step-like surface state 450 mV below the Fermi energy,
as shown in Figure b) [5I]. dI/dV spectrum in Figure d) reveals that the surface
state of Ag(111) is localized at -70 mV [44] [45].

1.6 Fabrication Approaches and Electronic Properties of Graphene and Graphene
Nanoribbons

Graphene, a single plane of graphite, is well known as its unique honeycomb hexago-
nal structure consisting of carbon atoms in two-dimension(2D) space and zero band-gap
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Figure 1.3: Au(111) surface. a) STM image of Au(111) with surface reconstruction. (V = 0.8
V, I — 28 pA). b) The Au(111) reconstruction model. Open circles represent atoms in the second
layer while filled circles stand for atoms in the first layer. (Image is cited from Ref. [46].) c)
dI/dV spectrum obtained at a clean Au(111) substrate surface with opened feedback. (set point:
V =-20V,I=0.1nA).
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Figure 1.4: Clean surfaces of Cu(111) and Ag(111). a) STM image of Cu(111). (V =10V, I
= 0.1 nA). b) Surface state of Cu(111) locates at position of -450 mV. ¢) STM image of Ag(111).
(V. =0.2V, I =0.5nA). d) Surface state of Ag(111) locates at position of -70 mV.
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electronic property. It arises more and more researchers’ interest because of its great per-
formances in conductivity [52), 53], high transparency [54] and thermal stability [55]. It
rapidly becomes more and more important not only because the advanced properties men-
tioned beforehand, but also its controllable growth on the various metal surfaces, which
has been widely studied in the past years [14] 15, G2H73].

In order to fully utilize the graphene into the industrial field, the key point is to make
graphene from a zero band gap to own a tunable energy gap. The lack of a band gap in
graphene limits its application in graphene-based transistors since the low ON/OFF ratio
~ 10 [4]. Field-effect transistors (FET) require a band gap with about 0.4 eV or even
larger values [75]. Therefore, opening the band gap of graphene and even tuning the band
gap up to a sufficient value would be the most urgent need for its application.

It has been reported that narrow stripes of graphene also named as graphene nanoribbons
(GNR) exhibit a band gap with the size depending on the ribbon width [11} [76]. The
electronic properties of GNR are highly depended on the size, shape and edge orientation.
For instance, armchair and zigzag shape of GNR are the most common edge structures.
Calculation has predicted that zigzag GNRs are always metallic while armchair GNRs can
be metallic or semiconducting depending on their width [77].

Nanoribbon with
ARMCHAIR edges

Nanoribbon with
ZIGZAG edges

Figure 1.5: Two types of GNRs with armchair edge and zigzag edge. Image is adapted from Ref.
[77].

The prediction of ab initio calculations have already shown that, in order to obtain a band
gap of 0.3 eV, the width of GNR is supposed to be in the scale of 8 nm or even less [7§].
However, considering the carbon-carbon bond length of 1.42 A a GNR width below 8 nm
corresponds to less than 60 carbon atoms across the GNR. The production is difficult for
top-down techniques such as lithographic process. Therefore, it is necessary to explore a
method to fabricate GNRs with atomic precision and limited defects.

1.6.1 Top-down Method

The well known top-down method of fabricating GNRs is called plasma etching [79]. In this
process, graphene sheet grown on metals by chemical vapor deposition (CVD) or epitaxial
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grpahene on SiC covered with a mask with desired pattern and then uses plasma to etch
away the exposed area, shown in Figure [[.6] Ribbons with about 10 nm width have been
realized [80, BI]. Figrue shows the schematic process for the fabrication process and
resulting GNRs. However, the limitation of top-down method is the poor quality of the
graphene products. In the etching process, breaking the chemical bonds by the electron-
bombardment is difficult to be controlled. The low controlling over the orientation requires
other replaceable fabricating methods.

Ar plasma

WWILLLLLLD GNR array

Nanomask

Figure 1.6: Graphene nanostructure made by plasma etching. The image is adapted from Ref.

[79].

Chemical reactions provide another method to produce GNRs with large quantities and
defined size. Graphite or carbon-based molecules can undergo chemical reactions in solu-
tions and produce GNRs, seen in Figure a). However, the obtained GNRs are found to
be in a network, shown in Figure b). Another method to obtain GNRs is to unzip the
single-wall carbon nanotubes (SWCNTs) in solution. This process is schematically shown
in Figure d). Single GNR has been characterized by a STM on Au(111), shown in
Figure It is understandable that the diameter of GNRs is highly depended on the
initial size of SWCN'Ts.

1.6.2 Bottom-up Method

Bottom-up approach is a substitute for top-down method for fabricating graphene. The
advantage of the bottom-up method is to transfer the molecules/atoms onto the solid
surface. This is needed in order to fulfill the application demand in the electronic field, large
molecular structures and long molecular chains are always needed to form electric circuits.
However, the traditional evaporation methods have their limitation due to the proportional
ratio between the weight of molecules and the molecular evaporation temperature. Since
the larger size of molecules basically requires higher evaporation temperature, it cannot
be guaranteed to prepare a sample with low amount of defects under a high evaporation
temperature. The large molecules tend to decompose inside the crucible before coming
out of the evaporator. Therefore, the on-surface polymerization is a reliable way to avoid
the problem mentioned above. Instead of depositing the large and complete GNR, smaller
molecular building blocks can be evaporated in the first place. The characteristic feature
of these molecular building blocks can be predetermined, in which the chemical bond is
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a) b) c)

GNR on Au(111)

100 nm

Figure 1.7: GNRs obtained by chemical methods. a) Precursor molecular powder and final black
GNRs powder. The image is adapted in Ref. [82]. b) SEM image of GNRs in solution. ¢) TEM
image of a single GNR. The arrow points to a 60 nm wide GNR. Images of b) and c¢) are adapted
in Ref. [83]. d) Unzipping process of single wall carbon nanotubes (SWCNTs) into GNRs by
chemical agents. The image is adapted in Ref. [84]. €) STM image of unzipped carbon nanotube
deposited on Au(111). The inset shows the cross-section profile of the resulting ribbon. The image
is adapted in Ref. [85].

designed to break at specific temperatures while the rest part of molecule stays intact

|86, 187].

Coupling of the molecular building blocks with covalent bonds by thermally treating the
sample has been successfully achieved on the fabrication of different graphene structures [0,
56, 88, 89]. Among them, a bottom-up fabrication method of GNRs, reaction-supported by
gold metal surface, was reported in 2010 [14]. 10, 10’-dibromo-9, 9’-bianthryl (DBBA) were
used as precursor molecules for fabricating 7-carbon graphene nanoribbons with armchair
edges (7-AGNR) on Au(111). In detail, these graphene nanoribbons can be obtained
through removing the bromine atoms by annealing the DBBA molecules up to 200 °C on
Au(111). From the polymer phase, the GNR is obtained by further heating to 400 °C,
which leads to a dehydrogenation and C-C coupling reaction.

According to the previous investigations, the chemical bond with a halogen atom is easier
to break. The bond energy of the predetermined breaking point is lower than all other
bond energies of the molecule. C-C and C=C bond have an average bond energy of 83
kcal/mol and 146 kcal/mol, respectively, whereas the C-Br and C-I bonds have energies
of only 68 kcal/mol and 51 kcal/mol, respectively [90]. The C-H bond also has only a
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bond energy of 99 kcal/mol. The basic idea of on-surface polymerization is to combine
molecular self-assembly with the Ullmann reaction on a surface. In the previous study in
the group of Rieder, the Ullmann reaction was executed with two iodobenzenes molecules
adsorbed on the Cu(111) surface [91]. Applying voltage pulses with the STM tip activates
both molecules the process of dehalogenation. At the former position of the iodine, a
free dangling bond is left and a surface-stabilized radical is created. In the next step,
lateral STM manipulation pushes both activated molecules together, and afterwards a final
voltage pulse triggers a bond formation and couples them covalently. The two benzenes are
covalently linked to a larger biphenyl molecule which has been successfully created on the
surface. Therefore, it is necessary and feasible to utilize self-assembly fabrication method
and thermal reaction process to narrow the gap between the research in the lab and the
application in the application field. Many functionalized precursor molecules, regarded as
small building blocks, with functional chemical groups have been widely investigated, and
the results represent have a good chance to be used in the molecular devices [92-97, [7].

1.6.3 Photochemical Method

Although chemical methods can make narrow and precise GNRs, the number and amount of
reactants as well as the production scaling in the bottom-up thermal reaction is difficult to
be controlled. Photoinduced topochemical reactions in solids have overcome the difficulty
to predetermine the reaction product by imposing a certain crystal structure and providing
highly selective excitation processes. In this case, the original molecular orientation and
functionalization of the reactants dictates the reaction product due to limited molecular
motion [98HI06]. Using this concept as reference to molecules adsorbed in well-defined
structures on a metal surface may likely lead to a controlled photoinduced generation of
covalently coupled molecular nanostructures.

Photochemical reactions at metal surfaces, such as dissociation and desorption of rather
small molecules including diatomic compounds, alkyl halide, and aromatic systems (chloro
and iodobenzene) have been studied in detail [I07HITI]. However, despite a coupling of
phenyl radicals forming biphenyl, the report combining investigation on photochemical
reactions and thermal reactions is limited [1T0] [111].



2 Structural and Electronic Properties of DBBA Molecules
and Annealing Products on Au(111)

2.1 DFT Calculation of DBBA Molecules

Density functional theory (DFT) calculation of the gas phase of DBBA molecules has been
carried out with the help of Gaussian 09 program package [112]. All the calculations includ-
ing geometry optimizations and electronic excitation energies were carried out on isolated
systems, without considering the metal surfaces, using the B3LYP exchange-correlation
function. The 6-31G (or 6-311G) basis set was chosen for the DBBA gas phase calculation.

From the gas phase calculation results in Figure [2.1] we observe that the angle between the
two anthracene units is close to 90°, which is in a good agreement with the value published
in other works [IT3]. The distance between two Br atoms in DBBA model is 10.8 A, and
the length and width of anthrancene unit is 9.3 A and 4.8 A, respectively. In the highest
occupied molecular orbital (HOMO), the molecular orbitals are distributed over the whole
backbone of the DBBA molecule. On the contrary, the lowest unoccupied molecular orbital
(LUMO) is mainly localized at the two anthracene units according to the DTF calculation
result.

a

Figure 2.1: DFT calculation result of DBBA gas phase without considering the substrate. Green
and red colours indicate the different signs of wavefunctions. a) HOMO-1 of DBBA. b) Highest
occupied molecular orbital (HOMO) of DBBA. c¢) Lowest occupied molecular orbital (LUMO) of
DBBA. d) LUMO+1 of DBBA.

2.2 Structural Properties of DBBA Molecules

The Au(111) surface has been cleaned in advance by repeated cycles of Ne+ sputtering
at room temperature with 1.5 keV for, typically, 30 minutes, and subsequent annealing to
800 K for another 15 minutes. DBBA molecules were evaporated with 400 K evaporation
temperature onto the gold surface at room temperature.

Figure a) shows the STM image of self-assembled DBBA molecular island on the gold
surface. The DBBA molecules exhibit an ordered island consisting of densely packed zigzag
stripes of bright protrusions, which grow along the soliton lines of the herringbone recon-
struction of Au(111). It can be observed that the molecular island consists of the rows
parallel to each other with the same interval between the rows, which is approximately
15 AEvery bright protrusion in the molecular island is known as the upper end of an an-
thracene unit pointing out-of-plane direction, leading to the bright and round blob feature
in the STM images [14].

With STM/AFM combined measuring system, high resolution STM and AFM images were
simultaneously recorded by my group colleagues Christian Lotze and Nils Krane, shown in

19
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Figure2.2|b) and c) [114]. In the STM topography of Figure[2.2]b), two bright protrusions
represent the two out-of-plane apexes of the DBBA molecule. The frequency shift image
shown in Figure ¢) exhibits ring-lobe features which can be assigned to the highest
phenyl ring. The lower part of anthrancene unit is not resolved, since it is adsorbing close
to the gold surface. Additionally, dark contrast can be seen at the molecular rim in Figure
¢), indicating attractive tip-sample interaction.

Figure e) shows the STM images taken at -1.5V. It reveals that the faint protrusions at
the Br moieties. Due to the existence of the Br atoms between the DBBA molecular rows,
they tend to interact with each other, leading to the halogen bonding. The distance between
the faint protrusions is 3.5 A, which agrees very well with the halogen bonding distance
reported in Ref. [115]. The strength of a halogen bond has been reported comparable with
that of a hydrogen bond [II6HIT9]. Therefore, the driving force to make DBBA molecular
rows into the DBBA molecular island is the halogen bonding.

Figure 2.2: STM/AFM topography of self-assembly DBBA molecules on Au(111) surface. a)
STM overview of DBBA island on Au(111). b), c) Constant height STM topography and AFM
constant height Af images at the tip-sample distance AZ of 225 pm [I14]. The DBBA chemical
structure is superimposed onto the STM and AFM images. d), e) Zoom-in images of DBBA
molecular island. d) is taken at V' = 1.0 V, I = 50 pA, and e) is taken at V = -1.5 V, I = 0.1
nA. The red dot dashed area represents the unit cell. The scale bar in d) and e) represents 7.6 A.

To investigate the adsorption behaviours of an individual DBBA molecule, we have also
carried out lateral manipulation with the STM tip to the edge bright protrusion of the
DBBA molecular island, shown in Figure [2.3] Before the lateral manipulation, we could
see that the last DBBA molecule in the row has partly relaxed its 3D structure on the gold
surface. The relaxation behaviour of single DBBA molecule at the edge can lead to darker
appearance compared to the DBBA molecules within the island. The dark protrusions are
laterally dragged out of the molecular island by setting STM tip parameters to I = 5 nA,
V = 3 mV, which means the resistance is 600 k2. After the lateral manipulation, the last
molecule in the row is missing from the edges of DBBA islands and the intact individual
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DBBA molecule can be observed in Figure[2.3]b). Note that the individual DBBA molecule
relaxes its structure, which is flattened on the sample surface with two darker protrusions
symmetrically sitting inside an ellipse shape. The edge of DBBA molecular island has not
been influenced by the missing DBBA molecule from the edge.

Figure 2.3: Lateral manipulation of DBBA molecules from the edge of molecular island. a) and
b) STM Images of Individual DBBA Molecule moved laterally by STM tip from DBBA island.(V
=20V, I=0.1nA)

Single DBBA molecules have been obtained by repeating the lateral manipulation process.
We always observe the detachment of two protrusions from the molecular rows. This agrees
with the identification of the molecules based on the AFM measurement. Another isolated
DBBA molecule highlighted with colours is shown in the inset image of Figure a).
Line profile results comparing the single DBBA molecule and rows on Au(111) are shown
in Figure b). DBBA molecules inside the molecular island show an apparent height
of 5.5 A. The single DBBA molecule is only 3.5 A height on the gold surface. The 2 A
difference in the apparent height declares that the DBBA molecules within the molecular
island are stabilized by the 7 - -7 interactions of aromatic rings in the anthrancene unit
play an important role to form the DBBA molecular rows.
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Figure 2.4: a) STM image of DBBA molecular island on Au(111). The individual DBBA molecule
is obtained by lateral manipulated from the island. (V' = 2.0 V, I = 0.1 nA) The scale bar of inset
image represents 4.8 A. b) Apparent height comparison between individual DBBA molecule and
DBBA molecular island.
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2.3 Electronic Properties of DBBA Molecules

The electronic structures of DBBA molecules in island and individual isolated DBBA
molecules are investigated by constant height STS measurement. First, we take the con-
stant height spectra on the clean gold surface as a reference. The black line in the dI/dV
spectra of Figure 2.5|b) shows the onset of the Shockley surface state of Au(111) at -490
mV [42]. The constant height STS dI/dV measurement on the DBBA molecular island
(green spot in Figure a)) reveals that there is a gap of 2.7 eV, which we ascribe to
the HOMO-LUMO gap of DBBA molecules on Au(111). The onset located at 1.4 eV and
-1.3 €V, respectively. STS measurement with the same parameters on individual DBBA
molecules are also shown in Figure a). We observe that the HOMO-LUMO gap of the
individual DBBA molecule is slightly narrowed down to 2.5 eV. The positions of HOMO
and LUMO shifted towards to Fermi level from both sides. We ascribe the down-shift to
a larger interaction with the substrate, which arises from the flattening of the individual
molecule.
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Figure 2.5: a) STM images of DBBA molecular island and individual DBBA molecules (inset).
b) Constant height dI/dV spectra of clean Au(111), DBBA island and individual DBBA molecule.
(Images were taken at V' =2.0V, I = 0.1 nA), feedback opened at 0.1 nA and 2.0 V for STS data
in b).

