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Introduction

On-Surface Synthesis of Alkyne Molecules...
... towards m-conjugated Structures on Calcite (10.4)

The continuous miniaturization of electronic devices by state-of-the-art fabrication
methods will reach its fundamental limits sometime in the near future. Therefore,
new concepts beyond silicon-based semiconductor technology have been developed in
the recent decades. One promising route is the so-called bottom-up approach. This
concept starts with small single building blocks and arrives at the desired highly

ordered structures via their combination directly on a surface.!

For the purpose of fabrication of electronic nanoscale devices, suitable building
block units have to be identified. A promising approach is the so-called molecular
electronics, which suggests single molecules or molecular groups as substitute for
electronic components.? Theoretical and experimental studies give evidence that
molecules can indeed be used as e.g. rectifiers,? transistors or switches.[>~7)
Nevertheless, for the creation of electronic circuits, conductive wire-like molecular

arrangements are necessary to connect these functional units.

To create well-defined aggregates in a fast and serial manner at the molecular
level, self-assembly has proven to be a promising approach.® 9 This process is based
on noncovalent bonds, e.g. m — 7w stacking, hydrogen bonds and van der Waals
interaction. It takes place spontaneously and leads to the formation of molecular
equilibrium structures.'% Furthermore, it can be tuned by the choice of the substrate
and the structure of the molecular precursors. Nevertheless, since self-assembly

relies on reversible interactions, the obtained structures are somewhat fragile.

To stabilize molecular structures, on-surface synthesis has been proven to be a
highly versatile tool.l'!] The stabilization is obtained by the formation of covalent
bonds directly on an appropriate substrate surface. In many cases, the traditional
organic synthesis inspired the field of on-surface synthesis. However, the transfer
to a two-dimensional surface is not trivial. Nevertheless, an enormous number of
different reactions has been transferred successfully from solution synthesis to diverse

substrates.[12714
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In the view of molecular electronics, the on-surface created molecular structures need
to be conductive. Therefore, conjugated molecular structures have been suggested as
promising candidates. Additional, it is mandatory to decouple the formed molecular
devices from the support surface. However, the majority of the present studies
concerning the creation of molecular nanoscale devices, focus on conducting and
semiconducting surfaces. Therefore, it is highly interesting to explore on-surface-

reactions on insulating surfaces.

Therefore, the aim of this thesis is to create wire-like conjugated molecular structures
on a bulk insulator surface. To reach this goal, molecular precursors equipped with
terminal alkyne and diyne functionalities were chosen. These functional entities are
known to form conjugated structures upon diacetylene polymerization, acetylene
polymerizations, linear homocoupling and enyne formation. To provide the decou-
pling of the molecular structures, the bulk insulator calcite was chosen, which is the

thermodynamically most stable polymorph of calcium carbonate (CaCOs3).

In particular, this thesis provides a detailed study of the self-assembly and on-
surface reactions of three terminal alkyne and one diyne species on the (10.4)
calcite surface. The experiments were performed in ultra-high vacuum (UHV) using
frequency-modulated atomic force microscopy (FM-AFM). This technique has been
proven to be a versatile tool for real space imaging of molecular arrangements with
atomic precision.

For all investigated molecules, first the structure formation of the as deposited
monomer precursors was characterized at the nanoscopic scale. Secondly, the initia-
tion of the reaction was performed upon thermal, photochemical and sometimes even
combined stimulation experiments. For two molecular precursors, density functional
theory (DFT) calculation were done. The optimizations provide insights into the
molecular arrangement after deposition and the structure formation of the precursors
after reaction initiation. Additional, detailed parameter variations of e.g., time,
wavelengths and temperature were performed to investigate the influence of these
parameters on the structure formation. The results present insights into the complex
interplay of chosen reaction parameters, structure of the molecular precursors and
substrate surface, necessary for successful on-surface synthesis. Finally, this thesis
provides, for the first time, evidence for a successful diacetylene polymerization, an
acetylene polymerization and a homocoupling reaction on a bulk insulator surface.
For the two first named reactions, molecular wire-like structures were obtained,

which are interesting as molecular wires for future molecular electronics.

Chapter 1



Thesis Structure

In this thesis, the self-assembly and on-surface synthesis of four different precursor
molecules were investigated on the calcite (10.4) cleavage plane. The experiments
were performed in ultra-high vacuum (UHV) using frequency-modulation atomic
force microscopy (FM-AFM). In chapter 2, the theoretical foundations of FM-AFM
will be briefly outlined. Subsequently, the used substrate calcite will be introduced
in chapter 3. In chapter 4, a short introduction is given to the actual status of on-
surface synthesis on metals, semiconductors and insulators, while chapter 5 provides

a description of the used experimental set-up.

In chapters 6 and 7, the results of my thesis will be presented.

First, the experiments on the 3,3’-(1,3-butadiyne-1,4-diyl)bisbenzoic acid (3-BBA)
monomer will be discussed in chapter 6. The molecule is equipped with a diyne
moiety, allowing for an on-surface diacetylene polymerization. A detailed analysis of
the self-assembly is given. Furthermore, thermal, photochemical and combined initi-
ation experiments were performed to induce a reaction. Additional, performed DFT
calculations provide insights into the arrangement of the molecules before and after
reaction stimulation. The experimental data together with the DFT calculations
provide strong evidence for a successful initiation of a diacetylene polymerization on
calcite (10.4).

In chapter 7, three molecules equipped with terminal alkyne groups will be pre-
sented, namely 3-ethynylbenzoic acid (3-EBA), 4-ethynylbenzoic acid (4-EBA) and
4,4"-diethynyl-[1,1":4" 1”-terphenyl]-2’ 5'-dicarboxylic acid (DETDCA).

First, the self-assembly, as well as photochemical and thermal initiation experiments
of 3-EBA will be presented. The formation of well-ordered striped structures on the
calcite (10.4) substrate after annealing will be discussed in detail. In combination
with DFT calculations evidence is given for a successful acetylene polymerization on
a bulk insulator surface.

Next, the formation of well-ordered elongated molecular islands of 4-EBA on the
calcite (10.4) is presented. A detailed analysis of the stripe-to-stripe distance distribu-
tion discloses the interplay between short-range attraction and long-range repulsion.
Further, the results of thermal and photochemical initiation will be presented.

The analysis of the self-assembly is presented. Finally, the observed changes upon
thermal and photochemical initiation of DETDCA will be discussed. The results
indicate that DETDCA undergoes a dimerization by homocoupling of the terminal

alkyne moiety on the (10.4) surface of the bulk insulator calcite.






Atomic Force Microscopy (AFM)

2.1 Introduction

The dawn of the scanning probe microscopy (SPM) can be dated to the year 1981,
when Gerd Binnig and Heinrich Rohrer succeeded in conducting the first real surface
study using scanning tunneling microscopy (STM).“E‘] For this development, they
were awarded the Nobel Prize in 1986.[16] The measuring principle of this method is
based on the exponential distance dependence of the tunneling current between a
conductive tip and a conductive surface. The disadvantage of this method, however,
is that only conductive samples can be examined. Therefore, further efforts have
been made to overcome this limitation. Already in 1986 G. Binnig, C. Quate and C.
Gerber were able to solve this issue via the invention of the atomic force microscope
(AFM), which allows for investigations of arbitrary surfaces, including non-conducting
materials, since the distance dependency of the tip-sample force is used to record the
surface properties.!”) Despite the efforts of the next years, it was not until 1995 before

the first true atomic resolution could be achieved.8!

Two changes were essentially
contributing this: first, the use of better sensors and second, the development of the
dynamic mode by Albrecht in 1991.1'9 The subsequent improvements of the dynamic
AFM with its associated enhanced resolution has recently enabled investigations

[13, 20, 21] [22-24]

in molecular electronics, elucidation of bonds and improvements in

the filed of on-surface synthesis as the here presented investigations on the bulk
insulator calcite.25> 26l

Besides AFM and STM also other methods belong to SPM, like e.g. magnetic force
microscopy (MFM), Kelvin probe force microscopy (KPFM) and near-field scanning
optical microscopy (NSOM), etc. Common to all these methods is that a tip is
positioned close to (or sometimes even at) the surface of interest and scanned in
a line-by-line fashion, as illustrated by the arrows on the “sample” in Fig. 2.1. In
many AFMs, this tip, which is ideally atomically sharp, is positioned on the free end
of the so-called cantilever. Depending on the forces acting on the tip, the cantilever
gets deflected (Fig. 2.1). These forces can be both attractive and/or repulsive
with short- as well as long-range distance dependencies. Furthermore, they are
usually subdivided into the following main contributions, the van-der-Waals forces,
electrostatic forces (Coulomb forces) and chemical forces containing chemical bonding
(exchange interactions) and the Pauli repulsion. In a very popular method, the

resulting deflection of the cantilever is detected via a laser beam, which is positioned
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on the backside of the tip and is reflected to a four-quadrant photo-diode also named
position-sensitive detector (PSD) (Fig. 2.1).27) The signal is then forwarded to the
data processing components for detection and analysis. Depending on the scanning
mode, the electronic pass an signal to the scanner, typically consisting of a piezo
tube (Fig. 2.1), which converts the received signal into a movement even down to a
sub-nanometer range.l!”) Finally, a defined area of the sample can be investigated,
providing the information of the tip-sample force at each scanned spatial position

via the detection and analysis of the resulting deflection of the cantilever.

2.2 Dynamic AFM

As already indicated in the text above, an AFM can be operated in different modes.
The simplest mode, which also usually provides the least good resolution, is the
static mode. Here, the cantilever is at rest, meaning that the cantilever is not excited
to oscillate, but is scanned over the surface. Therefore, the measuring tip is always
in contact with the surface, meaning that the measurement is conducted in the Pauli
repulsion regime. Due to the consequently high mechanical load of the measuring tip
and their concomitant broadening, the lateral resolution is severely limited. Hence,
the dynamic mode has been invented. In contrast to the static mode, in the dynamic
mode, the cantilever is not at rest but excited to oscillate at a certain frequency. In
general, the movement of the cantilever can be expressed by its deflection g over
time ¢. If assuming that the cantilever behaves as a harmonic oscillator and first
neglecting the damping and influence of the surface, this relation can be expressed
as follows (eq. 2.1).

q(t) = A - cos(2muet + ) (2.1)

There A is the amplitude, v, the eigen frequency and ¢ the phase shift. The eigen
frequency is an intrinsic property of the cantilever, defined by the effective mass m™*

and the spring constant k (eq. 2.2).

1 k
= —4A|— 2.2
Ve 2w ¥ m* (2.2)

To fully characterize the cantilever, another parameter has to be determined, besides

k and ve, which is the so-called quality factor @ (eq. 2.3) and ~ is the damping

Q- Ve (2.3)

constant.

Chapter 2



To cause the cantilever to oscillate, an external force Fg,. is needed (eq. 2.4), which
is practically transferred to the cantilever e.g. via a shaking piezo implemented in
the piezo tube (Fig. 2.1).

Feye = Fo - co8(2mVegct) (2.4)

Fy represents the excitation force amplitude and v, the excitation frequency. Far
away from the surface, the excitation frequency ves. is set to be equivalent to the
eigen frequency v.. By approaching the tip to the surface, besides a contribution of
the damping, also a tip-surface interaction comes into play, which leads to a shift of

the eigen frequency of the cantilever.
AV = Vege — Ve (2.5)

The tip-sample interaction therefore also influences the movement of the excited

cantilever, which can now be written as follows,
Q(t) =qs + A- COS<27TVeacct + 80) (26)

still assuming the harmonic approximation. There g5 represents the static deflection.
If further assuming that at all times the oscillating cantilever is in steady state,

meaning that the velocity of the cantilever can be written as
q = Zs (27)

and all observables A, ¢, ¢s; as well as the excitation parameters Fyy and ve,. are
constant in time. Then the tip-sample distance z;s can be further expressed as
follows

zts = 2 + A - cos(2muet + ) (2.8)

with z. being the center position of the cantilever (Fig. 2.1). Therefore, upon the
detection of the deflection ¢(t) of the cantilever, the observables A, ¢s; and ¢ can be
obtained. Reverse, the movement of the cantilever can be described with this three

observables only. 28]

The AFM experiment can be also fully characterized by the
excitation parameters Fy and ve,. and the observables A, g5 and . By keeping two
parameters constant while two are staying variable, the different AFM modi can be
distinguished (Tab. 2.1). Since the herein presented results have been conducted in
ultra-high vacuum (UHV), the modulation of A would have the disadvantage that
the response time of the cantilever would be tremendously slow, since the response

time is connected to the quality factor (eq. 2.9).[29]

2

Ve

TAM = (2.9)

2.2 Dynamic AFM
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Tab. 2.1: Overview of the four modes of the dynamic AFM, defined by four parameters
where two are kept constant and two are variable. There Fj represents the excitation
amplitude, vez. the excitation frequency, A the amplitude and ¢ the phase shift.

name excitation oscillation of the cantilever
amplitude modulation (AM) Fy =constant A =variable
(intermittent mode/tapping mode) | Ve, =constant ¢ =variable
phase modulation (PM) Fy =variable A =constant
Vege =constant o =variable
constant excitation frequency Fy =constant A =variable
modulation (CE-FM) Veze =variable ( =constant
frequency modulation (FM) Fy =variable A =constant
Vege =variable © =constant

Due to the fact that the damping factor « is very low in UHV, the quality factors are
high, which would lead in the end to slow scanning rates. Therefore, the frequency

modulation (FM) technique has been used.['%]

2.3 Frequency Modulation AFM (FM-AFM)

In a frequency modulation AFM (FM-AFM) experiment the cantilever is oscillating
at its eigen frequency v., while keeping the amplitude A and the phase shift ¢
constant (Tab. 2.1), which is achieved wvia two feedback loops. To further guarantee
stable measurement conditions even though the sample can be tilted or rough, the
tip-sample distance is regulated, via changing the z-piezo displacement z, with a
third the so-called z-feedback loop.