Constant height STS measurements in the low energy range has been applied to the DBBA
molecular island as well as to the clean gold surface, as shown in Figure 2.6 The mea-
surement points have been marked as blue and orange dots respectively. The graph taken
from the clean gold surface shows the onset localized at 490 meV below the Fermi level,
which is the characterstic surface state of Au(111) [120]. The onset is shifted to -270 meV
on the DBBA island. The reason for surface state shifting has been widely investigated
on various metal surfaces, some of which combined with other adsorbates deposited above
[121H125]. The origin of surface state shift are generally attributed to the following two
possibilities. One is the modification of the image potential by the deposited dielectric
medium above the metal surface [I25H127]. The other is that a charge transfer process is
triggered at the molecule/metal interface leading to the surface state depopulation [128].
Due to the three-dimensional nature and the dense packing of the molecules, we consider
a charge transfer unlikely.

2.4 Annealing Products of DBBA Molecules: Polymers and Graphene Nanoribbons
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Figure 2.6: Constant height dI/dV measurements on clean Au(111) and DBBA island. The inset
STM image shows the positions where the STS were taken. Feedback opened at 0.1 nA and 0.5 V
(V =20V, I =0.1nA)

2.4.1 Structural and Electronic Properties of Polymer Phases

In order to monitor the influence of heating treatment on DBBA/Au(111) sample, we
annealed the sample to various temperatures. In the first place, we heated the sample up
to 100 °C for five minutes. This annealing temperature is much lower than that reported
for the polymerization in Ref. [14]. Figure a) exhibits the overview of the annealed
sample.

After zooming in, two characteristic phases are observed on the terrace, seen in Figure
b). Omne phase shows a hexamer structure like a flower with six petals (named Phasel). The
other phase gives a HARIBO gummy bear impression (named Phase2). In the Figure[2.7]b),
Phasel exhibits the clockwise rotation. A tentative molecular arrangement is shown by the
models superimposed on the STM image of Figure b). Each pedal of Phasel represents
single DBBA molecule. It is worth mentioning that we keep the Br atoms in the molecular
model because the annealing temperature of 100 °C is below threshold temperature of Br
atoms detaching from the anthracene units in DBBA molecules [129, [130]. Therefore, the
formation of Phasel is likely a kinetic result rather than the occurrence of dehalogenation
process [I31]. Besides, it is intriguing to notice that the distance between the Br atoms
along the hexamer diagonal is measured to be 3.4 + 0.1Aand the nearest distance of
Br-Br within the hexamer is 1.8 + 0.1A, shown in Figure c¢). This distance value
suggests that the possibility of the formation of a halogen bond, which is comparable
with the strength of the hydrogen bond [IT6HIT9]. Additionally, the existence of a weak
CH- - - 7 bond is also possible between the adjacent DBBA molecules [I13]. This observation
indicates that, under the 100 °C annealing temperature, DBBA molecules prefer to form
the homochiral packing through the halogen bonds instead of forming covalent bonds
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through chemical reaction. The strengthened intermolecular interactions help to stabilize
the hexamer structure on the gold surface.

Comparing to the amount of Phase2, the amount of Phasel is much smaller through ran-
domly scanning the different areas of the sample (Figure a)). Hence, Phase2 needs
also to be further studied, shown in Figure b) and c¢). Phase2 consists of three bright
parts. The length of Phase2 is less than 3.0 nm according to measurement result shown in
Figure d). Hence, each bright part can be likely single DBBA molecule. The middle
area of Phase2 exhibits two symmetric protrusions, reminding us these would probably be
the out-of-plane phenyl rings of the anthracene unit of single DBBA molecule. Therefore,
molecular models have been tentatively superimposed on the Phase2. It is notable that,
instead of the parallel configurations like in the DBBA molecular island without annealing,
three DBBA molecular models with the zigzag configuration fit very well on the STM im-
age of Phase2. The most likely reason of forming this trimer can be ascribed to combined
influence of the intermolecular interactions of the halogen bonds between the Phase2 rows,
as well as the CH- - - 7 interaction inside the trimer. Therefore, 100 °C annealing temper-
ature cannot completely trigger the dehalogenation reaction process but offering DBBA
molecules enough kinetic energy to realize the local rotation, leading to the formation of
the DBBA hexamer and the DBBA trimer. The larger amount of Phase2 suggests that
the Phase2 configuration lowers the total energy and makes the system more stable and
preferable. It is worth to emphasize that we cannot rule out the possibility that a small
part of the Br atoms have detached from DBBA molecules in the Phase2, leading to the
covalent bonding inside the trimer. The detachment of Br atoms is likely due to the local
over-heating in the molecular crucible during the evaporation process.
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Figure 2.7: Topography of the sample obtained under the annealing temperature of 100 °C. a)
STM overview of the sample obtained after annealing at 100 °C. b) An STM image containing
Phasel and Phase2. DBBA molecular model has been tentatively superimposed. Line profile
measurements have been measured along two different phases. (V = 1.0V, I = 0.1nA) c) Line
profile result of Phasel. d) Line profile result of Phase2.

By following the fabrication recipe introduced in ref. [14], the DBBA molecules on Au(111)
is annealed up 200 °C for ten minutes. Thermal treatment triggered the Ullmann reaction
of DBBA molecules on Au(111), leading to polymer chains (Figure a)). From the
overview image, the polymer phase island can be clearly observed, growing from the step
edges of Au(111). Individual polymer chains can also be seen on the terrace of Au(111) in
Figure a). Polymer chains are up to 20 nm long. The chains arrange parallel to each
other (Figure 2.8 b)). The driving force to make the polymer chains stick to each other is
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supposed to be the - - -7 interaction. This explains that single bright protrusion of the
polymer chain always faces to the space between the two protrusions of the neighbouring
polymer chain (Figure ¢)). From the graph in Figure d), it is notable that the
protrusions have a center to center distance of (.74 nm which is comparable with the
center to center distance between protrusions in the case of DBBA molecular island, which
is 0.8 nm. Therefore, it is proposed that at this stage Br atoms have dissociated from the
DBBA molecules and covalently bond formation has taken place. The slight difference in
distance on the height of DBBA molecule and polymer phase on Cu(111) has been observed
[132]. If the chains are lying flat they would have an apparent height of 0.2 4+ 0.02 nm (as
shown below after the formation of GNR). The apparent height of the chains here is 0.46 +
0.05 nm as shown in line profiles in Figure d), confirming that the anthracene chains are
tilted with respect to the Au(111) surface. Steric hindrance between the hydrogen atoms
of adjacent anthracene units induces rotation around the connecting C-C bond which leads
to this tilting effect and the larger apparent height comparing GNR[133]. An angle of 33°
between the anthracene plane and surface normal has been reported by Klues et al. [134].

To prove the covalent bond formation, we drag the molecular arrangements across the
surface with the STM tip. Figure b)-g) are the STM images of two oligomers with
different lengths observed on the terrace of Au(111). The longer oligomer consisting of 16
anthracene units was laterally manipulated 5 times by setting the identical parameters of
STM tip, V = 3 mV, I = 2 nA, which means the resistance is 1.5 M. The oligomer is
still intact with constant length and number of bright protrusions after the series of lateral
manipulation. The manipulated part can be bent by 180 ° without cleaving the oligomer
chains (comparing b) and e) ). Therefore, the thermal reaction produced strong covalent
bonds between the DBBA molecules.

Around the polymerized phase, some dark fractions with height of 1.8 £+ 0.3 A can be
observed highlighted by red dotted square area in Figure g). The apparent height of this
area is close to the typical AGNRs height [14], which is 0.18 nm. This highlight area might
be a defect or a dirt on the surface, but it also cannot be ruled out the possibility of partial
formation of GNR patches. This dark fraction also plays a role as an anchor, which fixes the
polymer chain on the gold terrace during the lateral manipulation process. Furthermore,
lateral manipulation also overcomes the barrier of a 0.2 A corrugation between fce and hep
area without breaking or reacting with the surface, reflecting the physical strength and
chemical stability of the covalent bonds.

In order to examine whether the electronic properties of the polymerized chain dramatically
change during lateral manipulation, constant current dI/dV spectra at the positive bias
have been recorded. In Figure[2.10] two broad resonances localized at 1.8 ¢V and 2.8 €V can
be observed, which we ascribe them to the LUMO and LUMO+1 of the polymerized chain.
By comparing the graphs in Figure c¢) and d), the resonances are not dramatically
influenced in the location and intensity by the lateral manipulation. Hence, the lateral
manipulation of the polymerized chain not only proves the strong covalent bonds forming
inside the chain, but also keeps their electronic properties.

In order to track possible intermediate reaction products, two more different annealing
temperature above 200 °C experiments have been performed.

Figure a) shows an overview of the sample annealed up to 250 °C. From the overview
we could observe that, on one hand, parts of the polymers keeps their characteristic fea-
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Figure 2.8: STM topographies of polymer phase on terrace and step edges on Au(111). a) STM
overview of polymer phase on Au(111). Individual polymer chain can be observed in the terrrace
of Au(111). b) Large polymer island formed with polymer chains on Au(111). ¢) Zoom-in image
of polymer island. Line profile along the direction labeled by red arrow. d) Line profile graph
obtained from c). The center to center of bright protrusions is labeled as D = 0.74 nm.

tures as ones obtained at 200 °C annealing temperature. On the other hand, in the same
overview, one can find that some polymer chains have partly changed their 3D appearance
into the smooth configuration without obvious internal contrast. The line profile measure-
ments show an apparent height of the bright protrusion is 4.2 4 0.2 A which is in a good
agreement with the apparent height of polymer chain. The center to center distance of two
bright protrusions along the line profile is 0.74 nm, matching well with the polymer chain
measurement result. The flat part is only 2.2 A height (see Figure and Figure
respectively). This observation illustrates that cyclodehydrogenation process has already
started from one end of the polymer chain when annealing the sample up to 250 °C. The
ribbon shown in Figure b) represents a half-GNR chain obtained by the occurrence of
a cyclodehydrogenation process from one terminal.

From Figure b), we propose the following reaction process. Firstly, the flattening
process took place in the lower part of anthracene unit in a zigzag way along the growing
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Figure 2.9: Lateral manipulation of a single polymerized chain on Au(111). a) Formation of linear
polymers by covalently interlinking of the dehalogenated intermediates [14]. b-g) After five times
manipulation on the longer oligomer, the polymer chain keeps intact and the maximum bending
angle could reach 180° by comparing b) and e). The red dotted area in g) shows an area with
apparent height 1.8 A. All the images are taken at V = 1.0 V, I = 40 pA. The scale bar represents
2.7 nm in the images from b) to g).

direction of the chain. Then, in analogy to the failure of domino effect, 250 °C annealing
temperature is not capable of providing enough energy to support the whole polymer chain
to overcome the increasing energy barriers generated in the cyclodehydrogenation process.
Therefore, fully cyclodehydrogentated GNR can be only obtained with higher annealing
temperature above 250 °C. We also observed structures, which exhibit protrusions on one
side of the polymer, but are flat on the other half (Figure d)-f)). This suggests that
domino reaction of the cyclodehydrogenation along half of the polymer chains.

This phenomenon clearly confirms that there are two cyclodehydrogenation process chan-
nels opened below 400°C before reaching the complete GNR phase. One is starting cy-
clodehydrogenation process from the single terminal of polymer chain in a zigzag way,
and the other is beginning with the half of the polymer phase along the long axis of the
polymer chain. It is difficult to find one phase under the sample of the other phase, and
this is due to the competition between these two processes under each annealing tempera-
ture. The energy barriers in these two processes need to be further investigated with DFT
calculation.

2.4.2 Heat-generated graphene nanoribbons

In the following part, we report on the products after annealing to 400 °C. From the
overview image in Figure a), we could observe straight molecular chains with various
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Figure 2.10: dI/dV STS measurements of single polymerized chain before and after lateral ma-
nipulation. a) Before lateral manipulation (V' = 0.6V, I = 10pA). b) After lateral manipulation
(V = 1.0V, I = 40A). ¢) and d) Constant current STS measurements on the oligomer chain on
Au(111) surface. Feedback is closed in a) and c), and set point is 50 pA and 0.2 V.

length and identical width distributing on the gold surface. These chains are atomically
precise seven-armchair graphene nanoribbons (7-AGNR) with hydrogen terminated edges
lying on the gold surface which has also been confirmed with the same preparation condi-
tions in some other work [14] [135].

The GNRs appear smooth with little internal structure, and instead of forming GNR
island, they are distributed separately from each other on Au(111). This can be ascribed
to the repulsive force induced by the side hydrogen atoms of GNR. In the overview image
of 520 x 520 nm? in a), the longest GNR could reach more than 30 nm and the GNR
orientation is random, suggesting that there is weak interaction between the GNRs and
the underlying Au substrate. We also observe some T-shaped structures in the overview
image, highlighted with yellow dotted circle in Figurea). According to the explanations
in the former reports, partial dehydrogenation and missing hydrogen positions create new
active sites for bonding [136] [137]. Therefore other activated GNRs could bind to these
active sites, leading to the T-shaped structures.

Figure b) is a zoom-in image of one terminal of a GNR and the apparent height is
measured as shown in Figure c). The zoom-in GNR image shows the terminus as
“two eyes and three antennae” [64]. By taking the constant height d//dV measurement on
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Figure 2.11: Polymerized samples obtained under two different annealing temperatures. a)
Overview of the sample annealed to 250°C (V = 1.0 V, I = 11 pA). b) Zoom-in STM image
of the sample annealed to 250°C (V = 1.0 V, I = 0.1 nA). ¢) Line profile results of b). d) An
overview image of the sample annealed to 330°C (V =-1.0 V, I = 0.1 nA). e) Annealed to 330°C
(V =-2.0V, I =0.1nA).f) Line profile results of e).

the position of zigzag termini around zero bias voltage, which is the black dot shown in
Figure b), we could obtain a spectrum with an obvious asymmetric resonance below
the Fermi level, which owns a sharp onset shown in Figure d). This resonance has
been identified as Tamm State [64] 85]. The sharp peak close to Fermi energy shown in
Figure d) belongs to two flat bands with a wave vector k between 2/37 and 7 close
to Er [12]. This state cannot be obtained at the armchair edges of GNR [12].

Measuring electronic states with large k) values is unusual in STM because the decay rate
of the tunneling current increases with k, which is equivalent to less efficient tunneling of
electrons with large & [35]. Generally speaking, in the STM system, electronic states with
k| = 0 dominate the tunneling current. Only if there exist no states with small wave vectors
tunneling from states with larger k) can be observed [36]. This seems to be the reason which
can explain our experiments since the Tamm state is localized close to the Fermi energy
at a k-vector between 2/37 and 7 [12]. However, one cannot estimate &k of the tunneling
electrons due to the unknown of effective mass of the electrons. The topographies show
that the appearances are different of GNR taken under small and large voltages Figure[2.13
At high bias voltages (both positive and negative), the terminal of GNRs is featureless.
On the contrary, taking images between -0.2 V and +0.2 V has a high resolution of the
appearance of the GNR, terminus. Figure c¢) and d), taken under -0.05 V and 0.05 V|
respectively, show a “two eyes and three antennae” terminus. The small bias window and
the Tamm state which is located at 0.03 V in the dI/dV spectrum, point out a property
of an electronic not a topographic effect of GNR. However, the theory predicts that the
Tamm state of AGNRs should split in energy due to an antiferromagnetic coupling between
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the individually ferromagnetic edges has not been observed to the 7-AGNRs obtained in
our experiment [66].
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Figure 2.12: Thermally induced GNRs sample on Au(111). a) Overview of GNRs obtained by
annealing DBBA submonolayer molecules up to 400°C. The size of image is 520 x 520 nm?. b)
One terminal of single GNR on Au(111). Red line represents the line profile which showed in
c). Image is taken at V = -0.05 V, I = 0.1 nA. c¢) Line profile of GNR on Au(111). d) STS
measurement at the black spot position around Fermi level shown in b). Feedback opened at 0.1
nA and 0.5 V.

101

Figure 2.13: GNR topogrophies taken under different bias voltages. a) V = -2.8 V, I = 0.1 nA.
b) V=20V,I=01nA.¢c) V=-005V,I=01nA.d) V =005V, =0.1nA. All the
images are with the same size and the scale bar represents 7.6 A.

The apparent height of GNRs on Au(111) under various biases has been measured, shown
in Figure 2.14] From the data with error bar, we find the apparent height of GNR is much
lower than a DBBA height of 5.5 A and polymer height of 4.6 A, respectively. The average
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height is 1.90 £+ 0.25 A. This small fluctuation in the value indicates that the apparent
height of GNRs on Au(111) is bias independent.
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Figure 2.14: Apparent height of GNR on Au(111) under various voltages. Error bars are due to
the different arbitrary measurements of GNR. Average height is 1.90 4 0.25 A.

We have carried out the experiment of lateral manipulation on individual GNR, on the
terrace of Au(111) like we have performed on the polymer chain. Figure shows the
process of lateral manipulations with STM tip. In total, we have already performed five
times lateral manipulations on a short GNR with setting STM tip V = 3 mV and I= 40
nA. Another GNR can be observed in all the topographies as a reference. The intact shape
of GNR after multiple lateral manipulations suggests that the interaction between GNR
and Au(111) surface is rather weak, and the covalent bonding inside GNR is rather strong.
These properties agree very well with the strength properties of graphene material [58].

Constant height and constant current d//dV spectra were carried out on GNR, shown in
Figure a). In the constant height dI/dV spectrum, the signal increases below -0.9 eV
which can be assigned to a tail of the HOMO of the GNR at -1.1 eV (the graph of Figure
b)). The LUMO resonance of GNR can be observed at +1.7 V. The HOMO-LUMO
gap thus amounts to 2.8 eV which is in a good agreement with the published result of E,
= 2.8 £ 0.4 eV [138]. We could also observe the small resonance at the Fermi level, which
is associated to the Tamm state originating from the zigzag edges. The Tamm state can
be also confirmed by the dI/dV map, seen in Figure d).

In contrast, at LUMO energy of +1.7 V, a bright feature decorates the armchair edges of
the GNR. Therefore, the LUMO is delocalized along the armchair edges of the GNR. The
STM topography and dI/dV map at a bias voltage inside the HOMO-LUMO gap, which
is V.= 1.0 V, is shown in Figure g) and h). In the STM topography, no obvious
feature can be observed. In the dI/dV map, due to far away from the LUMO energy, the
low conductivity phenomenon can be seen due to the dark side area in the Figure h).
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Figure 2.15: Lateral manipulation of GNR on Au(111). The red arrows in the images clarify the
manipulating direction at each time. Images from a) to f) are taken at V = 0.05 V,and I = 5
pA. The lateral manipulations are carried out by setting ¥V = 3 mV, and I = 40 nA. The scale
bar represents 2.4 nm.

STS line spectra have been measured in the LUMO energy range across GNR (labeled by
the yellow arrow), perpendicular to the growth direction of the GNR. The line spectra in
Figure b) reflect the strong charge in LUMO intensity across the GNR in agreement
with the dI/dV maps. The LUMO is located at the armchair edges.

2.5 Investigation of Laser Illlumination of DBBA Precursor Islands

As described in the previous section, atomically precise GNR can be obtained by annealing
self-assembled DBBA molecules on Au(111). However, the limitation of this approach
is the lack of possibility to locally control the synthesis by triggering the reaction on
the whole substrate surface. Topochemical reactions circumvent this problem. In this
approach, molecules are immobilized on the surface and coupling reaction is triggered by
light. Following this concept, we investigate the effect of lager illumination of the DBBA
molecules on Au(111).

We use a UV laser to illuminate the sample which is kept being cooling with LHe. We have
conducted three experiments in total and the preparation details can be found in Table
2] In order to quantify light-induced reactions by a cross section, photon dose d can be
expressed as:
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Figure 2.16: Line spectra across the graphene nanoribbon along the direction highlighted with
yellow arrow. Measuring points are labeled with small crosses. a) STM image of GNR with one
terminal (V = -0.2 V, I = 0.1 nA). b) Line STS across the GNR in a) (V = 0.5 V, I = 40 pA)
(Feedback is closed and set point is 50 pA and 0.2 V.). The graph shows the constant height dI/dV
spectrum of GNR, measuring position is highlighted in a) with a red point (Feedback opened at
0.1 nA and 2.0 V). ¢) Topography of GNR taken at V = 0.05 V, I = 0.1 nA. d) dI/dV map of
GNR in c) taken at V = 0.05 V, I = 0.1 nA. e) Topography of GNR taken at V =17V, I =0.1
nA. f) dI/dV map of GNR in e) taken at V = 1.7V, I = 0.1 nA. g) Topography of GNR taken
at V=1.0V, I =0.1nA. h) dI/dV map of GNR in g) taken at V' =1.0 V, I = 0.1 nA.
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(2.5.1)

Where P represents the time-averaged power of the laser beam, t is the illumination time
length and D is the laser spot diameter [I39]. The illumination is provided by a ArF
excimer laser with working wavelength A = 193 nm, which means hv;j,,. = 6.42 eV.

Preparation Laser Power | Illumination Time | Illumination area | Photon dose
¢ (mW) (hours) (mm?) (cm?2)

30£2 3.3X10%
2nd 29+2 1.0 3x3 1.4X10%
3rd 23=+1 2.5 2x2 5.1X10%

Table 2.1: Preparation details of laser illumination experiments.

Figure a) shows the STM image obtained from the 1st preparation. After 1 hour UV
laser illumination on the sample surface, we could see that the drastic modification of the
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molecular appearance has taken place. Instead of observing DBBA molecular island with
characteristic zigzag pattern introduced above, the islands illuminated by laser exhibited a
strong disorder without any clear structure on Au(111). However, the shape of the islands
is similar to before, which points to a small diffusion deriving from laser illumination.

Laser impacted island
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Figure 2.17: Laser induced sample obtained with STM measurements. a) STM image of DBBA
molecular island illuminated by laser in the 1st preparation. (V = 1.0 V, I = 18 pA) b) An
image of illuminated sample with some ordered structures obtained from the 2nd preparation. (V'
= 0.56 V, I = 30 pA) c¢) The zoom-in image of b) and line profile result. d) Constant current
STS measurements comparison between on laser impacted island and on DBBA precursor in the
molecular island. Feedback is closed at 50 pA and -0.2 V.

The STM image of Figure b) is obtained from the 2nd preparation. It shows a
molecular island found on Au(111) with intact island shape and limited clear structures
inside. After zooming in the area highlighted by red dotted circle in Figure b), a small
amount of ordered structure can be observed. From the graph shown in Figure c), we
find that the former distance is 0.76 + 0.4 nm (labeled with green arrow), and this value is
only 10% smaller than the same measurement way in the case of DBBA precursors inside
the molecular island, which is 0.8 nm (detail can be found in Figure 2.4)). Furthermore, the
latter distance along the protrusions in the row is 1.0 nm, which agrees perfect with the
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value of DBBA inside the molecular island. Constant current STS show the same shape
of HOMO resonance of DBBA molecule before illumination (Figure d)). A small shift
of the HOMO resonance might be ascribed to the surrounding which is different than that
in the ordered islands. One of the possibilities to explain these observations is that the
laser induced bond cleavage between Br atoms and anthracene units, but also between the
bonds of anthracenes. The decomposed molecules give rise to the disordered structures.

Comparing measurement results between the 1st and 2nd preparations, lower photon dose
in the 2nd preparation is not enough due to existence of the intact DBBA molecules. More
energy need to be put into the sample, therefore, we have performed the 3rd preparation
with the highest photon dose comparing to the first two preparations. An STM overview is
obtained from the sample of the 3rd preparation which owns the highest photon dose in the
three preparations, shown in Figure An island can be clearly observed with ordered
lower parts and a disordered overlayer. Figure b) shows an image of a larger island
consisting of four rows of uniform height. It consists of parallel structures of length 2.0 nm.
The angle between these rod like features and the Au(111) soliton lines is approximately
85°.

With the STM tip, lateral manipulation on this rod like island has been performed. Figure
b) and d) are the STM images during the STM tip pulling process. We could see
that the single unit can be laterally dragged out of the row without destroying the ordered
island or itself. This reflects the non-covalent interaction between the rod like structures,
as well as the weak interaction between this unit and gold substrate. Figureh) shows a
high-resolution STM image of this rod like unit. The intensity distribution of it is relatively
homogeneous, with the intensity maximum along the long axis of this unit.Comparing the
apparent height with that of DBBA inside the molecular island and an individual DBBA
molecule lying on the surface, we find that the laser induced structure is flatter than the
other two on the surface, which is only approximately 1.5 A, shown in Figure c). The
length of this rod like structure is nearly 2.0 nm which is about two times of the length (0.93
nm) of the anthracene units of DBBA molecules. The measured lateral distance between
neighbouring rod like structures is equal to 5 A. This value coincides very well with the
reported value of the internal distance of the self-assembly tetradecane molecular island
on Au(l111) [140]. This value is also reported in the other observations of tetradecane
and some other alkane molecules self-assembling on Au(111) [I41H144]. Therefore, we
superimpose the tetradecane molecular model on the laser induced unit, seen in Figure
h). We ascribed the formation of tetradecane molecules to the laser influence on
the DBBA precursor molecules. The energy provided by laser cleave the bonds in the
anthracene unit of DBBA molecules, like opening a zipper, leading to the generation of
tetradecane molecules. The number of carbon atoms in a single anthracene unit is in a
good agreement with that in the tetradecane molecule, which is 14 carbon atoms.
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Figure 2.18: STM experiments on the photo-product of DBBA on Au(111). a) STM overview
image of illuminating DBBA molecular island on Au(111) by laser for one hour. (V =0.76 V, I =
18 pA) b) Ordered structure observed after illumination. The red arrow indicates the tip-induced
manipulation. The angle between the soliton line of Au(111) and the long axis direction of the
rod like structure is highlighted, which is approximately 85°. Line profile perpendicular to the
parallel structures is shown in the inset image. (V = 1.9 V, I = 19 pA) ¢) Line profiles of the
edge of a DBBA island f), an isolated DBBA molecule g) and the isolated laser induced unit h).
d) After lateral manipulation by STM tip compared to b). (V = 2.0V, I = 140 pA) e) Model of
tetradecane molecule. f), g) and h) are DBBA molecular island, single DBBA molecule and laser
induced unit, respectively. The scale bar represents 1 nm. Tetradecane molecular model has been
superimposed on the image of f).
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2.6 Conclusions

In this chapter, we investigated the structural and electronic properties of DBBA molecules
on Au(111). DBBA molecules adsorb on the gold surface in a 3D configuration due to the
steric hindrance of the hydrogen atoms between the two anthracene units. The molecular
islands are stabilized by 7-- -7 interaction between the anthracene units of the adjacent
DBBA molecules. Using lateral manipulation we could drag single DBBA molecule out
of the molecular island while keeping the molecule intact. This suggests the non-covalent
interaction between DBBA precursor molecules inside the island.

Annealing the DBBA/Au(111) sample under different temperatures could lead to various
phases. Under the low annealing temperature of 100 °C, DBBA molecules tend to form
two phases through halogen bonds without detaching the Br atoms. When annealing up to
200 °C, Br atoms dissociate from the anthracene units, and the radicals start the Ullmann
reactions, coupling to each other through covalent bonds. The new generated polymer
chains own high flexibility on the gold surface. By further annealing the polymer chains,
the 7-AGNR can be obtained. GNR weakly interact with the gold surface underneath and
keeps the typical Tamm state at the two terminals of the ribbon.

The experiment of illuminating the pulsed laser upon the DBBA/Au(111) has also been
performed. Interestingly, the laser induced C-C bond cleavage and reconnection have been
observed. Especially, the laser induced tetradecane molecular island has been observed.
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3 Structural and Electronic Properties of
Ferrocene-Carboxylic Acid Molecules on Metal Surfaces

In order to implement graphene for potential application in electronic devices for the
future, more and more focus was put onto the graphene growth with controllable diameter
and shape such as GNR [I4], equiangular hexagonal graphene island [145] and triangular
graphene [I5]. These fabrication methods could properly avoid the generation of various
defects during the preparation process. Among these investigation, fabricating triangle
shaped graphene flakes on Cu(111) [I5] is paid much attention, not only because of its
bottom-up fabrication method and feasible reaction conditions, but also due to its precursor
molecules, which is called 1,1-ferrocenedicarboxylic acid (FcAd), provide a new concept for
the researchers to synthesize graphene with ferrocene-based molecules on metal surfaces.

3.1 Metallocene and Metallocene Derivatives

Metallocenes were discovered in the 1950s and, to a great extent, have accelerated the
development of organometallic chemistry. Fischer and Wilkinson were rewarded the Nobel
Prize in chemistry in 1973 thanks to their tremendous contribution on the investigation of
organometallic system, which is also known as sandwich compounds. This special structure
can be also defined as double-decker configuration with two cyclopentadienyl rings (CsHs-
Cp) connected by a transition metal atom in the center (M). For example, the nickel atom
in the middle of two Cp rings lead to nickelocene molecules, the iron atom in the middle
of two Cp rings lead to ferrocene molecules and so on.

Ferrocene molecules, as it is well known, are easily to be obtained as three-dimensional
metalorganic molecule with the zero-spin ground state [146] 147]. It is also a promising
building block for applications oriented to spintronics and hetero nanojunctions. For ex-
ample, the property that ferrocene molecule by accepting single electron could make it
a promising substitution for building blocks of molecular quantum cellular automata, in
which a couple of ferrocene molecules could be regarded as a couple of quantum wells for
a charge moving between them [I47HI51].

There are two preferential configurations of ferrocene molecules, which are called eclipsed
conformation and staggered conformation, respectively (Figure[3.1]b)) [152]. It is reported
that the stability of the two dimensional structure depends crucially on the combination of
vertical and horizontal molecules having their Cp rings in the eclipsed configuration (D5
symmetry, seen in the upper image of Figure b). In the bulk structures, the presence
of the vertical and horizontal orientations ensures the cohesion of the crystal through T-
shaped interactions, and the staggered configuration (Dsq symmetry), unlike in the two
dimensional structure, is favored over the eclipsed configuration in the crystal.

The adsorption and desorption of ferrocene molecules on the different surfaces with various
surface index have been widely investigated under UHV conditions in the past decades,
such as on Au(111) [153], Ag(100) [I54H156], Cu(100) [154], and graphite [I57], claiming
that the molecular axis of the ferrocene molecules, which is represented as Cp-M-Cp (M is
metal for short), is either perpendicular or parallel to the substrate surfaces depending on
the substrate material and its orientation, shown in Figure a). However, the knowledge
of interaction mechanism between ferrocene molecules and metal substrates, especially
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Figure 3.1: a) Vertical and horizontal adsorptions of ferrocence molecules on the Cu(111) sub-
strate. The dashed line with arrow indicate the axis of the molecules. White, yellow, and red balls
represent H, C, and Fe atoms, respectively. b) Eclipsed and staggered conformations of a ferrocene
molecule (images adapted from Ref. [152]).

the interplay between ferrocene derivatives and metal surfaces, is still limited. Numerous
past researches have proved that the self assembly molecules can be strongly influenced by
functional groups which adjust the binding behaviour of molecules [I58HI63]. Among these
modified binding behaviours, hydrogen bond O- - - HO, with bonding angle of 180° between
two carboxylic groups (COOH), is one of many strong bindings which can be regarded as
powerful non-covalent connectors for supramolecular networks on the substrate surface

[162, 164].

Therefore, by considering the involvement of the multi-functional groups, COOH groups
in our case, of the ferrocene molecules, there would be more possibilities for this molecule
to show various adsorption behaviours and orientations on the different metal surfaces.
Therefore, it is very interesting to investigate the properties of FcAd molecule on different
substrates, such as Cu(111) and Ag(111). Experimental results and further analysis will
be introduced in the following.

3.1.1 Bulk Crystal Structure of FcAd Acid Molecule

Before introducing the specific adsorption behaviours and properties of FcAd molecules on
metal surfaces, it is necessary to have a general idea of its structures in the bulk crystal.
Former work indicated that FcAd dimers are the main building blocks of the FcAd bulk
crystal, in which both carboxylic acid groups of every single FcAd molecule form double
hydrogen bonds with the ones of the paired molecule, leading to a four-hydrogen-bond
dimer [165H17I]. Among the bulk crystal structure studies, the distance between the iron
atoms, Aor the distance between the cyclopentadiene centroids, of a dimer pair is reported
as 9.1 A.