This distance regulation is achieved upon the constant frequency shift mode. The
general setup of a FM-AFM is illustrated in Fig. 2.1. First, the cantilever is excited
with a predefined amplitude Fj and at its eigen frequency v, far away from the
substrate surface. Via approaching the oscillating cantilever near to the surface, at
some point the tip-sample interaction comes into play and affects the oscillation
properties. The deflection ¢ is detected using the signal of the laser beam on the
PSD. Each of the four quadrants (A, B, C and D) of the PSD converts the incident
light into a voltage proportional to the light intensity. This voltage signal of the
four quadrants delivers, after simple arithmetic, a sinusoidal signal, which is a
function of the current force. This signal is then fed into feedback loops, namely the
phase-locked loop (PLL) and the amplitude feedback loop.

The amplitude feedback loop determines the amplitude A of the oscillation and
compares it with an amplitude setpoint Agetpoint Which is given by the experimentalist.
If Asetpoint and A are different, the amplitude feedback loop adjusts the excitation
force amplitude Fj. Hence, the amplitude feedback loop is used to keep the amplitude
constant. The adjusted signal of Fp is further transferred to the shaking piezo, which

translates the electronic signal into a movement and therefore an oscillation.

Chapter 2 Atomic Force Microscopy (AFM)



The PLL detects the phase shift ¢ of the oscillation and compares it with a phase

amplitude _Fo A
s feedback loop Asetpoint
| deflection q(t) || 0
- N phase-locked |~ ———>
sample L P> loop o
(PLL) .

\Y
Zis exc
g
—>| excitation

Fo Vexc

I—I z-feedback
<«——| z-positioning |e———
loop

piezo tube )

Vexc-setpoint [ Zy l

Fig. 2.1: Basic setup scheme of an FM-AFM experiment. The blue rimmed parts are situated
inside the UHV-chamber. The measurement signals ¢s, Fo, A, ¢ and z, are displayed in red.

The setpoint values @geipoint, Asetpoint AN Vege—seipoint, Which are given as reference, are
shown in black. Inspired by Nalbach and Lindner.[30: 31]

.................... Tip holder]

shaking—+—
piezo

mirror

shift setpoint @setpoint, Which is usually set to —%.[28] If the phase shift setpoint
Psetpoint 1S Not equivalent to the measured phase shift ¢, the PLL adjusts the
excitation frequency vegz. according to this difference. Hence, the PLL, as the name
already suggests, is responsible for keeping the phase shift constant. The adjusted
excitation frequency vey is on the one hand passed to the z-feedback loop and on
the other hand it is used to excite the cantilever via the shaking piezo.

If it is measured in the constant Ar mode, then the following procedure is executed.
The z-feedback loop compares a defined frequency shift setpoint Veze—setpoint, Which
is given by the experimentalist, with the measured frequency shift Av (eq. 2.5), and
adjust the tip-sample distance z:s via adjusting the z-piezo distance z, according to
this difference.

2.3 Frequency Modulation AFM (FM-AFM)






The Bulk Insulator Calcite

3.1 Calcium Carbonate and its Modification

Calcium carbonate (CaCQOs3) is one of about 60 known carbonate minerals on
earth.1?? Together with dolomite (CaMg(CO3),) it is accounting for more than 90%
of rock-forming carbonates on carth.?3 Calcium carbonate is polymorphous and
exists in at least seven modification whereof three natural ones are known, calcite
(Fig. 3.1a), aragonite and vaterite.34 The two latter ones are metastable and convert
to calcite over time. With approximately 100 different forms and more than 1000
combinations, calcite is not only the mineral with the most richness in forms®?, but
also the most thermodynamically stable and most common polymorph of calcium
carbonate. The most prominent sources of this rock-forming mineral is limestone,
which is the main component of, for example, the Swabian Jura, the Franconian
Jura, parts of the Alps3? (Fig. 3.1b) and the Mainzer BeckenB%. Furthermore, it
occurs in chalk, marble and caverns as stalactites and stalagmites. Besides these
pure inorganic sources, it also plays an important role for the biologically active
world as skeleton or shells, for example of bivalves, snails, calcareous sponges, corals

and calcareous algae.

(b)

Fig. 3.1: (a) Calcite crystal with rhombohedral shape and birefringence. (b) Photographic
image of the Southern Limestone Alps. (Photographic image of calcite crystal kindly
provided by H. Adam)

Because of its properties and wide spread distribution across the earth, calcite was
already used in ancient times as ashlar for construction of buildings and sculptures
or as raw material for cement and concrete as found in old cisterns. Today, it is
additionally used for the chemical glass and cellulose industry, during the metal-

lurgical process of iron production and as raw material for soda, stone paper and

11
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fertilizers.[®” 38 In case of very pure occurrence, calcite can be used for the optical
industry, as, e.g., polarizing prisms94! because of its transparency and notable
birefringence.#? Besides that, it has a density of 2.71 0—7;1%[43] and a defined Mohs
hardness of 3,1*4 for which it is the reference value.

Calcite crystallizes in the trigonal-rhombohedral crystal system and is described
by the space group R3c. It can be represented by both hexagonal and rhombohe-
dral unit cells as shown in Figs. 3.2a,b. Furthermore, being a bulk insulator, it
has a band gap of 6.0 eV.1*3] In contrast to usual bulk insulators like e.g. KBr,
NaCl or CaF34653] it has a notable high surface energy of vs(1z1) = 510%] and
vs(221) = 520%;],[54], with the (1x1) and (2x1) reconstructions respectively. In com-
bination with its excellent cleavability properties, which allows for an easy handling,
it represents a promising substrate for future molecular electronic devices, because
of the potential electronic decoupling between nanoelectronics and substrate. An
additional beneficial property is the birefringent nature of calcite, which leads to
the split-up of light perpendicular to the (10.4) surface along the [421] direction.
Hence, an easy determination of the absolute orientation outside the UHV chamber

is possible.

3.2 The Calcite (10.4) Surface

The thermodynamically most stable cleavage plane of calcite is the (10.4) surface, 5!

shown in Fig. 3.2c. It has a rectangular unit cell with dimensions of 0.5x0.81nm?.
The unit cell consists of two calcium ions and two carbonate groups. As can be seen
by the marked orange rectangle in Fig. 3.2b, the carbonate groups are not in plane

to the (10.4) surface, but form an angle of 44.63° .32 571 Hence, one oxygen atom

(a) (b) fe )
g arh (=

-

< ;

4

\ /Chex a \‘

P

(™ () calcium
Q‘\ O oxygen
N a () © carbon

Anex w o W’

Fig. 3.2: (a) Structure of calcite represented by both, hexagonal (red) and rhombohedral
(blue) unit cells. The rhombohedral unit cell is defined by the axes a,;, = 6.375 A, and the
angle o, = 46.08°. The hexagonal unit cell is defined by the axes ajc, = 4.9896 Aand cjep
— 17.0610 A. (b) The hexagonal unit cell of bulk calcite with marked (10.4) cleavage plane.
(c) Model of the bulk-truncated (10.4) surface. Adapted from Ref.[5%]

of the carbonate group protrudes the plane of the calcium atoms, while another

is in plane and the third one beneath it. Additionally, the two carbonate groups

Chapter 3 The Bulk Insulator Calcite



in between one unit cell are rotated with respect to each other. Therefore, one
protruding oxygen atom either points to the left or to the right, which leads to a
zigzag pattern, indicated by the black line in Fig. 3.2c. Moreover, the tilt of the
carbonate groups lowers the symmetry of the surface and makes it a member of the
plane symmetry group pg. This means that a glide reflection is the only symmetry

operation for the calcite (10.4) surface.

3.2 The Calcite (10.4) Surface

13






On-Surface Synthesis

This chapter is partly adapted from the article “On-Surface Synthesis on a Bulk
Insulator Surface” by A. Richter, A. Floris, R. Bechstein, L. Kantorovich and A.
Kiihnle published as Topical Review in Journal of Physics: Condensed Matter, 30,
(2018), 133001-133015.26] Parts of the article is reproduced verbatim. The discussion

has been extended when necessary.

4.1 Introduction

For successful downsizing of semiconductors and other electronic devices at simulta-
neous gain of higher computing capacities, various factors have to mesh, to met the
challenges of future demands in electronic data processing. Nowadays the desired
nanostructuring is reached upon defined step-wise removal of material from large
macroscopic units, e.g. via etching, until the required structure is created (top-down
approach). Even though tremendous improvements in the conventional way of fabri-
cation has been achieved, this way of miniaturization will reach their fundamental
limits sometime in the near future. Therefore, the bottom-up approach, as a promising
route to create nanodevices directly on the surface has been explored, in particular
since 1960 Feynmans inspiring talk: “There’s plenty of room at the bottom”.>®] This
concept starts with small single building blocks and derives to the desired structure
via their combination directly on the support surface.l'l The bottom-up approach is
further a basis of the so called molecular electronics, which can be defined as “tech-
nology utilizing single molecules, small groups of molecules, carbon nanotubes, or
nanoscale metallic or semiconductor wires to perform electronic functions”. 2] Because
of its broad definition the molecular electronics can be subdivided into two main
fields according to the size of building blocks used for the nanodevices. The research
focusing on larger components is e.g. identified with developments like organic light-
emitting diodes (OLED), organic photovoltaic cells (OPVC) and organic field-effect
transistors (OFET).[?61 This prominent inventions are based on the fundamental
experimental work of Alan J. Heeger, Alan G. MacDiarmid und Hideki Shirakawa in
the late seventies, when they discovered the first intrinsically conducting polymers
(ICPs).162-64] For this research, they were awarded the Nobel Prize in Chemistry in
2000.195-67 Additionally, conducting and semiconducting 7-conjugated polymers not

only allow for tuning their electrical and optical properties via including of special

15
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functional groups or elements, but also exhibit outstanding mechanical properties
and easy processability. The following development of the diversity of conducting

polymers (exemplary shown in (Fig. 4.1)) has given new impetus to various fields in

NN AN \ O\ e
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Fig. 4.1: Overview of typical conducting polymer structures in the undoped form.[68: 69

chemistry and physics. This has further influenced the second main field of molecular
electronic, which focuses on the maximal miniaturization of electrical circuits via
using the smallest possible building blocks, i.e., single molecules and small groups of
molecules. The fact that molecules are indeed usable to process electronic functions
was first postulated in the theoretical work by Aviram and Ratner in 1974.[7%9 Later
experimental studies have presented that individual molecules can also act, e.g.,

as transistors,[4] rectiﬁers,[?’] switches,[5_7] resistance,[m (72]

or data storage devices.
Furthermore, to create electrical circuitry a contacting of these functional units
and also a connection between these nanodevices and the macroscopic world, upon
wires is necessary. For realization such kind of contacts two main approaches are
adaptable, the self-assembly or the on-surface syntheses. The first describes the
spontaneous creation of well-ordered structures on the atomic level under equilibrium
conditions. Tt further relies on the formation of reversible bonds,['? based e.g. on
noncovalent intermolecular forces such as hydrogen bonding, ™ 7 — 7 stacking, ™
dipolar,[75] van der Waals,["® or metal—ligand[77] interactions. Furthermore, the
final arrangement of the molecules relies on the interplay between intermolecular
and molecule-surface interactions and can be therefore tuned as has been shown

[78, 79]

in various publications. Nevertheless, since the self-assembly relies only on

reversible interactions, the resulting structures can be fragile. Hence, on-surface

h,[11, 26, 80-83] gince the creation of

synthesis has emerged as a very promising approac
chemical bonds provides long-term stable structures® and facilitates efficient charge
transport in molecular wire junctions.[¥5) Additional, on-surface synthesis enables
the creation of large planar and conjugated systems, which would not be possible in
conventional chemistry, due to solubility issues. Even if these large structures can
be synthesized, the transfer from beaker to surface easily leads to a formation of

conglomerates or the bending or possible breaking of the components. Additionally,
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no solvents are needed for on-surface synthesis. Therefore, no negatively influence

of solvents on the system results and no need for the introduction of solubilizing

groups exists, which often negatively affect the conductivity or other properties.

Most importantly, on-surface synthesis can provide well controllable properties, due
to a surface-assisted linking reaction. Nevertheless, it should be considered, that
the transfer of known conventional synthesis routes to a two-dimensional surface is
not trivial and sometimes this is even not possible. Furthermore, also challenging
difficulties like, e.g. a defined positioning of the molecular precursors and their
chemical stability during depositing have to be overcome.

Moreover, it has to be mentioned that on-surface synthesis can not only be used
for applications in molecular electronics, but also e.g. for the creation of quantum
boxes!® or in the field of surface functionalization for later on catalytical®” or

maybe even membrane applications.[gl]

4.2 On-Surface Synthesis

It has been shown that the challenging task of transferring classical solvent chemistry
onto a 2D surface is indeed possible in 2000 by a research group around K.-H.
Rieder who demonstrated that all steps of a chemical reaction can be performed
on a surface.®® In this pivotal work, the classical Ullmann coupling reaction!s?
of iodobenzene has been induced using the tip of a STM on a Cu(111) surface.
Another key example using the STM tip to initiate an on-surface reaction has been a
diacetylene polymerization on graphite, which results in conjugated structures®% 91
that are highly interesting for creating electrically conductive contacts on a surface.
Recently, even triangulene, which has not been isolated before due to its reactivity,
has been synthesized upon tip-induced dehydrogenation of a precursor molecule.23)
However, using the STM tip to initiate a reaction is very time-consuming and, thus,
likely to be limited to fundamental studies. In contrast, when using photochemical
or thermal initiation, on-surface synthesis can be performed in a parallel manner.
One of the first examples demonstrating the thermal initiation of an on-surface
covalent linking has been presented by L. Grill and coworkers in 2007.15% In this
study, an Ullmann-like reaction has been performed using bromine substituted
porphyrin molecules on Au(111). Depending on the number of substitutions, dimers,
linear chains or extended networks have been obtained. Later, the same group
has extended their strategy by inducing a hierarchical approach, which makes use
of the different aryl-halogen bond strength when comparing bromine and iodine
substituted porphyrins.[92 This idea allows for a controlled step-by-step linkage of the
molecular precursors, which greatly enriches the library of the resulting structures.
By now, ten years after Grill’s seminal work, a multitude of different reactions

have been proven possible on various conducting substrates, including Ullmann-
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[80, 92-95] oy clodehydrogenation,%6) Glaser-like coupling of terminal

y[101—103]

like coupling,
alkynes, 1% 97100 condensation reactions - e.g., boronic acid-based chemistr
and iminel'% as well as polyimide'% and polyamidel'%! network formation -
cycloaddition™ 7 as well as click!!%® and deoxygenation reactions.l?2 199 Both, the
promising potential of on-surface synthesis in future applications and the gain in
fundamental understanding alike have stimulated an impressive number of studies in
the field of on-surface synthesis as can be seen in Tab. 4.1- 4.3. This immense number
of reactions can be categorized according to the hybridization of the reacting carbon
or to other elements acting as linking part. Furthermore, a classification of the
general reaction type is useful, which also includes the name of the classical solvent
analogue reaction. These classical names of the solvent reactions are often used in
on-surface reaction publications, since the conventional synthesis often inspired the
on-surface experiments and are therefore very helpful for the literature research.
Nevertheless, these classical reaction names should not be used for the on-surface

reactions, since the mechanism differs significantly.
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Tab. 4.1: Overview of on-surface synthesis reactions. A corresponds to a thermally induced,
# to photochemically induced and | to tip-induced reaction. Table inspired by Shen et al.l37)

and Lindner et al.['3]

categ.

reaction type
(classical analogue)

reaction scheme

spo-C

N-heterocyclic
dimerization
(Wanzlick-type

dimerization)

N

Ol —

CH}+~Q=F~

N/N

sp1-C

diacetylene
polymerization

o

E]

homocoupling
(Glaser coupling)

dimerization

cyclotri-
merization/
[2+2+2] reaction

acetylene
polymerization

:U

o

coupling with
aryl halides
(Sonogashira coupl.)

reactions of terminal alkynes

azide-alkyne

cycloaddition

(click reaction/
Huisgen-cycloadd.)

Bergman cyclization

coupling of
halogenated
terminal alkyne aryls

sp2-C

dimerization/
dehydrogenative
coupling

[4+2] cyclo-
addition/Diels-
Alder reaction

[2+2] cycloadd.
dehydrogenative
coupling

reactions of alkenes

gy

dehalogenative

homocoupling
of terminal

alkenyl halides

4.2

substrate, stimulus,
references

CuAl10-113]

CaCOg,A#[114] graphite*[o1. 115]
HOPG,* 1[90, 116-120] |,_BNA*[20]

graphene@SiC*[21 Ay*[121, 122]

MOSQ,A* 1[118, 119, 123]

Au A7, 98, 124] ¢, A%[97-99, 125]

AgA #[97-99, 126-130]

HOPG,A*“OO’ 131] Caco3A*[132]

Au A7, 98] ¢, Al97, 98, 125]

e AgAlor. 98,126, 133]

AuAli34, 135]
CuAl125]

Au,A[136] CaCOSA*[??]

Au,Al137, 138] AgA[139]

Au, A7)y Ax[108]

Au Al140] ¢ Ax[141]
AgAlia2, 143]

AuA144]

AgAls3]

CuAl145, 146]

Aul147]

AuAlies]
graphite*[149]

Cu?[145]

AuAlL50]
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Tab. 4.2: Overview of on-surface synthesis reactions. A corresponds to a thermally induced,
# to photochemically induced and | to tip-induced reaction. Table inspired by Shen et al.[®”]
and Lindner et al.l'3l

categ. reaction type reaction scheme
(classical analogue)
sp2-C
—
coupling of o — N/ re— —
aryl halides @—x \\/ \//

(Ulmann coupling)

dehydrogenation
coupling of aryls
(Scholl reaction)

[2+2] cycloaddition/
dehalogenation
coupling

[2+2] cycloaddition

dimerization and
cyclotrimerization
of acetyls

decarboxylative
polymerization

desulfurization

- o I
MCMurry reaction /9 R
ST
coupling of aliphatic
halogenes B ——— " . &
(Wurtz coupling)
H
linear alk A [l
inear alkane
coupling i " i L) i
others
dehydrogenation

carbonyl analogue
reaction
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substrate, stimulus,
references

Au *[80, 92, 94, 95, 103, 151-153]
CuA[88. 93, 151, 154-158]
AgAI93, 95, 151, 152, 156, 159, 160]

h_BN@NiA[lﬂ, 162] A|203*[163]
Ge:H, 2184 Cu/PdEAUAILES: 166]
mica,® #1671 NaClQAuA[168]
CaCO3,A[25’ 169-171] Pt@AgA[166]

pt AlL72] ¢ Al96, 173-175]
Au,Al176-180] AgA[176, 181, 182]

Au Al183] ¢ Al183]

AU,A[184] CaCO3*[185]

AgA18s]

Ag,Al87 c A8, 188)

N;A[189-191]

AuAl192]

CuAlo3]

Au, Al194, 195] ¢ A[196, 197]

Au, Al198, 199] ¢, A[23, 200]
NaCl@Cul?3l Xe@Cul?3!

Au,A[201, 202] AgA[ZOI]
NaCleAgA[20



Tab. 4.3: Overview of on-surface synthesis reactions. A corresponds to a thermally induced,
# to photochemically induced and | to tip-induced reaction. Table inspired by Shen et al.l37)
and Lindner et al.

(13]

categ. reaction type reaction scheme
(classical analogue)
others HO, R
2 /BfR |
HO 0%

boronic acid
condensation

thiazole formation
(aminothiophenole

+ aldehyde) H
ester formation o 1 o
" HO—R
(acyl halide + R —_—> R
;
c alcohol) c O—R
o 1
= R
[}
3 )\
= | imine formation . j‘|\
= (Schiff-base & R N
N reaction) )\
S | (amine+aldehyde) o Nl/R
S | (amine+tketone) =
3 R’J\
R——NH, —] f N
amide formation x)kw JL
(amine+acyl = "
halide) ° o o
imide formation R'RT o M0
. ; N
(amine+anhydride) Y \]/
R' R'
urea derivative iR o
formation > Rr_ R’
. . NH NH
(amin+isocyanate)
. - R—N,
azide formation — N—r'
. . HN—R NH o NHNH N=N
amine coupling R TR OR YRR
NH, riu-«z
ring-opening- N)*N W S NN
reaction |, AL I DG B¢
reaction M S S NN N

anillin polymerization

oxidative
homocoupling

thioether formation

deoxygenation
reaction

Cu

e}

i HO)LR R
=
SH '—ﬂ R

R OH

S

O Oy,

Cu

_/{o o>;R

0—O0

s
i
i ‘ ——R
= =

g

4.2

substrate, stimulus,
references

Au, 21203, 204] g appiteA[205]
Ag? 11203, 206] pA[203]
HOPGAI?07, 208] ¢, A[203]

Ag,A[101]
HOPGA[209]

HOPGARL]

AuAR11]

Au Al104, 212-214)
HOPGA207, 215-220]

AgAl221]

AgAl106, 222, 223]

AuA[105]

Au AR24] c A225]

Cu,A225] pgA[225]

Ag,A*[226] CyAR?T]

CuA228)

Aul[229]

Audl124]

AuA[230]

Aul109] cyl22]
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4.2.1 Transfer of On-Surface Synthesis to a Bulk Insulator
Surface

The vast majority of the above-mentioned studies has been carried out on metal sur-
faces, with only few exceptions being highly oriented pyrolytic graphite (HOPG)[%’ 100]
and semiconductor surfaces.[2% 164 This limitation to metal substrates is mainly
due to the fact that STM is frequently used for imaging the resulting structures.
Moreover, also many other complementary surface science characterization methods
rely on the use of an electrically conductive sample, so metal substrates have been a
natural choice from an experimental point of view. In the context of on-surface syn-
thesis, another, perhaps even more important, aspect needs to be considered: many
of the above-mentioned reactions that have been transferred from solution chemistry,
such as Ullmann or Glaser coupling, are known to be catalyzed by the presence
of metal atoms. Thus, also from this fundamental point of view, metal substrates
have shown superior performance in on-surface synthesis and it is proven that the
choice of the specific substrate has a significant impact on the reaction.[3 How-
ever, especially in the context of applications in future molecular electronic devices,
electrically non-conducting substrates are interesting as they allow for decoupling
of the molecules’ electronic structure from the underlying support surface. This is
mandatory for avoiding leakage currents, e.g., in molecular wires, when synthesizing
a conjugated molecular structure directly on a surface. A very successful solution is
using thin insulator films for bond formation, 2% 168, 201, 231, 232] 4 they still allow
using the STM for imaging, but, at the same time, greatly reduce - or even eliminate
- possible leakage currents. However, this approach requires an additional step of
preparing the thin film and it has so far been restricted to a rather limited class of
insulator materials. In fact, a vast majority of the above-mentioned studies has been
conducted on thin films of sodium chloride, with only very few exceptions such as
xenon.?3 Besides, also thin flakes of an insulator like h-BN(0001) onto SiOs/Si sub-
strate has been fabricated.2?) However this includes further preparation and cleaning
steps and is limited to a certain flake size. Thus, it remains highly interesting to
extend the existing insights to bulk insulator substrates. With the advent of scanning
force microscopy, it has become possible to collect atomically resolved images of
bulk insulator surface, providing the option to explore on-surface synthesis on bulk
insulators as well. So far, however, transferring the developed on-surface synthesis
strategies to bulk insulator surfaces has posed great experimental challenges. Besides
the above-mentioned fundamental limitations in initiating the reaction in the absence
of a catalytically active metal, yet another practical limitation has proven to pose
substantial hurdle, which is the weak interaction of the precursor molecules with
prototypical insulator surfaces23% 234 a5 compared to metal surfaces. Because of
this weak interaction many molecules are prone to desorption at temperatures lower

than those needed to initiate an on-surface reaction.
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Molecule-Surface Interactions: How to Anchor the Precursor?