3.1.2 DFT Calculation of FcAd Acid Molecule

Figure [3.2] illustrates the DFT calculation result of gas phase FcAd molecule with two
carboxylic groups pointing to the same directions (named Configurationl). It is notable
that the HOMO of FcAd molecule, which is shown in Figure[3.2]a), localizes in the ferrocene
body part. On th contrary, the LUMO of the FcAd molecule is more distributed over the
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carboxylic groups and comparably less over the ferrocene part. Furthermore, it can be
clearly seen that the FcAd molecule in the bulk is in the staggered configuration instead
of the eclipsed configuration. Our calculation result is different from the ones published
before, in which the different theoretical approaches have been carried out to calculate the
most stable configuration for ferrocene molecules, but leading to that the two Cp-rings
are parallel to each other and oriented in the same direction, in another word, in the
eclipsed configuration [152, 172 [I73]. Therefore, we could here preliminary propose that
the incorporation of carboxylic groups into ferrocene molecules changes the interaction
mechanism inside the ferrocene base.

a)

Figure 3.2: Gas phase DFT calculation result of FcAd molecule with carboxylic groups pointing
to the same direction. a) HOMO of FcAd gas phase. b) LUMO of FcAd gas phase.

DFT calculation has also been carried out in the configuration of FcAd molecules with two
carboxylic groups pointing to the opposite directions (named Configuration2). Figure
shows the orbital distribution of FcAd molecule in the gas phase. In the case of HOMO,
the orbital mainly localized in the FcAd body part, which means localizing in the ferrocene
base, regardless of HOMO or HOMO-1, shown in Figure|3.3[a), b), ¢) and d), respectively.
Therefore, from the top and side view, the orbital distribution of HOMO and HOMO-1
can be simply regarded as a cylinder shape. On the contrary, in the case of unoccupied
states, the orbital distributed in the whole molecule inhomogeneously. In detail, it can be
observed that more molecular orbital localized in the two carboxylic group moieties from
the side view of the molecular LUMO model, shown in Figure g). From the top view,
the shape of LUMO can be simply seen as an elongated ellipse, which is similar to the
calculation result of LUMO+1. However, in the case of LUMO+1, the molecular orbital
only distributes in the two cyclopentanecarboxylic moieties instead of the iron center, seen
in Figure d) and h). By comparing the HOMO and LUMO between Configurationl
and Configuration2, we find that the orientation of carboxylic groups of an FcAd molecule
does not dramatically influence the orbital distribution.

3.2 Self-assembly of FcAd molecules on Ag(111)

In the past years, more and more studies on the adsorption behaviours of metallocene and
its derivatives have been performed on various metal surfaces [147, 152} [153] 164 165] 174].
Especially, a recent publication with the result of X-ray photoelectron spectroscopy (XPS)
measurement about FcAd molecule on Ag(111) proposed a model of FcAd adsorbing on
Ag(111) [I75]. In this work, they compared the interface between FcAd molecules on
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Figure 3.3: DFT calculation of the FcAd gas phase with two carboxylic groups pointing to the
opposite directions. a) Top view of HOMO-1 of FcAd gas phase. b) Top view of HOMO of FcAd
gas phase. ¢) Top view of LUMO of FcAd gas phase. d) Top view of LUMO+1 of FcAd gas phase.
e) Side view of HOMO-1 of FcAd gas phase. f) Side view of HOMO of FcAd gas phase. g) Side
view of LUMO of FcAd gas phase. h) Side view of LUMO+1 of FcAd gas phase.

Ag(111), on Cu(110), and on CuzN/Cu(110) through monitoring the O 1s core level line
shape in the XPS spectra, since single carboxylic group owns two nonequivalent oxygen
atoms, belonging to carbonyl (CO) and hydroxyl (OH), respectively. However, in the both
cases of FcAd molecules on Cu(110) and on CuzN/Cu(110), only single O 1s resonance can
be observed in the XPS spectra, indicating that the dehydrogenation process has taken
place in both cases and the chemical bond between COO™ with copper substrate has
formed. On the contrary, in the case of FcAd on Ag(111), they observed that there is
an unambiguous dip in the middle of a broad resonance in the XPS spectrum, which can
be fitted into two sharp resonances with same intensities, referring to the equal number
of hydroxyl and carbonyl groups, indicating the existence of intact COOH group (seen in
Figure[3.4]a)). In the measurement of near edge X-ray absorption fine structure (NEXAFS)
result, it shows that a prominent set of 7 resonances in the grazing incidence geometry
and a strong o signature in the normal incidence geometry. Since the FcAd molecules
own the cyclopentadienyl rings, they attribute these features to a prevailing orientation
of the rings parallel to the substrate. In other words, with the measurement results of
XPS and NEXAFS, they prove that, besides the lying-flat configuration on Ag(111), the
FcAd molecules also exhibit an upstanding configuration on Ag(111) (details can be seen

in Figure [3.4b)).

In addition, the STM measurement with functionalized tip is an efficient method to ob-
tain better resolution of the topography, especially the molecular shape and adsorption
behaviour on metal surfaces. Previous investigations on metallocene molecules have shown
that, bright round protrusions or donut-like structures under STM measurement tend to
be the pentagon rings of metallocene molecules, and the rod-like structures between these
features are ascribed to the metallocene molecules lying on the surface with the molecular
axis paralleling to the surface [152), I75HI77] (details can be seen in Figure a)-d)).
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Figure 3.4: XPS and NEXAFS measurement results of FcAd on Cu(110), CuzN/Cu(110) and
Ag(111) substrate, respectively. Two images are cited from [175]. a) XPS spectra of O 1s of FcAd
molecule on different substrates adsorbed on different substrates (dotted graphs are experimental
spectra and the solid lines are fitted line.). The inset models schematically indicate the positions
of the molecules with respect to the substrate surface. b) NEXAFS spectra of the C K-edge
corresponding to the samples with the spectra in a). The solid lines represent normal incidence
(NI) and dotted lines the grazing incidence (GI) geometries.

3.2.1 Adsorption Structure of FcAd Molecules on Ag(111)

Here, we investigated the adsorption behaviour of FcAd molecules on Ag(111) with STM.
Submonolayer FcAd molecules were deposited onto the Ag(111) through molecule evap-
oration. From the overview image in Figure a), ordered molecular island was firstly
observed after the molecules deposition. The molecular island consists of uniform bright
round protrusions. After further zooming into the island, every two protrusions form a
dimer-like structure (hereafter referred to as dimer), which, instead of existing individu-
ally, also forms the rows leading to the molecular island in the end. By considering the
model shape and the geometric structure of FcAd molecules, the vertical FcAd molecu-
lar model has been preliminarily superimposed onto the zoom-in image of FcAd island,
shown in Figure c). Through the enlarged area obtained from the large molecular
island, we can clearly observe the bright round protrusions, which represent the upper
pentagon rings of FcAd molecules, are forming dimer rows, shown between the yellow
dashed lines in Figure c). However, the bright protrusions are not centrosymmetric
in the STM image. The similar asymmetric feature has also been observed in the FcAd
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Figure 3.5: STM images of metallocene and derivaties on metal surfaces. a) FcAd on Ag(111),
image adapted from Ref. [152]. b) Ferrocene on Cu(111), image adapted from Ref. [175]. c)
Nickelocene on Cu(100), image adapted from Ref. [I76]. d) Ferrocene on Cu(111), image adapted

from Ref. [I77].

DFT calculation result of LUMO, where the molecular orbitals mainly distribute in the
cyclopentanecarboxylic moiety, seen in Figure 3.2 Therefore, we ascribe the asymmetric
appearance to the cyclopentanecarboxylic moiety of the upstanding FcAd molecules on the
silver substrate. Line profile has been measured along two directions in the Figure a)
and result was shown in Figure b). The upstanding dimers exhibit an apparent height
of 2.7 Arespect to the surface. This value is also close to the DFT calculation result of the
height of FcAd gas phase model, which is 3.2 + 0.1 A. Moreover, this measurement result
also agrees well with the experiment results of other metallocene molecules on metal sub-
strates [152] [153] 174, I75]. The slight height difference between the measurement result
and model height can be ascribed to the better conductivity of the metal substrate. Line
profiles have been measured along two different directions across the FcAd island, labeled
by red and green lines with arrows respectively, seen in Figure a) and b). The width of
the dimer is d = 1.2 + 0.01 nm, and width of two molecules from the neighbouring rows
is D = 1.4 + 0.01 nm, respectively. The peak-peak distance along carboxylic interaction
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axis of FcAd is 10.0 A, which agrees with the value derived from the bulk crystal structure
very well, which is 9.1 A [152].

If we assume all the FcAd molecules are standing upright on Ag(111), it is hardly to explain
the formation of the molecular island since the hydrogen atoms of the dimers would be
electrostatically repulsive to each other. Furthermore, the previous research results have
evidently shown that, dehydrogenation process is widely known to happen for carboxylic
acids being deposited onto the various metal surfaces [I78-I88]. In the dehydrogenation
process, the hydrogen(H) atoms of carboxylic groups would detach from the molecules,
leading to the chemical reaction of COO™ interacting with the metal substrate. Considering
the effect that dehydrogenation process would bring as well as the formation of dimer island
of FcAd molecules, the molecular model lying on the substrate, which means the axis of
FcAd molecule is parallel to the surface needs to be taken into account (shown in Figure 3.6]
¢)). Our proposed molecular model of FcAd on Ag(111) is also in a good agreement with
the intermolecular arrangement of the ferrocene molecules, in which horizontal and vertical
molecules are simultaneously present in the molecular island [152, [164] [189]. Due to the two
carboxylic groups pointing to the opposite directions towards the flanking vertical FcAd
molecules, the horizontal FcAd molecules could play a role as a bridge vising the vertical
FcAd molecules belonging to different dimer rows, so that the FcAd molecular island can
be formed. There are a total of three molecules, horizontal and vertical, per unit cell. The
packing density is 0.025 molecules / A% of FcAd on Ag(111), and this value is agreed well
with that of the ferrocene molecules on Cu(111) and Cu(100), which is 0.03 molecules /
A2 [152, 176).

The STM measurement with a functionalized tip is a common method to obtain better
resolution of the topography. In our measurement, we have unintentionally obtained a
few images with functionalized tip, seen in Figure In both a) and b), we could clearly
observe the previous mentioned bright round protrusions showing a donut-like shape, which
has been ascribed to the cyclopentane ring of FcAd. Every two round protrusions form a
FcAd dimer also seen in Figure c). Previously, we claimed that we could not measure
the area between the dimer rows due to the limitation of bare STM tip, however, with
this functionalized tip, we are able to evidently see that there is a rod-like structure filling
up the area between the adjacent dimer rows. This finding coincides very well with a few
other published work about the STM measurement of metallocene molecules on various
metal surfaces [152] [164] 189].

Although the proposed unit cell of vertical FcAd dimer and horizontal FcAd monomer
coincides quite well with our measurement results and others publication, the adsorption
behaviour of the carboxylic groups in the lower pentagon of vertical FcAd molecules is
not clear due to the limitation of STM tip measurement. However, the ordered molecular
island, to some extent, could express that the arrangement in the lower decker of FcAd
molecules, which is also in a regular configuration. In the lower decker inside the dimer, we
propose that the hydroxy of one side FcAd molecule could form the hydrogen bond with
the oxydren atom of the other side of FcAd molecule. This configuration will further help
the formation and the stability of the molecular island. Further evidence needs the DFT
calculation combining FcAd molecules with Ag(111).
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Figure 3.6: STM topography of FcAd on Ag(111). a) Overview image of FcAd molecular island on
Ag(111) (V = 0.5V, I; = 0.1 nA). b) Line profile on the FcAd island along carboxylic interaction
axis and closed neighbouring axis, respectively in image a). The width of the dimer is d = 1.2 &+
0.01 nm labeled with green colour, and width of two molecules from the neighbouring rows is D =
1.4 + 0.01 nm labeled with red colour. ¢) a Zoom-in topography of FcAd island on Ag(111) (V =
0.5V, I =0.1 nA). The area between two yellow dotted lines marks the FcAd dimer rows. FcAd
molecular models have been superimposed on the STM image. The red, gray, dark red and white
balls in the molecular model represent oxygen (O), carbon (C), iron (Fe) and hydrogen (H) atoms,
respectively. The bright protrusions represent the upstanding FcAd molecule on Ag(111) and the
dark area between the dimer row, FcAd molecules are lying on the silver surface, connecting the
upstanding FcAd molecules to form the molecular island. The red rhomboid area is the unit cell
of FcAd molecular island. The angle between a; and ap is 58°/122°, respectively.
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Figure 3.7: STM images of FcAd molecular island on Ag(111) with unclear functionalized tip.
The regular pentagon represents the Cp ring of vertical FcAd molecules. The rectangles highlight
horizontal FcAd molecules. The image is taken under U = 0.5 V, I = 0.5 nA.

3.2.2 Electronic Properties of FcAd Molecules on Ag(111)

In order to investigate the molecule-substrate interaction and the electronic properties of
FcAd molecules on Ag(111), constant height STS measurements have been performed on
the vertical FcAd molecules (Figure [3.8). In the constant height dI/dV spectra shown in
Figure b), we compared the graphs obtained from clean Ag(111) surface with the one
on the vertical FcAd molecule. Firstly, almost the same sharp onsets and shape can be seen
in both graphs. From the black graph showing the energy of 70 meV below the Fermi level,
which is the typical surface state of Ag(111) [190H192], we could deduce that the STM tip
and local Ag(111) surface is not contaminated by other atoms/molecules. In the purple
curve obtained from the measurement on the bright round protrusion, we observe that
the nearly exact same shape of the black graph, but shifting to the high energy up to 110
meV above the Fermi level. This phenomenon could directly reflect the weak interaction
between the vertical FcAd molecule and silver substrate.

From the dozens of STM images we have taken in the large area, there is no FcAd molecular
island forming in the terrace area, but growing from the step edges. This observation could
well indicate that the diffusion barrier is rather low for the FcAd molecules on Ag(111),
comparing to the intermolecular interaction. Therefore, we believe that the driven force
leading the formation of FcAd molecular island on Ag(111) can be ascribed to the hydrogen
bonds. Recent calculation result from Berger Jan et al. has expressed that the hydrogen
bond between the opposite carboxylic groups is the strongest [I75]. Interaction of molecules
with the substrate is a bit weaker. Their DFT calculations also revealed that there is only
negligible charge transfer between FcAd molecules and Ag substrate. This further confirms
that the interaction between FcAd molecules and Ag(111) should be vdW interaction
instead of chemical bonding, which means the molecules are physisorbed on the metal
surface. Similar observation on the shift of surface state has been published with other
molecules on the various substrates [I93HI96]. In our experiment, the Ag(111) Shockley
surface state is not disrupted by the adsorbed submonolayer of FcAd molecules. There
is only a small energy shift across the Fermi level can be observed by STS measurement.
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Since charge transfer is not triggered at the molecule/metal interface leading to the surface
state depopulation, thus we can ascribe the shift of surface state to the modification of the
image potential by deposited FcAd molecular island above the silver substrate.
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Figure 3.8: Shift of surface state of FcAd on Ag(111). a) FcAd molecular island on Ag(111) (V
= 0.5V, I =0.1nA).b) Shift of Ag(111) surface state. The black graph was obtained from the
clean Ag(111) close to the molecular island. The purple graph was measured on the vertical FcAd
molecujjile in the molecular island.

Constant current STS measurements have also been performed on the FcAd molecules
on Ag(111), at negative and positive bias range respectively, seen in Figure From
the Figure a) and b), we observed that on the clean Ag(111), there is no resonance
by sweeping the bias up to -2.5 V. On the contrary, there is a small resonance starting
from -2.0 V and reaching to the maximum at -2.2 V when measuring on the vertical FcAd
molecules. We ascribed this resonance to the HOMO of the FcAd molecules on Ag(111).
Similar measurement has been conducted at the positive bias, and the results can be seen
in Figure c) and d). There is an obvious resonance at 2.2 V, which cannot be observed
on the clean silver substrate. We attribute this resonance to the LUMO of FcAd molecules
on Ag(111). Therefore, we obtain the HOMO-LUMO gap of FcAd molecules on Ag(111)
which is about 4.4 V. It is notable that, when sweeping the bias at the positive range up
to 2.5 V, the unstability of FcAd molecules can be observed from the spectrum. The inset
image of Figure c) is the image taken after the constant current STS measurement.
The FcAd molecular island has become locally disordered because of the excessive bias
voltage upon. This observation further indicates the physisorption behaviours of vertical
FcAd molecules on Ag(111).