This critical issue of the comparatively weak binding between molecular precursors
and substrate when exploring on-surface synthesis on a bulk insulator surface can
be rationalized by considering the respective surface energies. Compared to metal
surfaces having typical surface energies in the range of 1-2 # prototypical insulators
such as alkali halides have an order of magnitude smaller surface energies.[233] In this
respect, calcite (10.4) is different from other ionic crystal surfaces, as it exhibits a
surface energy of 0.59 m% when considering the bulk-truncated surface in UHV.[239]
Besides, calcite is a cheap and a widespread material, which can be easily cleaved
yielding comparatively huge flat surface terraces. Furthermore, substantial ef-
fort has been put into designing precursors that, besides possessing a reactive
site for on-surface linkage, also feature a functional group that can act as an
anchor towards the surface. Since the calcite (10.4) surface is ionic, the sur-
face offers the possibility of electrostatically anchoring molecules to the calcium
cations or carbonate anions. In addition to this, the protruding oxygen atoms
of the carbonate groups offer the possibility of hydrogen bonding. Therefore,
the carboxylic acid group has been identified to offer a suitable anchor func-
tionality, where the negatively charged carbonyl oxygen interacts electrostatically
with a surface calcium atom while the hydroxy group forms a hydrogen bond
towards the protruding oxygen atom of a neighboring carbonate group!23% (Fig. 4.2).
Density functional theory (DFT) calcu-
lations[23¢] have shown that the forma-
tion of this hydrogen bond is associ-
ated with the hydrogen atom of the car-
boxylic acid group moving closer toward
the protruding oxygen atom of the sur-
face as perhaps expected from the fact
that calcite, being the salt of a weak acid,
acts as a base. To illustrate the impact
of the carboxylic acid group, we can com-
pare desorption experiments of benzene

and iodobenzoic acid: while benzene is

known to desorb already at about 190

. oo . K, 237 benzoic acid and iodobenzoic acid
Fig. 4.2: Binding configuration of a car-

boxylic acid group onto calcite (10.4) of the @r€ stable on the surface held at room

2,5-dihydroxybenzoic acid (DHBA) molecule, temperature. Furthermore, systematic
based on DFT calculations as published in.[23¢]

Adapted from Ref. 30 theoretical calculations of molecules con-

taining different functional groups such
as carboxyl, hydroxyl, aldehyde, thiol, amine and nitrile groups interacting with

the calcite (10.4) surface, have been performed yielding an overview of adsorption
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energies.[23% 2391 This allows for a direct comparison of molecules with and without
carboxylic acid groups. Exemplarily, acetic acid and benzoic acid yield adsorption
energies of 0.98 eV and 1.03 eV, while ethane and benzene result in significantly
lower values of 0.17 eV and 0.31 €V respectively.?38! Besides, also other functional
groups have been identified to act as suitable anchor on calcite such as ester240
and amide or amine?4! groups. Even Cgy having none carboxylic acid group has
found to be an appropriate molecule, since its size and, consequently, its polariz-
ability appears to be large enough to allow for sufficiently strong van-der-Waals

185, 234] Therefore, a multitude of groups and their combination for

interactions.
further tuning the molecular surface interactions and influence of the self-assembly

and subsequent reaction pathways await their discovery.

Proof-of-Principle: Demonstration of Aryl-Halide Coupling on Calcite (10.4)

Since the on-surface synthesis of molecular wires requires electronically decoupling
of the molecular electronic structure from the support surface, the C-C coupling of
aryl-halides on the (10.4) surface of the bulk insulator calcite has been explored.[?’]
To this end, among others, simple benzoic acid derivatives have been studied, namely
2,5-diiodobenzoic acid (DIBA), 3,5-diiodosalicylic acid (DISA), and 4-iodobenzoic
acid (IBA), as they allow for a systematic change of both the number and the
position of halogen atom substitutions (Fig. 4.3). Depending on the used molecular

precursors either dimers, linear stripes or zigzag rows can be obtained. Moreover,

iodine O oxygen

DIBA ° carbon hydrogen

Fig. 4.3: Benzoic acid derivatives as a simple building block for on-surface C-C coupling.
Depending on the number and position of the halogen atom substitutions, dimers, linear as
well as zigzag rows of the molecules can be created. Adapted from Ref.[242!

it has also been shown that by changing from iodine to bromine and chlorine, the
binding strength can be tuned.'9) Additionally, the C-C coupling of IBA has been
intensively studied in a theoretical investigation to eclucidate the details of the

reaction pathway.!!70

Dimerization and Extended Row Formation When using IBA, having one iodine

substitution in para position, the on-surface synthesis of the respective dimer,
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biphenyl-4,4’-dicarboxylic acid (BPDCA), is expected upon C-C coupling. IBA
deposited onto calcite (10.4) held at room temperature (RT) exhibits highly mobile
species, which cluster at step edges (Fig. 4.4&).[171] Upon annealing to 580 K rows
composed by side-by-side aligned entities exist on the surface, as can be seen in
Fig. 4.4b showing the high-resolution image of a single row simultaneously with the
atomically resolved calcite surface. From this image it becomes apparent that the
calcite substrate is decisive for the alignment of the rows, which are oriented along
the [421] substrate direction. Interestingly, this side-by-side aligned structure can

[243]

also be found when depositing BPDCA on the surface directly, supporting the

concept, that the observed rows are composed by the C-C coupled reaction product.

To give further evidence for the coupling of aryl-halides, the number and position of

Fig. 4.4: Deposited iodine substituted benzoic acid derivatives onto calcite (10.4) held
at room temperature and subsequent structural changes obtained upon annealing of the
substrate. (a) Self-assembly of IBA. Adapted from Ref.l'"!l (b) High-resolution image
obtained after annealing the sample to 580 K, showing a molecular row and the atomic
structure of the surface simultaneously. BPDCA molecules are superimposed as ellipses to
illustrate the envisioned side-by-side alignment of the dimerized IBA molecules. (c) After
deposition of DIBA an ordered wetting layer is formed, with a (5x1) superstructure as shown
in the inset. (d) Upon annealing above 530 K, the high-resolution image shows rows with an
internal periodic structure of 0.4 nm along the [421] direction. (¢) Highly ordered wetting

layer obtained after depositing DISA. The inset shows a zoom into the (1x1) superstructure.

(f) Upon annealing to 580 K, a structural change is revealed. A zoom reveals a zigzag
structure. The superimposed model illustrates the perfect size match with the expected
covalently linked structure. Adapted from Ref.[?]

the halogen substitution has been changed via using DIBA and DISA, since this
influences the shape of the resulting products as can be seen in Fig. 4.3.
Depositing DIBA on the calcite (10.4) surface held at RT results in the formation of

4.2 On-Surface Synthesis
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an ordered wetting layer (Fig. 4.4c). A substantial structural change can be induced
by annealing the substrate above 530 K. Now, rows are formed that are aligned
along the [421] substrate direction. The zoom on these rows reveals an internal
structure with a repeat distance of 0.4 nm (Fig. 4.4d), which fits to the expected
repeat distance of the C-C coupled reaction product of the DIBA precursor.

When depositing DISA onto calcite (10.4) held at RT, a highly ordered wetting
layer is obtained (Fig. 4.4e). Annealing the sample to 580 K induces a significant
structural change. Now, besides irregular-shaped islands a zoom on also reveals a
zigzag structure (Fig. 4.4f), which fits excellently in its dimensions with the expected
structure as illustrated by the superimposed model. The rather irregular structure
can be understood from the fact that several linking geometries are possible, yielding

rings or mixtures of ring and zigzag structures. (29

Detailed Reaction Mechanism: Why Does It Work in the Absence of Metals? In the

89 first, an iodine is cleaved off from a phenyl

classical Ullmann coupling reaction,
ring, creating a phenyl radical. The cleavage of the bond having a strength of about
270 % and is catalyzed by the presence of copper atoms. In the second step, two
phenyl radicals combine to form a biphenyl. Nevertheless, this reaction has been
successfully transferred to the calcite (10.4) surface without providing metal atoms
for catalysis. Furthermore, the herein reported temperatures required to induce the
radial formation are by far too low to allow for cleavage of a C-halogene bond with
a strength in the order of 300-400 %.[244] Further, a single IBA dehalogenation in
the gas phase has been calculated to be 306 7’2—'({1.[170] Therefore, a specific reaction
mechanism has to be at play, which facilitates bond cleavage even at relatively
moderate temperatures. To address this, geometry optimization and Nudged Elastic
Band calculations have been carried out using IBA as a model molecule.l'™ A
detailed description of the used computational methods and programs can be found
elsewhere.l'7 In total, two exothermic reaction mechanisms have been found, with
strongly reduced energy barriers: the first, realized by a sequence of independent
dehalogenations, and the second, where two molecules dehalogenate in a cooperative
way. The DFT relaxed dimer configuration is the final product of both reactions
and is shown in Fig. 4.5a.

First Mechanism (Fig. 4.5b) A flat molecule undergoes a single dehalogenation
on the surface with a barrier of 169 %.[170] This strong barrier reduction is due
to the IBA chemisorption upon dehalogenation and the concomitant single iodine
adsorption on the substrate. The most stable structure of the dehalogenated molecule
on the surface is a flat phenyl radical, which is chemically bound to a calcite O

(1701 Upon subsequent molecular diffusion of two dehalogenated IBA molecules a

atom.
dimerization takes place, which is in turn facilitated by the recombinative desorption
of Iy molecules. The recombination makes the whole process thermodynamically

favorable thanks to the large entropic contribution of the Iy gas. Importantly, due
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to the molecular chemisorption, the insulating substrate clearly plays a catalytic

role by reducing the energy barrier in the total absence of a metallic catalyst.
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Fig. 4.5: (a) IBA dimer configuration, final product after a dehalogenation reaction. (b-d)
Minimum paths and energy barriers of two main mechanisms of IBA dehalogenation on
calcite (10.4).' (a) Independent mechanism: single molecules dehalogenate and chemisorb
on the substrate before dimerization. The iodine adsorption is also visible. (c,d) Cooperative
mechanism of double dehalogenation, as described in the text. In this case, the key factors
facilitating the reaction are the two asynchronous dehalogenations, the exchange and sharing
of the iodine atoms during the detachments from the molecules, and the I3 recombination.

Reaction coordinate numbers correspond to the intermediate molecular configurations shown.
Adapted from Ref.[170]

Second Mechanism (Fig. 4.5¢,d) Two molecules face each other in an upright
configuration. The double dehalogenation is facilitated thanks to the following
mechanism: ' the cost of the first deionization is reduced, as the second iodine
is first “exchanged” ((Fig. 4.5¢), panel 5) and then “shared” between the two
molecules (panel 9). The subsequent iodine detachment is instead facilitated by
the I molecule recombination in the gas phase (panel 10), while the dehalogenated
IBAs dimerize via the covalent linking between phenyls (panels 10, 13). The energy
barrier of this nontrivial process is 178 % (Fig. 4.5d),'7 comparable to the one of
the first mechanism. This barrier is far less than the sum of barriers associated to
individual/independent dehalogenations in gas-phase, as each detachment is somehow
“assisted” by the presence of the other iodine, in a cooperative mechanism to lower the
barrier. In this second case, however, there is no surface chemisorption. However, the
substrate serves as a two-dimensional support to guarantee the molecular confinement,

thereby providing the necessary conditions for the reaction to occur. The latter
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would be hardly met in a three-dimensional environment, again emphasizing the
crucial role of the insulating surface. In both cases the found mechanism on calcite
differs significantly from the original one in solution.!24?l This discrepancy between
classical synthesis and on-surface reaction has also been found upon theoretical
calculations on gold, silver and copper.[t31: 155: 157) Therefore, as a consequence this
on surface reaction is not named Ullmann or Ullmann-like coupling, but coupling of

aryl halides to avoid misunderstandings.

Exploring Further On-Surface Reactions The demonstration of aryl-halide coupling
constitutes a first proof-of-principle for on-surface synthesis on the bulk insulator
calcite. However, it is desirable to extent the toolbox of possible linking reaction.
Moreover, using annealing to initiate the reaction can be difficult for molecules that
anchor only weakly onto the surface. Furthermore, different kinds of molecular
linking groups can be explored to either avoid a reaction upon annealing already
in the crucible. Moreover, as many molecules are deposited by sublimation from
a crucible, molecules that are prone to react upon annealing might undergo a
linking reaction already in the crucible. Therefore, on-surface reactions stimulated
in a different way, i.e. photochemically, shall be considered. Besides the way of
initiation, also the reaction type should be considered in more detail. Especially
in the light of molecular electronics, the size and type of side-products should be
taken into account as well as the focus on the generation of m-conjugated systems
which can act as conductive devices. Further, also the resulting dimension of the
on-surface synthesized molecules should be considered, since for e.g. wires one
dimensional/linear structures are mandatory. Therefore, all versions of condensation
reactions are unfavorable, since the resulting product is no m-conjugated system
and additionally, one part of product yield one part of side-product. Further, these
by-products are polar molecules which would strongly interact with the calcite
surface and are therefore difficult to completely remove from the substrate. In
contrast other reaction types like cycloadditions e.g. [2+2] and [4+2] (Diels-Alder
reaction), acetylene polymerization, diacetylene polymerization, Bergman cyclization
and carbonyl analogue reactions provide the possibility of the formation of covalent
coupled m-conjugated system excluding reaction based by-product. Furthermore,
also reactions yielding only very small by-products, e.g. hydrogen molecules (Hy)
can be interesting candidates, like homocoupling of terminal alkynes, Scholl reaction
or N-heterocylcic dimerization, since Hy should interact only very weakly with the
calcite substrate and therefore an easy removal can be assumed. Additionally, also
the effect of the calcite surface guiding or hindering a reaction because of the influence
of the lattice structure on the self-assembly during the coupling process, should be
taken into account. Hence, it may be beneficial if the self-assembly of the educt and
the product would be similar, since no rearrangement during the reaction has to take

place. Additionally, this would open up the possibility to already influence the final
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structure by the designed self-assembly of the precursor. There is actually a way to
realize that by using the strategies of the so called solid state reactions. The most
famous one is the polymerization of diacetylenes, but also other reactions are known
to occur in the bulk, like e.g. polymerization of acetylene, triacetylene or trienes,
polycondensation and [2+2] cyclo reactions of olefins.[246-248] Begides their possible
beneficial arrangement these types of reaction having the advantage to take place
without any metal as catalyst and are often initiated photochemically. Therefore
a successful transfer from the classical synthesis to an on-surface reaction is very
likely.