3.3 Self-assembly of FcAd Molecules and Thermal Products on Cu(111)

Self-assembled metallocene molecules tend to show two adsorption behaviours on the same
substrate, horizontally and vertically, respectively. However, the metallocene molecular
acids dramatically change their interaction mechanism with the surfaces due to the pres-
ence of single or multiple carboxylic groups, such as the observation of recent published
paper [164]. According to the previous studies in the past decades, organic molecules with
carboxylic groups are always apt to self-assemble through hydrogen bonding or metal-
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Figure 3.9: HOMO and LUMO measurement of FcAd on Ag(111) a) FcAd molecular island
on Ag(111) (V = 0.5V, I = 0.1 nA). The red dot highlights the STS measurement position. b)
Constant current STS measurement at negative bias on clean Ag(111) and vertical FcAd molecules.
c)FcAd molecular island on Ag(111). (V = 0.2 V, I = 50 pA). The blue dot represents the STS
measurement position. The inset image is taken after the constant current STS measurement. d)
Constant current STS measurement at positive bias on clean Ag(111) and vertical FcAd molecules.
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organic ligands, and preferably form into flat-lying two-dimensional structures on sub-
strates [I78, 186, 197-203]. However, only a few studies have focused on the vertical
adsorption configuration of acid molecules with single or multiple carboxylic groups on
the sample surface [2044207]. Furthermore, there is limited investigation of molecular
carboxylic groups vertically bonding to the copper surface [208H215]. Although there are
quite a few similar properties between Cu(111) and Ag(111) substrates, we cannot indis-
criminately transfer the model of adsorption behaviour of FcAd molecules on Ag(111) to
the case of FcAd on Cu(111). The weaker coordination bond between carboxylic groups
and Ag compared to Cu leads to a very different balance between molecule-substrate and
intermolecular interactions [179] 188, 207, 216-222].

3.3.1 Structural Properties of FcAd Molecules on Cu(111)

The structural properties of FcAd molecules have been studied by evaporating FcAd
molecules onto clean Cu(111) substrate in STM system. Depositing FcAd molecules onto
Cu(111) surface results in self-assembled monomer islands with bright protrusions, which
can be seen in Figure a). The long-range well-ordered molecular submonolayers con-
sist of large number of uniformed molecules with limited defects, which is different from
the result published in ref. [I5]. They claimed that the FcAd molecules could not form
submonolayer on Cu(111). It is notable that there are some bright protrusions forming the
bright rows, and between these bright rows, there are four to five protrusions as an interval.
In the upper right of Figure a), a bright row exhibits a dislocation phenomenon. We
ascribe this observation to the limited defects inside the molecular island.

Line profile measurement has been conducted on the FcAd molecular island. The apparent
height of FcAd molecular island on Cu(111) is only about 2.5 A, shown in Figure ).
The COOH groups of the FcAd molecules tend to chemically react with copper surface
through dehydrogenation process [152]. Therefore, we could preliminarily propose that, on
the Cu(111) substrate, FcAd molecules tend to form the molecular island with Cp-Fe-Cp
axis paralleling to the copper sample surface through the coordination bonding.
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Figure 3.10: STM topography of self assembled FcAd molecular island on Cu(111). a) STM
topography of FcAd monomer island on Cu(111). (V = 0.5 V, I = 0.3 nA). b) Line profile of
FcAd molecular island on Cu(111).
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In the experiment of FcAd molecules on Cu(111), we also obtained the STM images ac-
quired in the same area with both bare STM tip and functionalized STM tip, seen in
Figure a) and b). From these two zoom-in STM images, we could observe that the
FcAd molecules form the molecular island consisting of alternately dim and bright protru-
sions with the same intermolecular intervals. However, in the image of Figure a), the
protrusions are ellipse like feature while in the Figure b), they emerge as a weaving
shuttle shape. Hence, the observation in Figure b) is derived from the functionalized
STM tip since the measurement parameters are same comparing that in Figure a).
In the Figure ), the ellipse shape of protrusions looks in a good agreement with the
DFT calculation result of the LUMO with the top view, seen in Figure ¢), in which the
molecular orbitals mainly distribute in the cyclopentanecarboxylic moiety. In the Figure
), the ellipse shape is better depicted due to the functionalized tip. The unit cell is
marked in Figureb) with red square area and labeled with a; and as which both equal
8.4 A. This equilibrium can also reflects that, for each FcAd molecule inside the molecular
island, its nearest neighbouring molecules have the same center-center distance to it. It
can be calculated that the packing density is 0.028 molecules / A2 for FcAd molecules on
Cu(111), which is also in a good agreement with the packing density of FcAd molecules on
Ag(111) of 0.025 molecules / A2 introduced in the last subchapter. Further studying the
STM image acquired with functionalized STM tip, we find that FcAd molecules aligned like
a windmill structure with four blades. Each of the blades represents an ellipse protrusion
in Figure ). Each blade is perpendicular to the four surrounded ones, pointing to
the center of the neighbouring molecule through T-shaped interaction.

In the past years, it has been widely reported that organic molecules with carboxylic
acid end groups tend to get deprotonated upon deposition on copper substrate [I79HISI]
188, 207, 223H225]. Thereinto the coordination between carboxylic groups with the copper
adatoms through deprotonation process has been published [I79)]. In the recent work, FcAd
molecules have been proved to interact with Cu(110) and CusN/Cu(110) surface through
the coordination bond between COO~™ with Cu atom. We also notice that noncovalent
interactions determining the molecular stability have been investigated elsewhere, such as
CH---m, NH---7 and cation- - - 7 interactions [226H232]. Therefore, it is highly possible
that the FcAd molecules interact with Cu(111) through the COOH groups and copper
atoms of the surface. This means the carboxylic groups of FcAd molecules point to the
copper surface, leaving the Cp-Fe-Cp axis parallel to the surface. The geometry also
coincides well with the line profile measurement result of the self-assembly STM image in
Figure a) and b). The hydrogen atoms of the cyclopentadiene ring form the hydrogen
bonding through CH- -7 interaction with the cyclopentadiene ring of the neighbouring
molecules, leading to the T-shaped orientation of FcAd molecules on Cu(111).

Therefore, the FcAd molecular models can be superimposed according to the discussion
above, shown in the right bottom part of Figure b). To be specific, the carboxylic
groups of FcAd molecules point to the copper substrate, forming the coordination bond be-
tween COO™ with Cu atoms. It can be determined that CH. - - 7 interaction is the driving
force leading to the formation of FcAd molecular island on Cu(111). Similar arrangement
has recently been published in the cobaltocene crystal structure [233]. Line profile mea-
surement has been performed on the FcAd molecular island on Cu(111), seen in Figure|3.10
b). The lateral distance between two bright protrusions can be read out from Figure [3.10
c), which is 3.1 £ 0.5 nm. This value is exactly 12 times of the lattice constant of Cu(111),
which is 2.56 A. This multiple relationship suggests that the brighter FcAd molecules inside
the self-assembly molecular island on Cu(111) adsorbed in a periodic configuration.
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Figure 3.11: Zoom-in STM images of FcAd molecular island on Cu(111). a) Zoom-in STM
image of FcAd molecular island on Cu(111) with bare STM tip. b) Zoom-in STM image of FcAd
molecular island on Cu(111) with functionalized STM tip. The rectangular area represents the
unit cell of self-assembled FcAd molecules on Cu(111) with a; and as vectors. The superimposed
FcAd molecular model is scaled according to the size of the STM image. ¢) Apparent height along
the two arrows shown in a) and b) The distance between the two vertical green lines show the
maximal height with lateral distance equals 3.1 & 0.5 nm. The two STM images are taken under
V=02V,I=03nA.
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By utilizing the STM tip with bias voltage pulse to manipulate the molecules has been
conducted elsewhere [234-236], and molecular manipulation has been realized with STM
tip in rotating Cgo experiment [237]. In our experiment, we have also conducted an STM
experiment by applying bias voltage pulses to the bright FcAd molecules on Cu(111). To
be more specific, the bias voltage pulses with certain time length have been applied to
the center of the birght FcAd molecule. STM images of before and after applying the
voltage pulses can be seen in Figure a) and b). By applying a voltage pulse of 1.0
V with 50 seconds upon FcAd molecule, the molecule evidently changed its appearance
from bright protrusion in Figure a) to the dimmer protrusion in Figure b). At
the same time the neighbouring FcAd molecule, which shows dimmer appearance before
applying the voltage pulse, turned into the bright protrusion instead. This means that,
by applying the voltage pulse, the two FcAd molecules next to each other switched the
adsorption configuration. The exchange in the apparent height in both molecules can be
read out in Figure d) and the value turned out to be the same. Similar phenomenon
has been observed in a molecular motor [238]. They reported that through the tunneling
electrons from the STM tip into the ferrocene moiety of a large molecule with five arms
and three legs, the anticlockwise rotation of the molecular arms can be realized. Hence,
in our case, we propose to ascribe the change in the molecular appearance to the slight
shift off the adsorption site of the horizontal FcAd molecule. To be specific, voltage pulse
induced inelastic tunneling electrons force the brighter FcAd molecules slightly off the ontop
adsorption sites, simultaneously, the adjacent dimmer molecule changes its adsorption
behaviour to adopt the stress coming from the neighbouring molecule.

3.3.2 Electronic Properties of FcAd Molecules on Cu(111)

The electronic properties of FcAd on Cu(111) has been investigated by measuring constant
current STS. Figure[3.14]shows the constant current STS of FcAd on Cu(111), both of which
have been compared with the results of clean Cu(111) surface. Figure a) clearly shows
two resonances in the unoccupied states of FcAd on Cu(111), which cannot be observed
on the clean Cu(111). The two resonances are locating at 1.7 V and 2.35 V. respectively,
which we ascribe to LUMO and LUMO + 1 of FcAd molecules on Cu(111). On the other
hand, in the negative voltage range, by sweeping the bias upon the FcAd molecules on
Cu(111) as well as upon the clean Cu(111), we could firstly observe the sharp onset in
the black graph, which represents the surface state of Cu(111) and also expresses no other
molecules/atoms influencing our STM tip. Two sharp resonances located at -1.8 V and -2.2
V can be found in the graph obtained on the FcAd on Cu(111), which are supposed to be
HOMO and HOMO-1, respectively. Therefore, the HOMO-LUMO gap of FcAd molecules
on Cu(111) can be derived as 3.5 V. This value is much smaller than the HOMO-LUMO
gap of FcAd molecules adsorbing on Ag(111), which is 4.4 V (-2.2 V of HOMO and 2.2 V
of LUMO). Note that the HOMO and LUMO of FcAd on Cu(111) shift close to the Ep
from both sides comparing to that of FcAd on Ag(111). This reflects that FcAd molecules
more strongly hybridize with Cu(111) than Ag(111). This is also well support the fact
that FcAd weakly physisorbed on Ag(111). The charge transfer between FcAd molecules
and Cu(111) can be preliminarily assumed.

Constant height dI/dV spectra have also been measured on the FcAd molecules on Cu(111),
seen in Figure The black curve in Figure b) represents the result obtained from
the area without molecular coverage in Figure a). The small kink at -0.44 V indicates
that the surface state of Cu(111) is intact. However, the surface state cannot be observed
in the curve obtained from FcAd on Cu(111). This phenomenon clearly reflects that the
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Figure 3.12: Bias voltage pulse applied on the FcAd molecules on Cu(111). a) and b) STM
images before and after the bias voltage pulse application with 2.0 V. The impacted molecule has
been highlighted with the red dot. Both STM images of this figure are taken under V. =10V, [

= 0.1 nA). ¢) The graph of tunneling current against time with 50 seconds. d) Apparent height
comparisons before/after the voltage pulse.

strong hybridization between the FcAd molecules and Cu(111). The surface state has been
depopulated by the charge transfer process at the molecule/metal interface. This also co-
incides well with the downshift of LUMO of FcAd molecules on Cu(111), seen in Figure

BIb)

3.4 Thermal Products of FcAd Molecules on Cu(111)

In the past years, fabrication of graphene has been widely achieved on solid surface. The
epitaxial growth of graphene on SiC wafer has been reported by annealing the wafer at
1200 °C [239]. By thermal decomposition of hydrocarbon, graphene has been successfully
grown on Ru(1000) [240]. Graphene quantum dots with regular sizes and films have also
been realized on metal surfaces by thermal decomposition of fullerene molecules [241]
242]. Although many methods of growing graphene by thermal treatment have achieved,
direct growth of graphene with controllable shape and edges has been fulfilled with limited
success. In the following part, we introduce a method by thermal decomposition of FcAd
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Figure 3.13: Sketch of FcAd molecules and parameters. a) Size of FcAd model with two carboxylic
groups pointing to the same direction. The distance between two Cp rings is 3.3 A and the width
of FcAd molecule is 6.7 A. b) Sketch of FcAd molecular model with two carboxylic groups pointing
to the opposite directions. ¢) Bond distances (A) in the cyclopentanecarboxylic moiety. d) Bond
angles (°) in the carboxylcyclopentadienyl moiety. The images of ¢) and d) are cited from ref.
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Figure 3.14: Constant current dI/dV spectra of FcAd on Cu(111). a) Constant current spectra
in positive range (I = 50 pA). b) Constant current spectra in negative range (I = 50 pA).
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Figure 3.15: Constant height dI/dV spectra of FcAd on Cu(111). a) The STM overview image
of FcAd molecular island on Cu(111) (V = 0.2 V, I = 0.5 nA). The red dot highlighted the
measurement position. b) Constant height spectra on the clean Cu(111) and the FcAd molecule.
(feedback opened at 50 pA and -2.0 V).

acid molecules on Cu(111) in an ultrahigh vacuum chamber.

Figure[3.16[shows an overview image of the heating products obtained from FcAd molecules
under 300 °C annealing temperature, in which annealing products demonstrate dramatic
differences from the ordered FcAd molecules self-assembled on Cu(111). In the overview
image, we could directly observe that the copper surface is nearly completely covered by
the annealing products without any ordered structures. We find the triangular shape of
molecular patches growing from the step edges. The side length of this triangle patch
is approximately 12 + 2 A . Former publication have reported that after annealing the
FcAd molecules on Cu(111) up to 573 K, triangular graphene patches can be obtained on
the copper substrate surface [I5]. Therefore, the triangular shape island obtained in our
experiment can be ascribed to graphene patches as well.
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Figure 3.16: Annealing products of FcAd on Cu(111) under 573 K. a) Overview STM image of
annealing products of FcAd on Cu(111) (V =1V, I = 56 pA). b) Zoom-in image of triangle
island in a). Basic vectors a; and ay are labeled with red arrows with angle equals 120 °. ¢) Line
profile of triangle graphene on Cu(111).

Figure b) is the zoom-in image of the triangle graphene observed in Figure a).
The island appears as an equilateral triangle shape with unordered structures, which are
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the reaction derivatives, decorating the three edges. These thermal induced derivatives
hinder the growth of triangular island so that the length of a triangle side shows no more
than 15 nm in all the scanning areas in our experiment.

Inside the island, there are periodic bright protrusions can be clearly observed. Close
examination with measuring the basic vectors, shown in Figure b) as a; and ag,
demonstrate that two basic vectors equal 1.2 nm with the included angle 120 °. The
similar superstructure with the Moiré patterns has been reported on graphene grown on
other metal surfaces [243]. According to the result of line profile measured in Figure
a) and shown in Figure c), the apparent height of patches on Cu(111) is 1.1 + 0.1
A depending on the bias voltage applied to take the image, and this value also coincides
very well with large area graphene on Cu(111) [244]. We could infer that this kind of
triangle island consists of single atomic layer. Therefore, the presences of Moiré patterns
and single atomic layer unambiguously confirm that the one-layer graphene with a triangle
shape is formed on the copper surface by annealing FcAd molecules on Cu(111). Although
the mechanism of the formation of this triangular shape of graphene patches is not clear
at this experimental stage, it is highly possible that the cyclopentanecarboxylic moiety of
FcAd molecules undergoes a 5-carbon ring open and re-form the benzene ring with the 6th
carbon atom obtained from the carboxylic group of the cyclopentanecarboxylic moiety.
Cu(111) substrate plays a crucial role as a catalyst during this process.