Photochemical [2+2] Cycloaddition of Cg, on Calcite (10.4) The first demonstration
of a photochemically initiated reaction on a calcite (10.4) surface has been a [2+2]

[185] This reaction is known from bulk Cgol24% and has been

cycloaddition of Cgg.
shown on metal and semiconductor surfaces.[299252 When deposited onto calcite
(10.4), Cgo forms ordered islands with a [2x15] superstructure,>! (Fig. 4.6a,b). The
lattice mismatch between the Cgg islands and the calcite lattice gives rise to a moiré
pattern, which is manifested by stripes running along the [010] direction. As a moiré
pattern is very sensitive to slight changes in the lattice spacings, it serves as an

indicator for changes in the Cgo-Cgo distance. Upon irradiation with a 405 nm laser

Fig. 4.6: (a) Tmage showing Cg islands on calcite (10.4). Image adapted from Ref.[?34] (b)

Proposed model explaining the superstructure and the origin for the observed moiré pattern.

(c) Image series showing the changes induced upon irradiation of the film with a 405 nm
laser diode. (d) Model explaining the preferential reaction direction by a reduction in the
lattice mismatch. Images (b) to (d) adapted from Ref.!'8%]

diode, the moiré pattern becomes aperiodic and eventually vanishes as shown in the

image series in Fig. 4.6¢. Interestingly, dark rows appear in the layer (indicated by

red arrows in the last image in Fig. 4.6¢c), which are predominantly aligned along

4.2 On-Surface Synthesis
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the [010] direction. These rows have been explained by the gaps that originate when
two Cgp molecules move closer to form a bond. As most gaps are aligned along the
[010] direction, the majority of the Cgy-Cgo bonds formed are not oriented along
[010], but form an angle of 60° to this direction. This preferential direction of the
bond formation can be understood from the lattice mismatch with the underlying
substrate. As illustrated in Fig. 4.6d, the lattice mismatch in [421] direction can be
reduced when forming a Cgg-Cgg bond along the direction marked with an a. Before
reaction, this distance is about 1 nm, which means that the distance b is 0.93 nm.
When forming a Cgp-Cgo bond, the distance a is reduced to a’, which is about 0.9 nm.
This distance reduction implies that the distance b’ is now 0.8 nm, which results in
a perfect match with the unit cell dimension along the [421] direction. Therefore,
this work has demonstrated that the choice of the underlying lattice in on-surface

synthesis can be used to control the direction in which the reaction proceeds.

4.3 Conclusions and Outlook

In this chapter, overview is given about the current state-of-the-art on-surface
synthesis on metals, semiconductors insulation films and the bulk insulator calcite.
Compared to metal substrates, on-surface synthesis on bulk insulators is challenging
due to the fact that molecule-surface binding is typically weak. This weak binding
needs to be addressed by the specific design of the precursor molecules that often
have to be equipped with anchor functionalities to prevent desorption upon reaction
initiation by annealing. By now, it has proven possible to perform aryl-halide
coupling on calcite (10.4). For one model molecule - iodobenzoic acid - detailed DFT
insights exist that unraveled the detailed reaction pathway. These calculations have
elucidated why the analogy of a classical Ullmann reaction can be induced even in
the absence of catalyzing metal atoms. The key mechanism for this is closely related
to the binding of the precursors towards the surface and their orientation with
respect to each other. The latter can result in nontrivial cooperative mechanisms of
double dehalogenation, strongly reducing the activation energy barrier. To extend the
available toolbox of possible on-surface reactions, other classical synthesis routes have
been explored, including light-induced [242] cycloaddition of Cgp molecules. The
latter reaction has been demonstrated to be governed by the underlying calcite lattice,
demonstrating the potential to guide the reaction direction by a suitable choice
of the surface lattice. From these examples it becomes evident that the concepts
of on-surface synthesis can be extended to bulk insulator surfaces. Nevertheless,
attention has to be paid to design suitable precursors that are tailored to meet the
special requirements associated with the chosen bulk insulator substrate. Moreover,
there is a lack of in-depth theoretical studies that address the special situation of

on-surface synthesis in the case of non-conductive substrates.
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Experimental Set-Up

5.1 UHV Chamber

All AFM measurement, presented in this thesis, are obtained with a commercial UHV
system (Omicron Nanotechnology, Taunusstein, Germany) (Fig. 5.1) with a base
pressure of <107'Y mbar. The system consists of three chambers, the preparation
chamber (PREP) located to the left, the measurement chamber on the right (VT)
and the load lock on the back-side, which is not visible in the image. The image

Fig. 5.1b shows a zoom into the preparation chamber (PREP).

(a) @

Fig. 5.1: (a) Frontal view of the UHV chamber composed of preparation chamber (PREP)
and measurement chamber (VT). (b) Close up of the preparation chamber (PREP). The
system is equipped with a manipulator (1) with heating (1a) and cooling (1b) stage, a
sputter gun (2), a quartz crystal micro balance (3), a home-built crystal cleaver (4), a mass
spectrometer (5), two sublimator positions (6a, 6b) and one molecule sublimator (6¢), a
UV-lamp (7) and a wobble stick (8). (Photographic images kindly provided by H. Adam)
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Samples and cantilevers can be transferred via the load-lock from atmosphere to UHV
and vice versa without breaking the vacuum. Starting from the load lock, the sample
or cantilever is moved inside the preparation chamber (PREP) to the manipulator
(1) (Vacuum Generators Ltd., Hastings, United Kingdom). This component allows
for heating (1a), cooling (1b) and positioning in x, y and z direction, as well as the
rotation of the sample (9) and cantilever. Additionally, the preparation chamber
(PREP) is equipped with

o an ISE10 sputter gun (2) (Omicron Nanotechnology, Taunusstein, Germany )
for tip preparation,

e a quartz crystal micro balance (3) (Inficon, Bad Ragaz, Switzerland),

o a home-built crystal cleaver for in-situ sample cleavage (4) [253, 254]

o a quadrupole mass spectrometer eVision+ (5) (MKS Instruments, Andover
MA, USA) for the analysis of residual gases and sublimated molecules with a
0-200 mass-to-charge ratio,

o two sublimator positions (6a, 6b), in the image one home-built molecule
sublimator is mounted (6c¢),

o a UV-lamp (7) (Peschl Ultraviolet GmbH, Mainz, Germany) for irradiation
experiments,

o a wobble stick (Omicron Nanotechnology, Taunusstein, Germany),

o and a metal evaporator (Dr. Eberl MBE-Komponenten GmbH, Weil der Stadt,

Germany) on the backside of the chamber (not visible in the image).

After preparation, the cantilever/sample is transferred to the measurement chamber
(VT) wvia the manipulator and the wobble stick (8) into the AFM stage (2) which is

visible in figure 5.2. All measurements were carried out with a commercial variable

Fig. 5.2: (a) Image of the VT-AFM, suspended on springs (1), showing the AFM stage
(2) and an eddy current damping system (3). (b) Close-up of the AFM stage, including a
sample (4), the cantilever chip (5), the beam deflection mirror (6), the excitation piezo (7)
and the piezo tube (8). (Photographic images kindly provided by H. Adam)

temperature AFM (VT-AFM) operated in the so-called frequency modulation mode
(FM-AFM mode). Moreover, the AFM setup was optimized by R. Bechstein[?%%)
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via introducing a new light source, a home-built preamplifier and a PLL (easyPLL,
Nanosurf AG, Liestal, Switzerland).

Furthermore, to prevent mechanical noise in the measurements, the whole system is
resting on active damping legs. Additionally the AFM stage (2) is suspended on
springs (1) and equipped with an eddy current damping system (3) (Fig. 5.2a). A
close-up of the AFM stage including the cantilever, the sample and the piezos is

given in Fig. 5.2b.

5.2 Sample and Cantilever Preparation

5.2.1 Cantilever

The measurements are performed with n-doped silicon cantilevers of the type PPP-
NCH (Nanosensors, Neuchatel, Switzerland) with a typical eigenfrequency of 300
kHz, a force constant of 40 N/m and Q-factors of around 15000 in UHV. Before
use, the cantilevers are sputtered with Argon (Ar™) using the ISE10 sputter gun
(Omicron Nanotechnology, Taunusstein, Germany) at 2 keV in two positions for 5

min each.

5.2.2 Substrate

The calcite (10.4) surface is used as substrate for all measurements. Optical quality
calcite crystals are supplied from Korth Kristalle GmbH (Altenholz, Germany)
and cut into 2x4x10 mm large samples by VARIO Kristallbearbeitung GmbH
(Wildau, Germany). After determination of the absolute crystal orientation using
the birefringence, the crystals are mounted into the sample holder as shown in the
photographic image (Fig. 5.3&).[256] The sample holders were designed by L. Troger
and J. Schiitte?® 254 and fabricated by PLM GmbH (Neuhausen, Germany) out of
stainless steel or tantalum.

After transfer into the UHV system, the calcite crystals were outgassed by annealing
to 680 K for 3 h. Before molecule or iron deposition, the crystals were cleaved in-situ
to prepare a clean (10.4) surface and subsequently heated for approximately 1 h to
625 K to remove surface charges. Next, the surface was investigated by AFM to

assure a clean surface and to verify the crystal orientation.

5.2.3 Metal Evaporator

The metal deposition is performed with a metal evaporator of Dr. Eberl MBE-
Komponenten GmbH (Weil der Stadt, Germany) of the type DCS 40-2x-1-14-2S

5.2
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[010] Y4211 B

Fig. 5.3: (a) Home-built sample holder composed of the mounting plate (1) with a welded
corner (2) and a mobile corner (3) for clamping the crystal (4). The mobile corner is pulled
tight by a ruby sphere (5) and a grub screw (6). (b) Metal evaporator, including a pyrolytic
boron nitride (PBN) crucible with Au and a Al;O3 crucible with Fe, the water cooling (7),
a thermocouple (8), the shutter (9) and a high-voltage (HV) Y-piece (10) for separate direct
heating of the crucibles. (¢) Front part of a molecule sublimator with mounted crucible,
containing a thermocouple wire (11), glass wool (12), the glass crucible (13), molecular
material (14) and a Ta- wire (15). (Photographic images kindly provided by H. Adam)

with iron from Goodfellow (Huntingdon, Great Britain) having a purity of 99.99%.
The metal evaporation chamber is situated on the backside of the system in between
the load-lock and the preparation chamber. The lower part is shown in the photo-
graphical image (Fig. 5.3b). It includes a pyrolytic boron nitride (PBN) crucible with
Au and a AlsOgs crucible with Fe. To guaranty a constant evaporation temperature,
a cooling system (7) is embedded in the construction. The used evaporation
temperatures and times are based on the evaporation curve recorded by S. Kuhn

(see appendix Fig. 9.7) and the experiments done by L. Schiiller. [256-259]

5.2.4 Molecule Sublimation

For the deposition of all precursor molecules a home-built molecule sublimator
consisting of a self-made Knudsen cell (Fig. 5.3c) at a linear translator is used.!?34
For the manufacturing of the Knudsen cell at first, a glass tube is closed via melting on
one side to form a crucible (13). Second, a NiCr/Cr-thermocouple (11) is spot welded
and then melted into the bottom of the glass crucible (13) for temperature read-out.
Third, the crucible is filled with the molecular material (14) and subsequently capped
with a piece of glass wool (12), which prevents the material from falling out. Fourth,
a Ta-wire is wrapped around the crucible as filament (15).

For each type of molecule, a new crucible is fabricated and, before first filling,
outgassed to 250°C in the molecular beam epitaxy (MBE) test chamber (Fig. 5.4a)
to avoid contamination. Comparable to the UHV-chamber, also the MBE test
chamber is equipped with

o a quartz crystal micro balance (1) (Inficon, Bad Ragaz, Switzerland),

« a sublimator position with a T-piece (2),
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 and a quadrupole mass spectrometer eVision2 (3) (MKS Instruments, Andover
MA, USA) for the analysis of residual gases and sublimated molecules with a

0-200 mass-to-charge ratio.

Moreover, all molecules are tested for suitable sublimation parameters in the MBE
test chamber using the program “Justin” which was written by F. Kling.[260 A
representative data set including the profile of the temperature (red), pressure (grey),
thickness (black), voltage (blue) and applied current (pink) can be seen in Fig. 5.4b.
A detailed description of this program can be found in the thesis of F. Kling.[%o]
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Fig. 5.4: (a) Molecular beam epitaxy (MBE) test chamber equipped with a quartz crystal
micro balance (1), a sublimator position with a T-piece (2) and a quadrupole mass spec-
trometer eVision2 (3). (b) Representative data set of 3,3/-(1,3-butadiyne-1,4-diyl)bisbenzoic
acid (3-BBA), including the profile of the temperature, pressure, thickness, voltage and
applied current. (Photographic image (a) kindly provided by H. Adam)

Additionally, the mass spectrometer was running in most of the cases to gain
further information about the sublimated molecule in the MBE test chamber and
the preparation chamber. Spectra are attached in the appendix. When suitable
parameters have been found at the MBE test chamber, the sublimator is mounted
at one of the two T-pieces (6a, 6b) of the preparation chamber (PREP) (Fig. 5.1a),
which allows for changing the molecular material without breaking the vacuum. After
the translator with the crucible was moved into the chamber, the final sublimation
position is about 90 mm apart from the sample. It must be pointed out that the
gained sublimation data from the MBE test chamber cannot be taken one-to-one
for the preparation chamber, since the used parameter are affected by the different
volume of the chambers, the different distance of the sublimation positions and the
inferior base pressure in the test chamber. Still the information gained at the MBE
test chamber provides reliable starting parameter, which have to be only slightly
modified for the UHV chamber.