Furthermore, we find it interesting to mention that, in the published work, before the
annealing treatment, the amount of evaporated FcAd molecules has been measured and
reached up to 1.1 monolayer [15], nevertheless, according to the measurement in our prepa-
ration, we only prepared about one third monolayer FcAd molecules covered on the copper
surface. However, the amount and size of triangular graphene patches derived from heating
are basically equal in both experiments, seen in Figure [3.17] The possibility of this in-
triguing phenomenon is either due to the quality differences of the sample crystals in these
two experiments, which likely play a very important role as a catalyst during the heating
process, or the triangular graphene patches are not the main chemical reaction products in
this thermal experiment. The experiment with the same amount of the FcAd molecules has
also been conducted on Ag(111) under the identical annealing temperature, which is 300
°C. However, the graphene patches or other shape of graphene island cannot be observed,
shown in Figure d). We conclude that different substrates can dramatically influence
the thermal products due to their distinct chemical reactivities.
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Figure 3.17: Annealing products of FcAd on metal surfaces. a) An overview STM image of
annealing products of FcAd on Cu(111) (V =-2.5 V, I = 0.07 nA). The image is cited from Ref.
[I5]. b) and c) Overview STM images of annealing products of FcAd on Cu(111). The triangular
graphene patches have been highlighted by yellow dotted circle. (images taken under V = 1.0 V,
I =10 pA and V = 1.3V, I = 0.1 nA, respectively). d) Overview STM images of annealing
products of FcAd on Ag(111). (V =1V, I =22 pA).
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3.5 Conclusions

In this chapter, we investigate the structural and electrical properties of FcAd molecules
on Ag(111) and Cu(111) surface by STM method. FcAd molecules self-assemble into
condensed molecular islands on both substrates.

On the Ag(111), FcAd molecules form dimer island through hydrogen bonds provided
by COOH groups of FcAd molecules. There are two adsorption configurations of FcAd
molecules on Ag(111), vertically and horizontally, respectively. The horizontal FcAd
molecules play a role binding the two adjacent FcAd dimers. These two adsorption config-
urations have also been observed with the STM functionalized tip. The weak interaction
between FcAd molecules and Ag(111) can be further proved by STS measurements. The
intact but upshift of Ag(111) surface state obtained by measuring the constant height ST'S
on FcAd molecular island indicate the modification of the image potential by depositing
FcAd molecular island.

On the Cu(111), FcAd molecules could also form molecular island, however, only the
horizontal adsorption behaviour can be deduced on Cu(111). The formation of the FcAd
molecular island is driven by the force of CH- - - 7 interaction. The bias voltage pulse could
change the local adsorption site of FcAd molecule inside the molecular island. The heating
treatment upon FcAd/Cu(111) sample could lead to the small size of triangular graphene
patches on Cu(111). However, the large scale of graphene island or graphene sheet cannot
be observed on Cu(111) due to the large number of unordered thermal induced derivatives
on the surface, which hinder the growth of graphene island. We propose that the formation
of graphene patches is likely obtained from the process of 5-carbon ring opening and re-
bonding to the 6th carbon atom of COOH group of the same cyclopentanecarboxylic
moiety. Similar experiment has been performed on Ag(111) by annealing the FcAd/Ag(111)
sample, however, the thermal induced triangular graphene patches were not observed on
Ag(111) due to the different catalytic activities comparing to the Cu(111) substrate.
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4 Electron- and Heat-Induced Ethylene Decomposition on
Au(111)

Although graphene is valuable for research purposes, the methodologies to fabricate large
amount of graphene to meet the requirement from the industrial applications are insuffi-
cient. One interesting method attempted to fabricate graphene is the reduction of graphene
oxide flakes, however, the mobility of the charge carriers has been unavoidably reduced
[245]. The graphitization of silicon carbide substrates has been realized, but leaving the
problem of the detachment from the SiC substrate [246], 247]. Therefore, many efforts have
been put onto developing new methods of obtaining graphene on metal surfaces, such as
the growth on polycrystalline films of Ni, Co, and Cu-Ni alloy [248], dissolving carbon
atoms in a transition metal melt [249)], growth on Ru and Pt [250]. The most commonly
conducted technique is thermal decomposition of hydrocarbons catalyzed via its adsorp-
tion on the surface of the metal by means of chemical vapor deposition (CVD) [251H253].
However, because of the catalytic role of the metal surface, CVD could fail with some
low reactivity metals where the hydrocarbons are hardly adsorbed. Au is a rather inert
substrate compared to Pt, Ir, where the growth of graphene is a well established reaction.
Some experiments have shown that growth of graphene by this method is also possible on
Au(111) [254], but requires high temperature of ~ 1000 K. The aim of this chapter is to
establish a similar growth mode in our lab. Therefore, we constructed an oven for heating
up the Au(111) substrate. The preparation temperature displayed from the thermocouple
has been simultaneously calibrated by a pyrometer. The thermal products have also been
analyzed and discussed.

4.1 Experimental Reaction Conditions

In the sample preparation process, we followed the method reported in Ref. [254]. The
fragments of ethylene molecules are generated from the electron bombardment of the ion
beam, which is the same one used to clean the sample as a sputter gun. The preparation
chamber is filled with ethylene gas at high pressures ranging from 10~ mbar to 10~ mbar
in two different preparations. Higher ethylene pressure has been tested and would have
highly influenced the emission current of our home-built oven and hindered the temperature
increment of the sample. The ethylene gas in the preparation chamber is in the floating
status with the support of turbo pump. The current of accelerated ions is around 20 mA.
During the 30 min of irradiation, the ethylene molecules are ionized by electron impact
and accelerated against the high temperature gold surface. The ion beam is composed of
CoHy™ ioms, as well as some smaller ions such as CoHs ™, CoHo™ and CH4 ™ [255]. As soon
as the ions reach the substrate surface, they are supposed to be neutralized or dissociated
into small fragments or even implanted in the first subsurface layers [254]. Therefore,
post annealing at higher temperatures after the irradiation has been performed. The post
annealing temperature is about 100 °C higher than the sample temperature (Ts) in the
preparation and last for 10 minutes.

The Au(111) sample, in the electron-bombardment process, was kept being heated with the
emission current provided by a home-built oven with a high voltage (HV) controller. Ty is
measured and monitored with the K-type thermocouple wire connected to the sample. The
properties of thermocouple wire may change with use and time (especially when used at
elevated temperatures) resulting in measurement drift and a thermocouple probe might be
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Tritaments Usfilaments Temission Uexternal Trampt Trampe
(thermal couple) (pyrometer)
52A 72V 6.0 mA 1.5kV 403 C 448 C
54A 75V 8.0 mA 1.5kV 464 C 482 C
55A 77V 11.0 mA 2.0kV 521 C 527 C
55A 77V 13.0 mA 2.0kV 627 C 620 C
5.6A 8O0V 16.7 mA 2.0kV 726 C 708 C
5.6A 82V 20.0 mA 2.0kV 782 C 760 C

Table 4.1: Pyrometer calibration with the thermocouple connected to the sample. The filaments
belong to the oven and has been applied to negative HV, and sample is grounded above the oven
which will generate the emission current to locally heat up the sample. The emission current has
been monitored during the heating process.

mechanically damaged in service [256]. Therefore, we have used a pyrometer to monitor the
T by setting focus on the area close to the center of substrate surface. The pyrometer has
been calibrated by simultaneous measurement with K-type thermocouple, and calibration
details can be seen in the Table .1l

4.2 Reaction Products

We have conducted two experiments with different ethylene gas pressure during the prepa-
ration, 8.2 x 107% mbar ~ 1.0 x 107 mbar and 1.0 ~ 2.0 x 10~° mbar, respectively.
The latter pressure is roughly doubled compared to the former one. The ethylene gas is
bombarded while the Ty, is 776 & 3 °C for 30 minutes. Post-annealing has also been
conducted at 870 + 3 °C for 10 minutes in both experiments.

Preparation with lower ethylene pressure

Figure shows the STM overview image acquired over an area of 121 nm x 121 nm.
The image exhibits a couple of island-like structures growing from the step edges of gold
surface. It is noticeable that some islands grow across the step edges which have been
highlighted by the orange dotted lines shown in the topography of Figure a). The scale
of the islands range from ~ 100 nm? to ~ 500 nm? by rough calculation through Figure
a) and b). Noted that the islands tend to grow across the step edges when they started
at the area with multiple step edges.

Zoom-in image has been taken over an island growing from the straight step edge, shown
in Figure c) and d). The unperturbed pattern of the herringbone reconstruction of
Au(111) can be observed through the island structure. This indicates a weak interaction
between the substrate and the adsorbed layer. Figure d) is the contrast enhancement
result of image c), to underline the soliton line positions that being highlighted with yellow
dotted lines over the hcp region.

The apparent height of graphene nano flakes/dots grown by an intercalation-based all-
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epitaxial method has been reported to be 2.4 + 0.1 A [257], which is well in line with our
measurement results which is 2.3 &= 0.1 A, shown in Figrue e). We have also found
that the apparent height of the island shown in Figrue c) is independent of voltage
bias ranging from -0.2 V to 1.0 V, which can be seen in Figrue f). However, both of
the values are much lower than the calculation result of graphene on Au(111), which is
around 3.3 A [258, [259]. We ascribed this large difference in value to the low conductance
of graphene. Due to the low conductance of graphene physically adsorbing on Au(111),
STM tip needs to approach closer to the less conductive graphene island to maintain the
constant tunneling current.

The phenomenon that graphene growth crosses the step edges has also been observed on
many metal surfaces in the past years [260, 251, 252]. Therefore, we have reasons to pre-
liminarily propose the islands growing on Au(111) are graphene islands. The smoothness
of these islands, shown in Figrue ¢), indicating that there is no substantial interaction
between the edge and the Au(111), otherwise it would lead to the pronounced corrugation
at edges or lead to dome-shape structures [261} 262]. We also rule out the possibility of
forming carbon-Au alloy since the herringbone reconstruction surface of Au(111) is intact.

Electronic structure of graphene on Au(111) has been investigated by differential conduc-
tance spectra. STS measurements have been performed at the positions of clean gold
terrace close to the graphene island (as a reference) and above the graphene island, respec-
tively, labeled with blue and red dots in the Figure a) . From the spectra measurement
result shown in Figure b), the characteristic V' shape of free-standing graphene close
to Fermi level has not been observed, which indicating that the Dirac cone feature of free-
standing graphene has not been detected with STS measurement. Similar phenomenon that
the absence of Dirac point at Fermi level of the spectra taken on the graphene/Ag(111)
or graphene/Cu(111) have been reported [263], 252]. This absence of Dirac point in the
spectra is currently explained as the slight doping in graphene. The characteristic finger-
print of graphene, honeycomb structure, has not been observed either even though the low
bias and high tunneling current parameters have been set according to previous reported
parameters.

Preparation with higher ethylene pressure

Figure a) shows the example of large island overgrowing the step edges of Au(111).
Several bright dots can be observed inside the islands. These are even better visible in
smaller-scale images or pseudo 3D representation of the STM image, shown in Figure
b) and c), respectively. Line profile results are displayed across three different directions
in Figure d). Firstly,the height difference across the step edge has also been measured,
which is 2.3 £ 0.1 A in the red curve. This also agrees quite well with the characteristic
height of Au(111) step edge [46].

The apparent height of the island can be read out from the black curve in Figure d),
which is 3.1 + 0.2 A. This value is very close to the ones in the previous calculation reports
of graphene on Au(111) [258, 259]. However, it is notable that, in Figrue [{.1] the apparent
height of the island is around 2.2 Aindependent from the bias from -0.2 V to 1.0 V. The
large difference in the value of the apparent height can be about 1.0 A. Noted that the
STM image of Figure b) is obtained at 3.2 V, which is rather larger than that of Figrue
). It means more electronic states between the island and the Au(111) have been
measured. Moreover, the absence of Moiré pattern here indicates that the island is likely
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Figure 4.1: The organic island on Au(111). a) STM overview image of islands growing on Au(111)
(V =11V, =238pA).b) Another STM overview image of islands growing on Au(111) (V =1.0
V, I =23 pA). ¢) Zoom-in image of island growing from the step edge of Au(111). The red arrow
marks the line profile in e) with direction. (V = 1.0 V, I = 0.1 nA). d) The contrast enhanced
image of b) and hcp region and soliton lines have been highlighted with yellow dotted lines. e)
Line profile result of ¢). The height of step edge of Au(111) is d = 2.3 = 0.1 A. The apparent
height of the island on Au(111) is d’ = 2.26 4+ 0.15 A. f) Bias dependent apparent height of the
island on Au(111).
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Figure 4.2: STS measurements around Fermi energy on graphene/Au(111) a) STM image of
graphene island on Au(111). (V = 1.0 V, I = 0.1 nA.) b) STS measurements on gold terrace and
graphene island/Au(111) respectively.

contacted from the surface below. The bright dots seen Figure b) can also contribute
the generation of the interface states. Similar observation has been reported and ascribed
to the contacting between graphene and Ni(111) [264]. They are more likely some defects
such as nanobubbles which have been reported in the case of graphene growth on Au(111)
[254] and on Pt(111) [265]. The possibility of the impurities also cannot be excluded.
Therefore, we conclude that the islands we obtained on Au(111) are graphene islands with
defects and/or impurities. The interface states generated between graphene islands and
Au(111) have dramatically influenced the apparent height measured with various biases.

4.3 Conclusions

We have growed graphene islands on Au(111) through sputtering ethylene gas and keeping
the Au(111) surface at 1000 K. The islands exhibited some common features like previous
reported graphene sheet on Au(111) as discussed above. The absence of the typical hon-
eycomb structural appearance and electronic structure of Dirac cone of grpahene can be
ascribed to the influence of the interface states due to the doping/contacting between the
graphene islands and Au(111). Impurities can also play a role in the absence of typical
graphene features. Doubled the amount of ethylene pressure in the preparation did not
improve the quality of graphene islands. Higher annealing temperature may help to get rid
of the impurities in the 2nd preparation and re-distribution of carbon atoms on the surface.
Carbon-Au alloy can be ruled out in our experiments since the herringbone reconstruction
surface of Au(111) is intact.
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Figure 4.3: Apparent height of the island growing from the step edges of Au(111). a) STM
overview image of islands growing on Au(111). (V = 2.0 V, I = 20 pA.) b) STM image from
other area derived from the same preparation. Two line profiles crossing between the step edges
and island have been measured, graphs can be seen in d) (V' = 3.2 V, I = 11 pA). ¢) Pseudo
3-dimension image of b) area. A few protrusions can be found on the clean gold surface and a
large number inside the island. The herringbone structure of Au(111) can be also resolved. d)
Line profile results of b). The measured apparent height of step edge of Au(111) is 2.3 4+ 0.1 A,
labeled with red arrow in b) and red curve in the graph of d) (similarly hereinafter). The apparent
height of the island on Au(111) is 3.1 & 0.2 A according to the measurement along the black arrow.



5 Coordination of CBA Molecules with Cobalt Atoms on
Au(111)

Metal-organic combination provides various possibilities to synthesize supramolecular ar-
chitectures [266-268], nanoporous materials and low-dimensional nanostructures such as
ladder structures, metal-organic coordination chains, etc. [I58], 162, 269-276]. Among
them, azobenzene molecules have been widely investigated theoretically and experimen-
tally because of its interesting switching characteristics in the past years [277-280]. The
interaction between azobenzene molecules and the metal surfaces is capable of tuning the
switching characteristics. It has been reported that, for instance, di-metacyano-azobenzene
(DMC) molecules with two isomers is stable on Au(111) [281]. The switching between two
configurations can be triggered by STM tunneling electron. The incorporation of metal
atoms could modify the alignment of molecular orbitals through metal-ligand hybridization
|16, 282]. The involvement of evaporating cobalt (Co) atoms on DMC/Au(111) could lead
to the metal-organic ligands and dramatically change the energy alignment in the mixed
structure [283]. It is also notable that DMC molecule exhibits two stable configurations,
named trans and cis on Cu(111) [284]. 4-carboxy benzylideneaniline (CBA) molecule
is another acid molecule that has been investigated in our group. Compared to DMC
molecule, instead of azo group, imine group connects two benzene rings. Two symmet-
ric CN triple bonds are also replaced by single carboxylic group. Our colleague Christian
Lotze has observed the wide-angle switching behaviour in the experiment of CBA/Au(111)
with STM/STS [285]. It is notable that there are lone pair electrons of the N atom in the
imine group of the CBA molecules. The lone pair electrons tend to form the metal-organic
coordination bonding with the metal atoms [286]. It is foreseeable that the coordinated
metal atoms will potentially influence the electronic structure and switching behaviours
of CBA molecules on Au(111). The coordination competition between N atoms of the
imine group and O atoms of the carboxylic group is also likely to take place. Therefore, in
this chapter, we will investigate the influence of transition Co atoms in the CBA/Au(111)
system.

5.1 DFT Calculation of CBA Molecule

As shown in Figure a CBA molecule consists of two benzene rings connected by imine
group, and single carboxylic group bonds to the benzene ring in the para-position close
to the nitrogen atom side. The chemical formula of CBA is C14H110O2N. It has been
reported that there are two configurations of CBA molecule, called trans and cis, as shown
in Figure a) and b), respectively [285]. The trans state keeps two benzene rings in the
same plane. In the cis phase one benzene ring is rotated out of the plane of the other
benzene ring around the imine group. The two trans-cis isomerization can be reversibly
switched by electrons induced by STM tip.

Density functional theory (DFT) calculation of the CBA molecule in gas phase has been
carried out with Gaussian software. All the DFT calculation results were performed by
referencing the Gaussian 09 program package [112] unless noted otherwise. All the calcula-
tions including geometry optimizations and electronic excitation energies were conducted
on isolated systems, without considering the metal surfaces, using the B3LYP exchange-
correlation function. The 6-31G (or 6-311G) basis set was chosen for the CBA gas phase
calculation.

67
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¢

trans CIS

Figure 5.1: Two configuration gas phases of a CBA molecule. The gray, blue, red and white balls
in the model represent C, N, O and H atoms, respectively. a) trans phase of CBA molecule b) cis
phase of CBA molecule.

DFT calculation result of CBA in gas phase is shown in Figure [5.2] Figure a) and b)
represent the calculation results of HOMO and LUMO, respectively. The HOMO orbitals
distribute homogeneously on the whole backbone of CBA molecule except the hydroxy
moiety. To our surprise, we also find that the homogeneous orbital distribution of LUMO
on CBA in gas phase. This means that the imine group of CBA molecule, where C=N
double bond bridges two benzene rings, owns no extra orbitals as it would be expected due
to the electronegativity of the C atom in the C=N double bond [287].

b)

9
HOMO LUMO

Figure 5.2: DFT calculation result of CBA molecule in gas phase. a) HOMO of CBA in gas
phase. b) LUMO of CBA in gas phase.

5.2 Self-assembly of CBA Molecules on Au(111)

An experiment of self-assembled CBA molecules on Au(111) has been carried out with LT-
STM under UHV condition. The CBA molecules have been preliminarily evaporated onto
the gold surface cleaned by repeated sputtering and annealing process. The evaporation
temperature of CBA molecules is approximately 170 °C and the substrate is kept at room
temperature.

Figure a) shows the overview STM image of self-assembly of CBA molecular chains
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on Au(111). The Au(111) herringbone reconstruction can be clearly observed and nearly
all the CBA molecules adsorb on the fcc regions. This preference indicates that the CBA
molecules are more stable on the fcc regions than on the hep regions. It is also notable
that all the CBA molecules are lying planar on the surface, in another word, exhibiting
trans state on Au(111). This adsorption behaviour has also been reported as the more
stable configuration for CBA molecules on Au(111) [285].

We also notice that CBA molecules exhibit a dimer structure on the surface. This is in a
good agreement with the feature of carboxylic group, which is facing each other through
hydrogen bonds and mediating the formation of molecular assembly [205]. The zigzag CBA
dimer row, which is shown in Figure ¢), has been studied and proved to be consisted
of two enantiomeric forms of {rans CBA molecules when confined into a plane, called A
and p, respectively [285], shown in Figure b). The formation of CBA dimer rows can
be ascribed to the hydrogen bond between the H atom of benzene ring and N atom of
imine group of the two adjacent CBA molecules. Therefore, it can be summarized that the
stabilization is highly depended on the electrostatic intermolecular forces between positive
hydrogen atoms and negative N site.

Constant current STS has been performed on the CBA molecule on Au(111). Spectra
in Figure d) are acquired at the center of two benzene rings of CBA molecule. The
measured positions are highlighted in the image ¢) with blue and red dots respectively.
There is a resonance of 2.0 V located in the outer benzene ring center, and a broader
resonance 2.1 V located in the inner benzene ring center of CBA molecule. This resonance
can be ascribed to the LUMO of CBA molecule. From the spectrum, it is notable that the
intensity of the two resonances are nearly identical, indicating the distribution of LUMO in
CBA molecule adsorbed on Au(111) is homogeneous. This phenomenon coincides very well
with our DFT calculation result, suggesting the adsorption of CBA molecules on Au(111)
did not dramatically influence the distribution of the molecular orbital.

Due to the limited strength of hydrogen bonds among the CBA dimers, during the constant
current STS measurements, bias voltages cannot be swept higher than 2.5 V between tip
and sample, otherwise the CBA molecules would jump out of the scanning area or distorted,
even decomposed. For instance, in Figure c), the terminal CBA dimers are obviously
influenced by the constant current STS measurement. Before the measurement, the CBA
dimers are parallel to each other in the row, seen the inset image of Figure c). After the
constant current STS measurement, the two terminal CBA dimers exhibit no longer parallel
configurations, but crossed ones with CBA molecules facing each other. This observation
gives us the presentative impression that the interaction between CBA molecules and
Au(111) is weaker than the intermolecular interaction of the hydrogen bonding.

Bias dependent topographies have been measured on the CBA dimer chains. Figure a)
and b) are images taken at 0.2 V and 2.0 V, respectively. The 2.0 eV is also the LUMO
energy measured from constant current STS measurement in Figure d). In Figure
a), each CBA molecule performs the same appearance without prominent difference. Line
profile measurement crossing the neighbouring molecules has been performed, which is
along the red line in Figure a). The apparent height of CBA molecule could reach 1.5
A under 0.2 V. Due to the double hydrogen bonds OH: - - N between the two neighbouring
CBA molecules of the adjacent CBA dimer, CBA molecules could form dimer row on
Au(111). In the image taken at the LUMO bias, shown in Figure b), the two round
shape benzene rings of each CBA molecule cannot be observed. Instead, more unoccupied
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Figure 5.3: Self-assembly of CBA molecules on Au(111). a) Overview of STM topography of sub-
monolayer CBA molecules on Au(111). The region of hep and fee of Au(111) has been highlighted
(V =04V, I=0.1nA). b) The image shows the chiral structures of trans CBA molecule A\ and
p, respectively. The image is cited from ref. [285]. ¢) Zoom-in STM image of CBA dimer chain.
The inset image is the CBA molecular behaviour before being performed constant current STS.
CBA molecular model has been superimposed and hydrogen bonds OH- - - N have been highlighted
with triple black lines. The blue and red dots on the bright protrusions are the positions where
constant current STS were taken. d) Constant current STS measurement results at the positive
bias range on CBA molecules.
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density of states can be observed in the imine group of CBA molecule, which is highlighted
by purple circle in the same position of Figure a) and b). Furthermore, the hydrogen
bond OH.--N also shows a stronger contrast enhancement which has not been observed
under low bias voltage at all. This phenomenon can be explained as the elastic tunneling
process has taken place at the LUMO resonant energy of 2.0 V bias. The tunneling electron
tunneled through the resonant molecular channel into the metal substrate.

1 2 3
Distance (nm)

Figure 5.4: Bias dependent STM topographies of CBA dimer chains. a) CBA dimer chain image
taken under V' =0.2V, I = 0.1 nA. The OH- - - N hydrogen bonds have been highlighted by purple
circles. b) CBA dimer chain image taken under V = 2.0 V, I = 0.1 nA.

5.3 Cobalt-CBA Metal-Organic Coordination on Au(111)

The combination of organic linkers with metal atoms on top of inorganic substrates offers
promising perspectives for electronic devices. Coordination bonds between organic linkers
and transition metal atoms could lead to the self-assembly of metal-organic nanostructures.
Previous studies have shown that transition metal atoms binding to N sites of organic
linkers could control the formation of metal-organic motifs, in which the metal atoms play
a role as an anchor to connect the organic molecules [288-291].

In this part of experiment, transition atoms Co are evaporated onto the clean Au(111),
which is kept at room temperature, by using a commercial Omicron UHV evaporator
EFM3 equipped with high purity (> 99.995 %) metal rods. An integrated flux monitor is
used to check the metal atom flux and control the metal coverage on the substrate surface.
From the STM image shown in Figure [5.5] we could directly observe that Co nanoarrays
are growing at the elbows of the reconstruction lines, which are the preferential nucleation
sites for adsorbates on the reconstruction surface of Au(111) [46, 292H294]. From the line
profile, the superlattice unit cell can be measured, which is approximately 6 x 16 nm? like
a rectangle. The apparent height of 2.8 + 0.2 A reflects that the Co are clustered in 3D
structures. Investigations of Co atoms adsorbed on Au(111) have been conducted in some
previous works [293], 295H297], and 2.8 £+ 0.2 A of apparent height have been proved to
be the bilayer Co clusters. The clusters lower than 2.8 + 0.2 A but higher than single Co
atom can be given rise to the combination of Co atoms and impurities on the surface.
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Figure 5.5: Measurement results of Co atoms and CBA molecules on Au(111). a) STM image
of Co clusters on Au(111). The red line profile indicates that Co clusters locate at the elbow
positions of Au(111) herringbone reconstruction. Green line profile measures the distance between
two Co clusters in the neighbouring rows. The surface orientation is labeled in the topography
with white arrow. (V' = 0.3V, I =0.1nA). b) STM overview image of evaporated CBA molecules
onto Co/Au(111) sample. The inset graph is the line profile measurement along Co clusters on
Au(111). (V =0.2V, I =47 pA). ¢) STM overview image of annealing the sample in b) up to
370 K for 5min. (V =0.2V, I =54 pA). d) Zoom-in image of single metal-organic coordination
structure taken from c¢). The line profile measurements shows the apparent height is approximately
1.6 A. And shape of this structure is parralelogram, which is circled by the green dotted lines.
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Next, CBA molecules have been evaporated onto the prepared Co/Au(111) sample sur-
face without annealing the sample after the deposition. From the overview STM image
shown in Figure b) here, instead of self-assembled CBA dimer molecular chains, gold
surface is covered with molecular cross. Some of the Co clusters cannot be observed on
elbow positions of the gold surface, indicating that partial consumption of Co clusters has
taken place. However, from the line profile measurement shown in the inset image of b),
the apparent height of Co clusters exhibits the same value as it is measured before the
CBA evaporation, which means the amount of Co atoms reacting with evaporated CBA
molecules is limited.

Furthermore, it is notable that the increasing number of CBA cross conformation and
absence of CBA dimer rows has taken place, comparing with the sample without evapo-
rating Co atoms. In the CBA cross conformation, the bonding node indicates that four
carboxylic groups are pointing towards each other. This kind of bonding configuration is
highly unfavorable for the COOH terminations of CBA molecules on Au(111), otherwise
we were supposed to observe it in the sample without evaporating Co atoms. Unless there
is a metal atom center coordinating with them, which is supposed to be Co atom in our
case. Thus, we propose that Co atoms are located in the center of the four CBA molecules,
incorporated into the four carboxylic groups by coordination bonds, leading to a windmill
structure. And similar arrangement has been introduced on the other acid molecules with
transition metal center on Au(111) [298].

To study the behaviour of Co atoms in the clusters under thermal treatment, postannealing
on the previous sample has been carried out under 370 K for 5 min. Figure c¢) shows
the overview STM topography of annealed sample. Here the number of Co islands is
dramatically reduced compared to the observation in the Figure a) and b). This
phenomenon provides the evidence that a large amount of Co clusters is consumed to form
the metal-organic nanostructure. We also notice that the windmill conformation in Figure
b) is nearly completely missing. Instead, the molecular clusters can be found on the gold
surface, especially in the fcc region of Au(111). The small rest amount of Co clusters also
states that, under the 370 K annealing temperature, metal organic coordination structures
of this sample have been saturated by cobalt atoms. Further dissolution of Co island would
be expected to be observed when annealing the sample to higher temperature, which is
likely to generate the new reaction sites for CBA molecules. It is also notable that Au(111)
keeps its hep region intact, indicating that the intermixing or alloy formation between Co
and Au(111) substrate has not taken place, Co atoms only reacted with CBA molecules.

Zoomed-in STM topography of coordination structures has been measured, shown in the
Figure d). From the initial look we could observe there are eight CBA molecules
in total, forming a parallelogram shape structure which is framed by green dotted lines,
symmetrically coordinating to the center of the molecular cluster. Among them, six of
these molecules are showing up as two symmetric dimers, and two dimers are much more
closer to the cluster center than the rest four molecules, which are located on the diagonal
positions along the long axis of the coordination structure (symmetric line is labeled by
yellow dotted line in the image). Line profile has been measured along the direction labeled
in Figure d), the apparent height is still 1.6 £+ 0.1 A which agrees very well with that
measured on the self-assembled CBA dimer on Au(111), seen in the inset image of Figure

b4l

Due to annealing the sample up to 370 K, chemical reaction between CBA molecules with
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Co atoms can be expected. Indeed, deprotonation process can take place between CBA
molecules and Co atoms on Au(111) [299]. The chemical reaction is also a irreversible
process because the carboxylic groups of CBA molecules are triggered the deprotonation
process, which means the H atoms of COOH would form molecular hydrogen Hy, desorbing
from the gold surface, leaving the dangling bond of COO™ to coordinate with Co atoms.
Hence the formation of metal-ligand bonds is predictable in this metal-organic coordination
structure. The chemical reaction can be generally represented by the following chemical
equation:

2R — (COOH) + Coy, — Coy(R — COO0), + Hy 1 (5.3.1)

We have also measured the constant current tunneling spectra on the metal-organic coordi-
nation structure. Figure b) and d) show the measurement results corresponding to the
positions taken in Figure a) and c), respectively. We performed the STS measurements
on the centers of the benzene rings close to and away from the center of metal-organic
structure separately. From the spectra obtained on the benzene ring close to the coordina-
tion structure center (green, purple and blue squares in Figure[5.6b) ), there is a resonance
at 1.5 eV and a relatively weak resonance at 2.7 eV. However, the spectrum measured on
the red square position in Figure a) shows only single strong resonance at 1.9 eV. The
value slightly smaller than the LUMO energy of self-assembly CBA molecules on Au(111),
which is 2.1 eV. We have also measured the constant current tunneling spectra on the outer
benzene ring of this metal-organic coordination structure, and the measurement positions
and results can be seen in Figure c¢) and d). Again, we observe the common feature in
the measured positions with blue, purple and green circles, which is the strong resonance
at 1.9 eV and the relatively weaker resonance at 1.5 eV. The measurement on the red circle
position exhibits no obvious peak. Only a small resonance at 2.1 eV can be observed, which
position agrees well with the result obtained from the self-assembly of CBA molecules on
Au(111).

Due to the overall distribution of 1.5 eV resonance, here we ascribe 1.5 eV to the new
LUMO of CBA molecule due to the coordinated hybridization with the Co atoms. The
hybridization is expected to happen between the Co 3d states and O atoms of CBA COOH
group [283]. We also propose that 1.9 €V is the new LUMO+1, which has higher weight
in the outer benzene ring moiety of the CBA molecule in the cluster. It is worthy to
mention that, in Figure b), the red square labeled position also exhibits a 1.9 eV. We
assign it to the slight downshift of original LUMO of CBA molecules on Au(111) due to
the intermolecular interaction [300, [301]. Hence, the 2.7 V resonance shown in Figure
b) can be ascribed to the LUMO+2 due to the coordination between CBA molecules and
Co atoms. For the CBA molecule measured with red square and red circle in Figure a)
and c), there is nol.5 eV resonance in the constant current STS measurement, indicating
the absence hybridization between the CBA molecules with Co atoms. Therefore, it is
confirmed that there are two coordination mechanism in this metal-organic coordination
structure, which are CBA molecules coordinating with and without Co atoms, respectively.