The times and temperature to achieve a reproducible submonolayer coverage can be
taken from the following table (Tab. 9.1).

5.2 Sample and Cantilever Preparation
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Acronym | Tgu/°C | rsy»/ ML/min

3-EBA 30 - (mobile)
4-EBA 38 0.01
3-BBA 175 0.01

DETDCA | 80/170 | 0.001/0.0015

Tab. 5.1: Overview about the times and temperature to achieve a reproducible submonolayer
coverage with the used molecules. The acronyms can be found in subsection 5.4 “Molecules
for on-Surface Synthesis on the Calcite (10.4) Surface” on page 38).

5.2.5 Annealing

The annealing experiments are performed with the implemented PBN heater attached
below the heating stage of the manipulator. The temperatures given in this thesis
are based on a calibration curve supplied by the manufacturer for this manipulator
(see appendix Fig. 9.1). The used voltages and their conversion to temperatures are
given in the following table (Tab. 5.2) and round to half decade. Nevertheless, this
temperatures are only a rough estimate taken into account that the real temperature
depends on the thickness of the crystal, the specific used sample holder, the thermal
conductivity of calcite and the fact that the curve was originally recorded with a

metal and not with a calcite sample.

Voltage/V 3 4 6 |65 ] 7 8 9 10 | 12
Temperature/°C | 100 | 135 | 195 | 210 | 230 | 255 | 280 | 305 | 355
Temperature/K | 375 | 410 | 470 | 485 | 505 | 530 | 555 | 580 | 625

Tab. 5.2: Temperatures (T) at the sample plate for specific voltages (V), according to
calibration curve supplied by the manufacturer.

5.2.6 Irradiation

For all irradiation experiments, a UV-lamp (Peschl Ultraviolet GmbH, Mainz, Ger-
many) with a spectrum shown in Fig. 9.3 was used.[?!) The mercury-lamp (Hg-lamp)
is mounted ez-situ, in front of a view port made of fused silica (VACOM Vakuum
Komponenten & Messtechnik GmbH, Grofilébichau, Germany) with a lamp-sample
distance of approximately 370 mm. The transmission as a function of wavelength
and the power as a function of the distance are shown in the appendix (Fig. 9.2 and
Fig. 9.4). In addition to the full Hg-spectra (Fig. 9.3), also a range can be employed
by using appropriate filters of 256+10 nm and 302423 nm (LOT-QuantumDesign
GmbH, Darmstadt, Germany). The graphs concerning the transmission as a function

of wavelength for both filters can be found in the appendix (Fig. 9.5 and Fig. 9.6).
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Fig. 5.5: Spectrum of the UV-Cube illustrated by the irradiance at a distance of 370 mm
as a function of the wavelength, recorded according DIN 5031 part 10.261]

5.3 Data Acquisition

The analyzes and processing of the images, shown in this thesis, is done with the
open-source software Gwyddion (version: 2.46 and 2.48)[262] using the color package
“reigreen”. Via the program, the data was corrected for sample tilt23 by using
the plane-subtraction and, if necessary, a subtraction of a polynomial background
or/and a three point-subtraction was done for large-scale images. If not stated
otherwise, no further image treatment was applied. Depending on the visibility of
the essential features either topography (z,) images or detuning images (Vezc) are
shown. In all images a scale bar, the crystallographic directions and the slow (a, v)
and fast (», «) scan directions are shown. If necessary, the data was corrected for
linear drift by using the self written programs “i12c¢” or “alphadrift” of F. Kling,
which takes into account the lateral and vertical drift, as well as the calibration
factors (f,=0.83, f,=0.91) for scaling in x and v.[2601 Tn all topography images bright
features correspond to high attractive interaction and dark features to low attractive
or even repulsive tip sample interaction.264 The used single and double color scale

bars are shown in Fig. 5.6.

@ —: (®)

Mininmum Maximum Mininmum Medium Maximum

Fig. 5.6: Single (a) and double (b) color scales used for AFM images.

5.3 Data Acquisition
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5.4 Molecules for On-Surface Synthesis on the
Calcite (10.4) Surface

The molecules used in this thesis are synthesized by Chiara Venturini (CNRS,
CEMES, Nanoscience Group) or Manuel Vilas-Varela (Centro de Investigacién en
Quimica Bioléxica e Materiais Moleculares (CIQUS) and Departamento de Quimica
Orgénica, Universidade de Santiago de Compostela). In the following image, all

tested molecules are presented and sorted according to the planned type of reaction.

Coupling of Terminal Alkynes
c) OH

@) (b) ‘ | (
i =Z i
HO \O HO o)

3-ethynylbenzoic acid  4-ethynylbenzoic acid
3-EBA 4-EBA

4,4"-diethynyl-[1,1":4',1"-terphenyl]-2',5'-dicarboxylic acid
DETDCA

Diacetylene Polymerization
@
o0
HO O
\
o HO
3,3'-(1,3-butadiyne-1,4-diyl)bisbenzoic acid
3-BBA

Fig. 5.7: Overview showing the tested molecules, sorted according to the planned reaction
type.
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Diacetylenes on Calcite (10.4)

This chapter is partly adapted from the article “Diacetylene polymerization on a
bulk insulator surface” by A. Richter, V. Haapasilta, C. Venturini, R. Bechstein, A.
Gourdon, A. Foster and A. Kiihnle published in PCCP, 19, (2017), 15172-15176.114
All AFM measurements and data analysis were performed by myself. The computa-
tional results were done and are kindly provided by V. Haapasilta of the group of
A. Foster. Parts of the article are reproduced verbatim. The discussion has been

extended when necessary.

6.1 Introduction

Initiating diacetylene polymerization of precursor molecules on surfaces has been
recognized as a very promising concept for creating conductive polymer chains to
connect functional molecular units.16 265 In the bulk, the solid state polymerization
of diacetylene derivatives upon heating or light irradiation has been explained by a
topochemical 1,4—polymerization.[266] For this reaction, the crystalline arrangement
of the precursor monomers has been recognized as being of pivotal importance,
as the acetylene units have to be within a distance of no more than 0.4 nm and
the molecular backbones of two diacetylene monomers must form an angle close
to 45° with respect to the crystal translational vector (Fig. 6.1a).2671 An elegant
example of an on-surface polymerization initiated by a voltage pulse with the tip
of a scanning tunnelling microscopy (STM) has been presented by M. Aono and
co-worker (Fig. 6.1b-d).l%V) In this seminal study, initiation and termination of the
chain polymerization with remarkable nanoscale precision has been demonstrated
using 10,12-nonacosadiynoic acid monomers on a graphite surface. The mechanism of
the diacetylene polymerization is shown in Fig. 6.1. First an electronic excitation of
single monomer occurs, e.g., via a voltage pulse of a tip or irradiation with UV-light,
within an array of diacetylene monomer molecules. This leads to the formation of a
butatriene-type structure, containing a bi-radical with an unpaired electron at either
end of the moiety and three double bonds in between (Fig. 6.1b). Second, caused by
thermal movement, a neighboring molecule is approaching to the bi-radical, which
initiates a subsequent addition reaction and results in a bi-radical dimer (Fig. 6.1c).
Since the dimer has unpaired electrons at both ends, similar addition reactions

can occur on either side, hence, maintaining in a chain polymerization (Fig. 6.1d).
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Fig. 6.1: (a) Topochemical requirements of the arrangement of the precursor units. (b)
Formation of a bi-radical induced by, e.g., electronic excitation or irradiation with UV-
light. (c¢) Subsequent addition reaction under formation of a bi-radical dimer, so called
butatriene-type structure. (d) Chain polymerization of the arranged precursor unit’s results
in at:et%rlene-type structure with a bi-carbene. Diacetylene reaction scheme inspired by
Ref.[26°

With increasing chain length, a transition occurs from a butatriene-type structure
with a bi-radical, containing two unpaired electrons (Fig. 6.1b,c) to the more stable
acetylene-type structure with a bi-carbene, which exhibits four unpaired electrons
on the ends (Fig. 6.1d).26% 269 On the contrary to the addition reaction also a
relaxation of the excited state monomer or dimer is possible, which would result in
the ground state by dissipating the absorbed energy to the underlying substrate.
This relaxation step can be suppressed by selection of a substrate with a high
solid-state band gap, like calcite (band gap 5.9 V), since the excitation energy of a
diacetylene moiety is about 3.1 eV. Consequently, the suppression of the relaxation
step results in an advanced lifetime of the excited states and therefore increases the

probability of an addition reaction and hence of chain polymerization.2)

By now, on-surface diacetylene polymerization has been reported for a large range
of systems, including polymerization at the solid-liquid interface2™ as well as in
air, 027} and in ultra-high vacuum (UHV).['21 123,272 The majority of these
studies have been carried out with a graphite support.[116; 270, 271, 273-276] Only a few
other substrates have been studied for diacetylene polymerization, including, e.g.,
Au(111),121 MoS5(0001)116: 123 hexagonal boron nitride?) and epitaxial graphene
on SiC(OOOl).[Ql] Most importantly, no bulk insulator has been used so far. Besides,
the above discussed expected advantages of bulk insulators concerning mechanistic
aspect, they are also highly desired in the view of molecular electronics applications.
Because bulk insulators offer the possibility of electronic decoupling of the functional
molecular structures from the supporting substrate. Thus, when conductive polymer
chains are intended to electrically connect functional units, bulk insulator substrates

need to be explored.
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6.2 3-BBA on Calcite

Here, we use 3,3'-(1,3-butadiyne-1,4- diyl)bisbenzoic acid (3-BBA) molecules (Fig. 6.2a)
as precursors for on-surface diacetylene polymerization on the calcite (10.4) surface
(Fig. 6.2Db).

(a) 3BBA (b) Calcite (10.4)
OH 0.50 nm

Maaae

0.81 nm
o

OHO o.‘ o.{ o.‘ o.{ o [070]

Fig. 6.2: The 3,3'-(1,3-butadiyne-1,4-diyl)bisbenzoic acid (3-BBA) precursor molecule (a)
geometries after DFT optimization, yielding a planar structure (with skeletal formula) and
the calcite (10.4) surface (b). The surface unit cell and the high symmetry surface directions
are indicated. The scale bar applies to all subsets.

First, we investigated the structural arrangement of submonolayer coverage of 3-
BBA deposited onto a freshly cleaved calcite (10.4) held at room temperature. The
sublimation can be achieved using a self-made Knudsen cell with a cell temperature
of around 450 K and a sublimation time of 25 min. As shown in Fig. 6.3a,b,
the molecules self-assemble into molecular islands with an elongated shape. The
island edges appear slightly fuzzy that is typically associated with attaching and
detaching molecules and indicates a certain mobility of the precursor units. The
long axis of the islands is oriented along the [010] calcite direction. A zoom into
an island (Fig. 6.3c) shows a (1x3) superstructure forming bright rows along the

[010] calcite direction. The apparent height of the islands is 0.6 nm, measured along

Fig. 6.3: Self-assembled molecular structures after sub-monolayer sublimation on a freshly
cleaved calcite (10.4) surface held at room temperature in UHV. (a,b) Islands which exhibit
an elongated shape appear to self-assemble on the surface (b) having a striped inner structure.
(¢) A zoom onto an island reveals a (1x3) inner structure with a unit cell marked with a
white rectangular. The image is corrected for drift.

the white line in Fig. 6.4a, the corresponding height profile is shown in Fig. 6.4c.

The islands consist of either an even or an odd number of rows as can be seen

6.2 3-BBA on Calcite
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in Fig. 6.4b. Furthermore, the neighboring rows are typically of different lengths,
indicated by white arrows (Fig. 6.4a). Also a row termination within the island
can be found, indicated by blue arrow in Fig. 6.4a. Together with the size of the
precursor molecule, these AFM data suggests that there are two molecules within the
(1x3) superstructure unit cell, that is, individual molecules cause the observed bright

features. To obtain a more detailed molecular-level view of the formed structures,
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Fig. 6.4: (a,b) Molecular islands with striped inner structure. (a) Different lengths of
neighboring rows, indicated by white arrows, and terminated rows in between the island
indicated by blue arrow, are obtained. (b) Analysis reveals that the island patterns consist
of either an even or odd number of rows as shown by the counted rows in between the areas
a~g. (c) Height profile taken at the position, which is marked by the blue line (a). The scale
bar, direction and scan directions applies to both subsets (a,b).

we performed DFT calculations and first-principles molecular dynamics (FPMD)
simulations. A detailed description of the used computational methods and programs
can be found elsewhere.2™" First, we investigated the adsorption of a single 3-BBA
molecule onto the calcite (10.4) surface. The computations suggest that the preferred
adsorption orientation is flat on the surface with both carboxyl (COOH) groups of
the molecule forming hydrogen bonds with the calcite carbonate group oxygen atoms
(Fig. 6.5a). According to the calculations, the adsorption energy is 2.4 €V, in line
with room temperature adsorption and earlier calculations with similar molecules on
calcite.?® In a recent investigation, the biphenyl-4,4’-dicarboxylic acid (BPDCA)
molecule, which also anchors to the surface via two COOH groups, was calculated
to have several adsorption positions on calcite, all with similar energies.**”) Most
probably, 3-BBA will also have several stable adsorption geometries with adsorption
energies on the order of 2.4 eV. The lateral orientation shown in Fig. 6.5a is the one
we consider most relevant towards the observed self-assembly pattern. However, the
flat adsorption geometry adapted by the isolated 3-BBA molecule cannot be the
orientation of the molecules in the self-assembled pattern: the flat orientation does
not fit into the observed 0.5 nm repeat distance along the calcite [010] axis. This
suggests that the individual molecules must be tilted upwards (see Fig. 9.11 and
Fig. 9.12 in the appendix, subsection “Further Calculated Geometries” 9.5.1 on page
96). In the computations, a tilted molecular orientation emerges naturally when
the molecules are brought close to each other. Fig. 6.5b shows such an optimized

molecular geometry with the observed (1x3) superstructure periodicity, but with
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[421]

[010]

Fig. 6.5: Optimized isolated 3-BBA molecule (a), molecular row of 3-BBA molecules (b)
and the molecular structure in the observed (1x3) arrangement (c) on the calcite (10.4)
surface. In (¢) and (d) the (1x3) supercell is indicated. For simplicity, carbonate groups are
shown in light and calcium ions in dark grey, carbon atoms of the molecule are larger and

hydrogen atoms smaller black spheres while oxygen atoms of the molecule are shown in red.

In (d) the (1x3) arrangement is overlaid on top of an AFM image of the molecular island to
illustrate the excellent match in size and pattern. Note that the absolute position of the
overlay with respect to the image is unknown.

half the density, that is, one molecule in the (1x3) superstructure unit cell. Here, the
adsorption (or the island formation) energy per molecule is 2.6 €V - there is a small
favorable interaction between the molecules. In the optimized geometry, each 3-BBA
molecule is still forming two hydrogen bonds with the surface. The two phenyl
groups of a molecule form an angle of almost 90°. Finally, in Fig. 6.5¢ an optimized
molecular structure corresponding to two molecules in the (1x3) superstructure unit
cell is shown. In this case the adsorption/island formation energy per molecule is
2.7 eV. Here one of the two molecules in the (1x3) cell has the same bonding pattern
as shown in Fig. 6.5b and the additional molecule is placed at a position 1.5 unit
cell lengths along the [421] calcite direction. The additional molecule bonds via two
hydrogen bonds and retains the rotated phenyl ring geometry. The calculated (1x3)
superstructure is in excellent agreement with the experiments as is shown in the

overlay in Fig. 6.5d.

Besides the above presented structure, also a second type of island can be found
in some places on the surface (Fig. 6.6a). In the overview images it is not possible
to distinguish between the two types of islands, because of their similar contrast
and similar apparent height of approximately 0.6 nm (Fig. 6.4c and Fig. 6.6¢). The

long axis of the minority islands is oriented along the [421] calcite direction and

6.2 3-BBA on Calcite
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therefore, rotated by 90° compared to the main island structure as emphasized by
the rectangular lines in Fig. 6.6a. A zoom onto an island (Fig. 6.6b) shows a (3x1)
superstructure forming bright rows along the [421] calcite direction. Together with
the size of the precursor molecule and the results of the DFT calculation of the main
island type, these AFM data suggests that there is one molecule within the (3x1)
superstructure. To illustrate a possible molecular arrangement an overlay on top of

an AFM image is shown on the lower left part of Fig. 6.6b.
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Fig. 6.6: (a) Main island structure (lower left corner) and minority island type (upper
middle part) of 3-BBA. The inner stripe structure of both island types is perpendicular to
each other, illustrated by the black lines. (b) A zoom onto an island reveals a (3x1) inner
structure with a unit cell marked with a white rectangular. An overlay is shown on top of
the AFM image to illustrate a possible orientation of the molecules. Both images (a,b) are
corrected for drift. (c) Height profile taken at the position, which is marked by the blue line
in (a).

For reducing the molecular mobility during the annealing experiments, also tests at
high coverage have been performed. Increasing the coverage to nearly one monolayer
can be achieved by a sublimation temperature of around 450 K and a sublimation
time of approximately 5 h. In the obtained data, two additional characteristic

observations can be made as is seen in Fig. 6.7a. First, very bright clusters can be

Fig. 6.7: Roughly one monolayer coverage of 3-BBA molecule self-assembled on the on the
calcite (10.4) surface. Compared to low coverage three additional characteristic findings of
the structure appear. (a,b) First streaky features marked with white ovals, indicative of
diffusing molecular species. Second, bright clusters marked with white arrows which can be
interpreted as contamination. Third, bright features marked with yellow arrow, indicative
for island border. (c¢) Zoom in: Displacement of striped structure marked with yellow lines.

found on the surface, marked with white arrows in Fig. 6.7a-b. Since this inner
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pattern could not be resolved, no further interpretation of the structure can be
obtained. However, the long sublimation time of approximately 5 h requires to
consider the possibility of contamination, coming from the preparation chamber or
decomposition products during sublimation.

Second, bright one-dimensional features can be found on the surface, marked with
yellow arrows in Fig. 6.7, which appear as stacking faults (displacement marked
with yellow lines in Fig. 6.7c). Therefore, these features are interpreted as domain
boundaries.

Additionally, “holes” with streaky features in between the striped structure are ob-
served, indicative of diffusing molecular species marked with white ovals in Fig. 6.7a-b.
Since the islands edges at low coverage appear slightly fuzzy, which is typically
associated with attaching and detaching molecules, the mobility of the precursor
molecules, which are not staying in the island structure, has most probably not

changed, but is now more obvious detectable in the images.

6.3 Changes Induced by Annealing

Annealing the molecule-covered substrate at 485 K for 1 h results in three structural
changes as can be seen in Fig. 6.8a. The number of islands has decreased and clusters
have formed on the surface. Most importantly, single stripes oriented along the [010]
direction have formed. These stripes can be up to 60 nm long. Most of them appear

to be connected to an island, but also separated stripes can be found. Additionally,

Fig. 6.8: Molecular structures after annealing. (a,b) Upon annealing at 485 K for 1 h, three
distinct changes are observed: The number of islands has decreased. Clusters are formed.
Most importantly, molecular rows exist on the surface. (c) Zoom onto a chain-like molecular
row.

also changes in between the island structure can be found. The formerly uniform
inner structure is now heterogeneous with darker rows (marked with blue arrows
in Fig. 6.9) next to bright rows. The difference in apparent height between darker

and bright rows appears somewhat smaller with approximately 0.02 nm. Hence, it

6.3 Changes Induced by Annealing
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can be assumed, that the change of the inner-island rows is induced by the same

molecular transformation as for the chain-like structures described before.
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Fig. 6.9: (a,b) Molecular structure upon annealing at 485 K for 1 h. Breakup of the former
homogeneous inner island structure by the appearance of rows with lower apparent height,
marked with blue arrows. (c) Height profile taken at the position, which is marked by the
black line in (b), averaged over 13 pixels.

When annealing instead at 520 K for 1 h the described structural changes advance
further. Then, fewer islands are found while more clusters and even longer stripes
have formed. After annealing at 555 K for 1 h, the islands have disappeared
completely and only clusters and stripes are present on the surface as can be seen

in Fig. 6.10. The fact that the stripes are more stable upon annealing than the

Fig. 6.10: Molecular structures after annealing. (a) Upon annealing at 485 K for 1 h, three
distinct changes are observed: The number of islands has decreased. Clusters are formed.
Most importantly, molecular rows exist on the surface. (b) Upon annealing at 520 K for
1 h the described changes in (a) advanced further (c¢) Upon annealing at 555 K for 1 h, the
islands have disappeared completely and only clusters and stripes are present on the surface.
The scale bar applies to all subsets.

islands indicates a stronger molecule-molecule interaction within the stripes as
compared to within the island structure. These results suggest a covalent linkage of
the precursors leading to a one-dimensional structure of superior thermal stability
as compared to the self-assembled islands. From the high-resolution image of a
single stripe (Fig. 6.8c), a periodic structure in the [010] direction with a repeat
distance of 0.5 nm, in registry with the calcite surface, can be determined. This
is strong indication for a successful diacetylene polymerization of the precursors
on the (10.4) surface of calcite. To follow this hypothesis, we performed DFT
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computations starting with the calculated island geometries. We identified several
polymerized covalently bonded structures with 0.5 nm repeat distance along the
[010] calcite direction. The most stable polymerized structure is shown in Fig. 6.11a.
Further calculated geometries can be found in the appendix (subsection “Further

Calculated Geometries” 9.5.1 on page 96). According to the optimization, the

T[Ziﬂ

[010]

Fig. 6.11: Molecular structures after annealing. (a) Optimized polymerized molecular
structure from DFT (colours as in Fig. 6.5). (b) Zoom onto a chain-like molecular row with
superimposed diacetylene polymer structure from DFT.

polymerized configuration is 3.9 eV per molecule, i.e., 1.2 eV more stable (per
molecule) than the non-covalently bound (1x3) superstructure. In the experiments,
the apparent height of the stripes is approximately 0.5 nm, 4.e., 0.1 nm lower than
the islands. DFT optimization calculations report heights of 0.7 nm and 0.6 nm
for the islands and polymer stripes, respectively, in qualitative agreement with the
experiments. The striped structure of the polymer from DFT calculations is shown
as an overlay in Fig. 6.8d. Again, the agreement between the experiments and theory
is good. The favourable molecule-molecule distance for diacetylene polymerization
has been identified to be in the range of 0.47 to 0.52 nm with an angle of 45° for the
molecular axis with respect to the crystal translation,[26”) which is perfectly matched
in the main molecular islands formed prior to annealing: the molecule-molecule
distance along the [010] direction is 0.5 nm as indicated in Fig. 6.3c. Based on DFT
calculations the resulting distance between the diacetylene moieties in the majority
islands is 0.36 nm. Therefore, it appears that the self-assembly of 3-BBA molecules
on calcite (10.4) surface produces ideal conditions for polymer chain formation
along the [010] surface direction. The reported islands, as well as the stripes, are
stable on the surface at room temperature for several days when stored in the UHV
chamber. This is further evidence that the observed structural changes were, indeed,
induced by the annealing procedure. The observed clusters can be interpreted as
by-products of the on-surface linking reaction. The molecules are obviously able to
diffuse on the surface during the heating process and can, therefore, form a variety
of reaction products. Moreover, the precursor arrangement favorable to initiate
this topochemical reaction is obviously lost as soon as molecules start to diffuse.
Consequently, a higher initial coverage - which reduces the molecules’ mobility -

should lead to a suppression of byproduct formation and an increased yield for stripe

6.3 Changes Induced by Annealing
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formation.

Therefore, in an attempt to increase the reaction yield, we also studied higher
coverage upon annealing. Fig. 6.12c-f shows a calcite (10.4) surface that was covered
with a full monolayer of the precursors after annealing the surface at 375 K for
12 h (c¢,d) and 520 K for 1 h (e,f). As expected, much fewer clusters are formed.

Fig. 6.12: (a,b) Molecular structures of roughly 1 ML coverage before annealing and after
annealing the surface at 375 K for 12 h (¢,d) and 520 K for 1 h (e,f).

Additionally, the same darker rows within the islands are obtained, marked with
blue arrows in Fig. 6.12d,f. In contrast to the lower coverage, no separated stripes
with an apparent height of 0.5 nm can be found. Due to the fact that nearly the
whole surface is covered with the molecules, there is no space for their formation.
Moreover, an annealing at 520 K again leads to a distinguishable change in coverage
via desorption, comparable to Fig. 6.10b. Furthermore, the domain borders, which
are still visible after annealing the sample to 375 K, have vanished completely upon
annealing to 520 K. This can be caused either by the diffusion of the molecules
transferring the domain borders to the island edges or by desorption of molecules
leading to more space between the domains. Surprisingly, the formerly almost
invisible minority island becomes more pronounced after each annealing step. In
contrast to the main island type, no change in the inner structure can be found.
This missing transformation in the minority island structure can be interpreted as
no reaction has taken place. Therefore, the emerging difference in the apparent
height of the two island types probable originates from a different interaction of the

tip with the unreacted (minority islands) and the reacted molecules (main island
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type). If the same transformation would have taken place in between both island
types, no difference in the apparent height should be measured after annealing as it
was the case for both as deposited (unreacted) island types before the annealing. A
possible explanation why no reaction has taken place in the minority island structure
could be, that the found periodicity of 0.8 nm in the [421] direction does not fulfill
the topochemical requirements Fig. 6.1. Hence, the observed distance between the
molecular precursors would be too large. Furthermore, even the desired diacetylene
structure with a resulting repeating distance of 0.5 nm, would lead to a significant
mismatch with the underlying calcite substrate in the [421] direction. Therefore, a
failed initiation of the diacetylene polymerization is most probably caused by the
underlying calcite lattice, which seem to hinder the on-surface reaction in the case

of the minority island structure.