It can be concluded that the incorporation of Co atoms modifies the electronic structure of
the CBA molecules. The new resonance at 1.5 eV proves the generation of the coordination
between CBA molecules and Co atom centers. The downshift of the LUMO state from 2.1
V to 1.5V can be attributed to the effect of hybridization between CBA molecules and Co
atoms, leading to the re-distribution of the molecule-metal orbital. Due to the differences
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the red labeled CBA molecule and mirrored one in the cluster bring about, especially the
LUMO of the CBA molecule in this position is identical with that of the self-assembly
CBA on Au(111), we ascribe this observation to the absence of interaction with Co atoms.
The brighter benzene ring located uppermost in the in Figure a) and c) is likely the
cis state of CBA molecule or some other adatoms/dirt trapped inside, which needs to be

further investigated.
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Figure 5.6: Constant current STS on metal-organic coordination structure. a) STS measurements
on the inner benzene ring of CBA molecules. V =2.0 V, I = 54 pA) b) STS measurement results
on the inner benzene ring of CBA molecules. ¢) STS measurements on the outer benzene ring of
CBA molecules. V = 2.0V, I = 54 pA). d) STS measurement results on the outer benzene ring

of CBA molecules.

Scanning tunneling line spectra along the long axis to the position passing the center of
the coordination structure has been carried out, seen in Figure a). The colour image
as an inset in a) is the contour plot of the line spectra with 50 measurement points. The
measurement range is fixed under positive bias ranging from 0.2 V to 3.0 V. It is notable
that the coordination structure is stable and intact on the gold surface during sweeping the
bias from low to high. By comparing with the unstable behaviour of CBA dimer structure
on Au(111), there is supposed to be a mechanism of anchoring this new coordination
structure on the gold substrate.

At the beginning of the line spectra measurements, there is no obvious resonance in the



76 CHAPTER 5. COORDINATION OF CBA MOLECULES WITH COBALT ATOMS ON AU(111)

measured range. Until to the center area of the coordination structure, resonance 1.9 eV
has been observed. It starts from the the inner benzene ring of CBA molecule sitting on the
long axis of parallelogram. This observation is in a good agreement with the result acquired
from the CBA dimer (shown in Figure|5.3[c) and d)) as well as the measurement result in
Figure a) and b). Further approaching to the center of the coordination structure, two
symmetric positions in the center exhibit a strong resonance located at 1.5 eV. But the
1.9 eV resonance cannot be observed in this area any more. Between these two syminetric
centers with 1.5 eV resonance, there is a small window showing that no 1.5 eV resonance but
a moderate resonance at 2.6 eV. Therefore, according to the resonance positions acquired
from the line spectra contour map, we could conclude that, in this coordination structure,
there are two coordination mechanism in this metal-organic coordination structure, which
are CBA molecules coordinating with and without Co atoms, respectively.

A dI/dV map has also been measured at the new LUMO energy position, i.e. 1.5 €V.
Figure[5.8|b) is the STM topography simultaneously taken when dI/dV map Figrue.§c)
is recorded. It is notable that, in the Figrue c), the center of metal-organic coordination
structure, there are two bright protrusions which are symmetrically sitting in the center
of the coordination structure. This indicates that, the new LUMO of CBA molecule
coordinated with Co atoms has more weight in the center of the metal-organic cluster.
This dI/dV map corroborates the fact that the molecular orbital alignment and spatial
distribution within the cluster are highly modified by the incorporation of Co atoms.

Investigation on the carboxylic groups coordinating with transition metal center has been
deeply performed for many years [302H304]. Among the numerous reports, there are two
common features about the coordination between metal atoms and organic ligands. Two
main 2D configurations related to COOH and metal (M) interactions can be summerized
as: a monodentate configuration [302], 304-306] and a bidentate configuration [302], B04]
307, [308], seen in Figure For the monodentate configuration, it means COOH group
only provides single O atoms to coordinate with M atoms while leaving the other O atom
coordinating with surroundings. The bidentate configuration can be further categorized
into two sub-configurations: bridging bidentate and chelating bidentate, respectively. In
the bridging bidentate situation, two ligands are at the bridging positions, which means
single carboxylic group bridges two M atoms by bonding every single O atom of COOH to
each M atom. Usually there will be another bridging bidentate in the mirrored position,
making a symmetric configuration along the M-M axis. In the chelating bidentate situation,
both oxygen (O) atoms of COOH bond to the same M atom (collinear with the M-M axis)
and in the same way, there will be another at the axial positions in the mirrored position.

The combination of these two bidentate configurations have been observed in the exper-
iments with the dinuclear centers [302), 273, B09-311], which states that M atoms prefer
to form dimer conformation surrounded by organic ligands. With the modification on the
functional groups of the organic molecules, the formation of large area metal-organic net-
works can be even realized, theoretically [312] and experimentally [304]. It is also notable
that, among these published reports, the metal-organic bond length along the direction
perpendicular to the M-M axis is always smaller than that collinear with the M-M axis,
indicating the bidentate ligands are shorter than monodentate ligands. Moreover, the dis-
tance between the transition metal centers depends on the specific metal atoms, which falls
into the range of 4 & 1 A. Such as the distance of Fe-Fe 4.7 + 0.1 A [302], Co-Co 4.105 A
[313], Co-Co 3.335 A[314] and Co-Co 3.56 A [317].
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Figure 5.7: Two types of carboxylate-bridged dinuclear metal structures. a) Monodentate con-
figuration b) Bridging bidentate configuration ¢) Chelating bidentate configuration

Figure 5.8: Line spectra on metal-organic coordination structure and dI/dV map under the
LUMO bias. a) Line spectra along the long axis of metal-organic coordination structure. Measuring
direction has been marked with red arrow in the colour contour. The scale bar represents 1 nm.
b) STM topography of metal-organic coordination structure. (V = 1.5V, I = 50 pA). ¢) dI/dV
map of metal-organic coordination structure.
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Therefore, according to the coordination principle of carobxylic groups with dinuclear
metal centers, as well as our measurement results. We superimpose the model of CBA
molecules on the STM image and dI/dV map, respectively, as shown in Figure b)
and c¢). Two CBA molecules in the center of the cluster coordinate with two Co atoms
in the bridging bidentate configuration. Another two CBA molecules along the long axis
of the cluster coordinate in the chelating bidentate configuration. Between these two
groups of bidentate molecules, two CBA molecules bond to the central Co atoms in the
monodentate conguration. The rest two CBA molecules, without directly coordinating with
the dinuclear center, tend to form the hydrogen bonds with the neighbouring molecules
due to the limitation space in the cluster. It can also be deduced that, in the coordination
competition between lone pair electrons of N atom in the imine group and carboxylic group
of CBA molecules, COOH is more favorable to coordinate with Co atoms on Au(111) after
thermal treatment.

5.4 Conclusions

In this chapter, self-assembly of CBA molecules and the coordination between CBA molecules
and Co atoms have been studied on Au(111). CBA molecules self-assemble into dimer rows
on Au(111) through hydrogen bonds. The interaction between CBA molecules and gold
substrate is rather weak, STS measurements with higher than moderate bias could induce
the unstability of CBA on the surface.

The coordination of CBA carboxylic groups with Co atoms not only causes the different
adsorption behaviour on Au(111), but also changes the electronic structure. Through
thermal treatment with 370 K upon the CBA+Co sample, molecular clusters with eight
CBA molecules can be observed separately on the gold surface. Furthermore, it is hardly
seen the cis configuration of CBA molecules on the surface. Therefore, the coordination
with Co atoms stabilized the CBA planar structure on the surface.

The coordination of CBA molecules with Co atoms also causes the downshift of the LUMO
with respect to uncoordinated CBA molecules. This indicates that the orbital energy re-
aligned by metal-ligand hybridization. These results depict that the co-evaporation of CBA
molecules and Co atoms on Au(111) not only can influence the adsorption behaviours and
formation, but also could mediate the electronic state due to the metal-organic hybridiza-
tion. In the coordination race between N atom in the imine group and O atom in the
carboxylic group, COOH site turns to be more favorable to coordinate with Co atoms on
Au(111) after thermal treatment.



6 Summary

In this thesis, we investigated the precursor molecules (DBBA and FcAd) of fabricating
graphene nanoribbons and triangular shape of graphene, including their structural and
electrical properties on the metal substrates varying from Au(111), Ag(111) to Cu(111).
Heating influence on these molecular building blocks have also been studied. Additionally,
metal-organic coordination between CBA molecules and Co atoms has been analyzed by
utilizing low temperature STM.

After the deposition on Au(111), DBBA molecules self-assembled into ordered molecular
islands. Instead of covalently bonding to the gold substrate, DBBA molecules interact
with each other through hydrogen bonding and - --m bonding inside the molecular row.
The halogen bonding between the molecular row lead to the DBBA molecular island.
Lateral manipulation is capable of taking single DBBA molecule out of the molecular
island without destruction. The HOMO-LUMO gap narrowed down to the 2.5 eV of single
DBBA molecule from 2.7 eV of DBBA in the molecular island. The slight downshift can be
ascribed to a larger interaction between the single DBBA molecule and the gold substrate
due to the flattening of the single DBBA molecule.

Annealing the DBBA /Au(111) sample up to 100 °C, the self-assembly DBBA molecular
island could not be observed on the gold surface, however, two new phases with differ-
ent configurations can be obtained. Phasel contains six DBBA molecules packing in a
clockwise direction through the halogen bonds in the hexamer center. Phagse2 consists of
three DBBA molecules, and the trimers are also stabilized by halogen bonds and CH- - -7
interaction inside the trimer. The fact that the number of the Phase2 is larger than that of
Phasel indicates that the former one lowers the total energy and becomes more favourable
configuration on the surface.

When annealing the DBBA/Au(111) sample up to 200 °C, the polymer chains can be
obtained. The formation of the polymer chains is due to the occurrence of the dehalogena-
tion process in the heating process. After the detachment of Br atoms from the anthracene
units, the Ullmann reaction makes the radicals covalently bond together. Lateral ma-
nipulation upon the polymers cannot pull the chains apart, suggesting the formation of
covalent bonds. However, because of the steric repulsion caused by the hydrogen atoms of
the anthracene units, the polymer chain still keeps a 3D configuration on the gold surface.

Respectively annealing the DBBA /Au(111) under two different temperatures, 250 °C and
330 °C, can open two channels of cyclodehydrogenation process. In the case of 250 °C
annealing temperature, the polymer chains start the cyclodehydrogenation process from
the single terminal of the polymer chain and in a zigzag manner. However, like a failure
of Domino effect, the cyclodehydrogenation process stops in the middle part of the chain.
We ascribed this to the lack of enough energy to overcome the increasing energy barriers in
the cyclodehydrogenation process. On the contrary, under the circumstance of 330 °C an-
nealing temperature, the polymer chains undergo a different cyclodehydrogenation process.
In detail, one side of upper part of anthrecene unit has finished its cyclodehydrogenation
process on the gold surface, but the other side keeps their polymer appearance. This phe-
nomenon clearly confirms that there are two cyclodehydrogenation process channels are
opened under two annealing temperatures. The energy barriers to overcome in these two
processes need to be further supported with DFT calculation.
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7-AGNR can be obtained when the DBBA/Au(111) sample is annealed to 400 °C. The
HOMO-LUMO gap is 2.8 eV which is in a good agreement with other published reports
[138]. The LUMO is delocalized along the armchair edges of the ribbon. Moreover, the
Tamm state locating at 0.03 eV is observed in the STS measurement result. It is only
located in the zigzag edges of the ribbon termini.

Laser illumination upon DBBA /Au(111) could lead to some molecular islands with ordered
structures. In detail, the islands consist of molecular rows with the same appearance. The
size of the single rod-like structure is nearly 2.0 nm length and 1.5 Awidth. These values
coincide very well with the size of single tetradecane molecule. Therefore, we ascribed to
the emergence of the tetradecane molecules to the effect of laser illumination. The energy
provided by laser cleave the anthracene units into carbon chains, and the radicals re-bond
locally to each other, leading to the formation of the tetradecane molecules. The laser
experiment inspires us that there is more possiblity to fabricate alkane chains on the metal
surfaces.

Another precursor molecule (FcAd) of fabricating triangular graphene patches on Cu(111)
has been investigated on Ag(111) and Cu(111), respectively. On the Ag(111), FcAd
molecules self-assembled into molecular island with two adsorption configurations, ver-
tically and horizontally, respectively. The vertical FcAd molecules on Ag(111) formed
molecular dimers through the hydrogen bonds of the upper Cp rings, and are likely collec-
tively stabilized by the lower COOLI groups interacting with the neighbouring hydrogen
atoms inside the dimers. Besides, the horizontal FcAd molecules on Ag(111) play a role
as a bridge vising the vertical FcAd molecules, further supporting the growth of the FcAd
molecular island the silver substrate. On the Cu(111), FcAd molecules also self-assembled
into the ordered molecular island. However, only the horizontal adsorption behaviour can
be confirmed on the copper surface. In detail, FcAd molecular island is stabilized through
T-shape CH- - - 7 interaction. Bias voltage pulses could slightly change the local adsorption
site of the horizontal FcAd molecule and its neighbouring molecules inside the molecular
island. Thermal treatment on the FcAd/Cu(111) sample could obtain the small size of
triangular graphene patches. The obstacles to gain larger scale of graphene island is likely
due to the large number of the thermal induced derivatives distributing on the surface,
which hinder the growth of triangular graphene island.

We also attempted to fabricate graphene on Au(111) by sputtering the ethylene gas. The
obtained organic structures did not exhibit the typical honeycomb structure of graphene
sheet. STS measurements also did not detect the Dirac cone in the spectra. However, the
apparent height and the smooth feature of the organic islands indicate that these islands
might be consisted of carbon atoms with disordered arrangement. The hexagonal carbon
structures of grpahene are likely replaced by other polygons consisted of carbon atoms. We
also rule out the possibility of forming carbon-Au alloy since the herringbone reconstruction
surface of Au(111) is intact.

Self-assembly of CBA molecules and the coordination between CBA molecules and Co
atoms have also been studied on Au(111). CBA molecules self-assembled into dimer
rows on Au(11l) through hydrogen bonding. Switching behaviours of CBA molecules
on Au(111) has been published by our group colleague [285]. Therefore, we investigate the
co-deposition of CBA molecules and Co atoms on Au(111) in order to detect whether the
Co atoms could anchor the imine group of CBA molecules onto the surface. The coordi-
nation of CBA carboxylic groups with Co atoms not only causes the different molecular
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adsorption behaviours on Au(111), but also changes the electronic structure. Through
thermal treatment with 370 K to the CBA+Co/Au(111) sample, the molecular clusters
consisting of eight CBA molecules can be observed on Au(111). Furthermore, it is hardly
seen the cis configuration of CBA molecules on the surface. Therefore, the coordination
with Co atoms stabilized the CBA planar structure on the surface through bonding to the
COOH group of CBA molecules. However, the Co atoms did not coordinate with the N
atom of the imine group of CBA molecules as we expected in the beginning. The interac-
tion between Co atoms with COOH groups seems more preferential under the annealing
condition.

The coordination of CBA molecules with Co atoms causes the downshift of the LUMO
with respect to uncoordinated CBA molecules. This indicates that the orbital energy re-
aligned by metal-ligand hybridization. These results depict that the co-evaporation of CBA
molecules and Co atoms on Au(111) not only can influence the adsorption behaviours and
formation, but also could mediate the electronic state due to the metal-organic hybridiza-
tion.

The above studies not only exhibit investigation result related to the structural and elec-
trical properties of the precursor molecules of fabricating graphene on different metal sur-
faces, but also reveal that studies on the molecular building blocks are quite valuable for
the supramolecular architectures, and very important for the fabrication of electric devices
in the future. Systematically investigating the precursor molecules could develop more
possibilities for fabricating devices in the application field.
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List of Abbreviations

(LT-)STM: (low temperature) scanning tunneling microscopy
STS: scanning tunneling spectroscopy
DOS: density of state

Differential conductance: dI/dV

IETS: inelastic electron tunneling spectroscopy
DBBA: 10,10’-dibromo-9,9’-bianthryl
FcAd: 1,1-ferrocenedicarboxylic acid

CBA_: 4-carboxy benzylideneaniline

vdW: van der Waals

CPD: contact potential difference

UHYV: ultra high vacuum

hcp: hexagonal close packed

fce: face centered cubic

RT: room temperature

CFT: crystal field theory

LFT: ligand field theory

Eg: Fermi energy

ZBP: zero bias peak

Tk : Kondo temperature

FWHM: full width at half maximum
COOH: carboxylic group

DFT: density functional theory

LDOS: local density of states

HOMO: highest occupied molecular orbital

LUMO: lowest unoccupied molecular orbital
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