6.4 Changes Induced by Irradiation

The irradiation with the full Hg-lamp spectrum of a sample covered with a submono-
layer of 3-BBA for approximately 12 hours results in the appearance of very irregular
island edges while the overall island shape remains largely unchanged (Fig. 6.13a).

When zooming onto an island, several structural changes can be seen in Figs. 6.13b,c.

Fig. 6.13: Upon irradiation for approximately 12 hours with the full spectrum of the Hg-
lamp, several changes are obtained. (a) The overall island shape remains largely unchanged,
while the island edges appear very irregular. (b) A zoom onto an island reveals the formation
of conglomerate structures (marked with green circulars). More importantly, single stripes
with a lower apparent height, connected to islands or conglomerates (marked with white
arrows), have formed. Finally, also darker appearing rows leading to an inhomogeneous
inner island structure can be found, marked with blue arrows.

First of all, conglomerate structures (marked with green circulars) can be found,
which appear connected to an island, but also exist separately on the surface.
Second, randomly distributed clusters are located on the islands.

Most importantly, again the formerly homogeneous inner island structure contains
now darker appearing rows (marked with blue arrows in Figs. 6.13b,c) and single
stripes with a difference in apparent height of approximately 0.1 nm compared to

the inner island rows have been formed. These single stripes can be attached to

6.4 Changes Induced by Irradiation
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an island or a conglomerate structure (marked with white arrows in Figs. 6.13b).
Since the same basic structural changes can be discovered upon annealing (Fig. 6.8
and Fig. 6.9) and irradiation (Figs. 6.13), it can be concluded that they presumably
originated from the same molecular transformation. The additional clusters and
conglomerates may result on the one hand, from using a broad range of wavelengths
initiating not only the desired reaction but leading to further side-products.[2™ On
the other hand the mobility of monomer precursors may also lead to the formation
of side-products, since the orientation of two monomer molecules next to each other,
may also influence the reaction pathway. Therefore, it is expected that reducing
the molecular mobility by increasing the coverage is beneficial for the diacetylene
polymerization, as this forces the molecules to stay in the island structure. This
fixed arrangement of the molecular precursors appears to be favourable for the
topochemical reaction.

In order to prevent side-reactions, a range of wavelengths was tested, being within
the absorption band of the triple-bond system and therefore enabling the polymer-

21, 270 Thig reduced spectra, on the one hand

ization in accordance to the literature.
side, decreases the thermal input by decreasing the transferred power to the surface.
On the other hand, also degradation processes initiated by larger wavelengths can

n.[278 The preferred spectra was

be avoided, which are known to happen in solutio
obtained by using a (302 + 23) nm filter and a (256 + 10) nm filter. Only little
changes could be obtained by using a (256 + 10) nm filter (see Fig. 9.9 in the
appendix).

Irradiation of the molecular covered sample for approximately 15 hours using a
(302 + 23) nm filter leads to much less clusters and no conglomerates, while the
change in the inner-island structure is again obtained (marked with blue arrows
in Fig. 6.14. A zoom onto an island structure clearly shows that the periodicity

in the [010] direction is still 0.5 nm (Fig. 6.14¢). Additional, darker rows appear

Fig. 6.14: Molecular structures after irradiation with a Hg-lamp using a (302 + 23) nm
filter for approximately 15 h. (a) The overall island shape remains unchanged, while a
few clusters appear (marked with white arrows) and, importantly, darker rows within the
formerly regular island are visible (marked with blue arrows). (b) Zoom onto the island
showing the distribution between brighter and darker rows, appearing alternately but also
paired or tripled. (¢) A further zoom clearly reveals the unchanged periodicity in the [010]
direction of 0.5 nm. The image is corrected for drift.
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often alternately to bright rows, while the existence of two darker ones next to each
other seems very rare. In contrast, the arrangement of several bright rows next to
each other can be observed frequently. A possible explanation could have been that
the reacted structures require a larger space per row in the [421] direction. This,
can be disproved by the comparison of the apparent height profiles before and after

irradiation (Fig. 6.15, showing no significant difference in width). Furthermore, the

irradiation time could have been too low, so that the reaction is still not completed.

Unfortunately, no further long-term irradiation test was done to investigate this.
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Fig. 6.15: (a) Self-assembly of the as-deposited molecular precursors, including the line
profile 1, marked with a black line. (b) Molecular structures after irradiation with a Hg-lamp
using a (302 + 23) nm filter. The position of profile 2 is indicated. A change in brightness
of individual molecular rows can be observed. (¢) Comparison of the line profiles from (a)

and (b), revealing no significant change in the intermolecular distances in the [421] direction.

Both AFM images are corrected for drift.

Even combined annealing and irradiation tests were done, which should lead to an
entire change of the islands to striped structures. For these tests, a temperature of
375 K was chosen, which does not lead to a detectable desorption or formation of
by-products, visible as conglomerations or clusters. Indeed, no significant change
between the irradiation with the full Hg-spectra with and without heating the
sample can be detected. Moreover, a distinct difference is obtained between the
major islands and the minor self-assembled island structure, oriented in the [421]
direction (Fig. 6.16). The inner structure of the minor island type still appears
homogeneous with a (3x1) superstructure (Fig. 6.16b,c) after combined annealing
and irradiation, while darker rows can be observed in the inner structure of the

major islands. Hence, no change of the inner structure of the minor islands was

obtained. Additionally, much less clusters can be observed on the minor island type.

Therefore, the experimental results give no indication that a reaction has taken place
in the minor island structure. A possible reason why no diacetylene polymerization
has taken place, is probably due to the following facts. Firstly, the arrangement
of the monomer precursor has a periodicity of 0.8 nm in the [421] direction, which
does not fulfill the topochemical requirements. Hence, the distance of the monomer
precursors in the island structure would be too large for the reaction. Secondly, the

resulting diacetylene polymer structure, as was calculated by DFT (see Fig. 9.14

6.4 Changes Induced by Irradiation
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in the appendix) has a distance of the repeating units of 0.5 nm. Therefore, a
mismatch between the polymer structure and the underlying calcite lattice in the

[421] direction is expected.

Fig. 6.16: Molecular structures after combined annealing and irradiation test for approxi-
mately 13 h. (a) Conglomerates and clusters appear, while the overall island shape remains
largely unchanged except for the now irregular appearing island edges. (b) A zoom reveals
the difference between the inner island change of the main type on the right side and the
unchanged homogeneous inner island structure of the minority type on the left. (¢) Zoom
onto the minority type island reveals a (3x1) superstructure. The image is corrected for
drift.

6.5 Conclusions

In conclusion, we present evidence for a diacetylene polymerization conducted on
a bulk insulator surface. Using dynamic AFM operated in UHV, we show that
3,3'-(1,3- butadiyne-1,4-diyl)bisbenzoic acid precursor molecules deposited on calcite
(10.4) form two types of ordered islands. The majority type reveals a (1x3) inner
structure, while the minority island type exhibits a (3x1) superstructure. Additional,
both island types are composed of rows running either in the [010] (majority type) or
the [421] (minority type) direction. Hence, the found arrangements are perpendicular
to each other. Detailed density functional theory (DFT) calculations provide insights
into the structure formation of the majority island type. The arrangement of the
molecules within these islands is governed by a -7 interaction of the aromatic
rings. Additional, the molecules adopt a relative orientation and spacing in this
arrangement that is required for the topochemical diacetylene polymerization. To
initiate the reaction, thermal, photochemical and combined stimulation experiments
were performed. Irradiation of the surface with a mercury lamp or annealing the
substrate to 485 K results in a distinct change in the self-assembled structures of
the major islands. Besides the islands, newly formed clusters and row-like structures
appear on the surface. These row-like-structures are observed separately on the
surface or in between the former homogenous island structure. Furthermore, they
exhibit the same inner pattern compared to the as deposited self-assembled molecules,
but are imaged with a smaller apparent height. In case of the majority structure, DF'T

computations provides an energy gain of 1.2 eV per formed diacetylene monomer
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unit. The obtained row-like structures excellently match the expected polymer
chains in appearance and repeat distance. Further experiments demonstrate, that

the reduction of the molecular mobility by increasing the coverage results in the

decrease of the by-products, while the polymerization reaction still can be detected.

Hence a high coverage is beneficial for the diacetylene polymerization, as this forces
the molecules to stay in the island structure at elevated temperatures, which appears
to be favorable for the topochemical reaction. In contrast, for the minority island
type, no structural change upon annealing or irradiation is obtained, suggesting that
no reaction has taken place. This difference in reactivity of the two arrangements can
be explained by considering the dimensions of the underlying substrate. The specific
substrate directions meet the required dimensions of the diacetylene polymerization
and the final product for the majority island, while it does not for the minority
island arrangement. Therefore the difference in reactivity provides evidence for
a templating effect of the underlying calcite (10.4) surface. This work provides
experimental and theoretical evidence for the concept of diacetylene polymerization

on bulk insulator surfaces.

6.5 Conclusions
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Terminal Alkynes on Calcite (10.4)

This chapter is partly adapted from the annual PAMS report 2017,279 the article
"Generic nature of long-range repulsion mechanism on a bulk insulator?” by J.
L. Neff, A. Richter, H. Songen, C. Venturini, A. Gourdon, R. Bechstein and A.
Kiihnle published in Faraday Discussion, 204, (2017), 419-4281 and the article
"Homocoupling of Terminal Alkynes on Calcite (10.4)” by A. Richter, M. Vilas-
Varela, D. Penia, R. Bechstein and A. Kiihnle published in Surface Science, (2017),
1-6.132 All AFM measurements and data analysis were performed by myself. The
computational results were obtained and are kindly provided by V. Haapasilta from
the group of A. Foster. Parts of the articles and report are reproduced verbatim.

The discussion has been extended when necessary.

7.1 Introduction

To enlarge the possible linking schemes for on-surface reactions, molecules with
functional groups like terminal alkynes have been investigated. An overview of

possible reaction pathways of this molecular moiety is shown in Fig. 7.1.
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Fig. 7.1: Overview of reaction pathways based on terminal alkynes, namely (a) homocoupling
of terminal alkynes with possible subsequent (b) diacetylene polymerization, (c) alkyne
cyclotrimerization (d) alkyne dimerization, forming enynes with (e) further subsequent
trimerization reaction and (f) acetylene polymerization.
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One possible reaction of this class of molecules is the Glaser-inspired homocoupling[28°)
(Fig. 7.1a), which has been explored as a route to couple terminal alkynes and con-
struct rigid linear linkers.'? 281 This reaction leads to diacetylene moieties, which
can subsequently undergo a diacetylene polymerization (Fig. 7.1b), as has been
demonstrated in the previous chapter 6. The Glaser-inspired homocoupling has first
been presented using 1,3,5-triethynyl-benzene (TEB) on a silver (111) surface, 127
and is now well studied on a wide range of conductive surfaces.979% 282 Algo,
photochemical activation as an alternative route to annealing has been success-
fully presented.l9? 190 A detailed theoretical study has been devoted to unravel
the molecular reaction mechanism of TEB linking on Ag(111) and to uncover the
role of the surface, which is explained by constraining the molecular motion rather
than contributing chemically in terms of electron transfer.29) A comparison of the
classical solvent-based and on-surface mediated reaction mechanisms is shown in

the following figure (Fig. 7.2).
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R——H R——H
I
! Gy R———=—R o
Cut*——R
i . R—"" \ R
R————Cu III Ag Ag
ITa
g gnn
2 T 1/2 09
1] R —— W
""""" [T —
Cu IIl “Cu? \/_R
e A —
|"i'\ IIb
R

Fig. 7.2: The Mechanism proposed by Bohlmann et al.[283 for the classical Glaser coupling is
shown on the left. The coupling mechanism of 1,3,5-triethynyl-benzene on Ag(111) proposed
by Bjork et al.l'? is illustrated on the right. Adapted from Ref.[1% 129]

The mechanism of the classical Glaser coupling is intricate and not fully understood,

albeit it is known that the reaction depends strongly on experimental conditions.['?!

The most accepted mechanism was proposed by Bohlmann et al. in 1963.[283]

In the first step (1), the reaction proceeds via a deprotonation of the terminal alkyne
and a subsequent formation of a dinuclear Cu(II)alkynide complex. Afterwards
(2,) an electron transfer from the alkynide anion to the Cu(II)-cation within the
cupper-complex takes place, resulting in the reduction to Cu(I). In the last step (3),
the complex is collapsing to the symmetric 1,3-diyne product, while the catalyst is
regenerated by an oxidation of the Cu(I) via oxygen.?*!]

In contrast to the classical mechanism in wet chemistry, the on-surface reaction

starts not with a splitting off of hydrogen, but by the coupling of two TEB molecules.
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This coupling leads to an intermediate state, a covalent nondehydrogenated dimer
with a cis configuration (I). Then two dehydrogenation processes take place, which
are assumed to be rate-limiting (II/III). To split off the first hydrogen, initially
an intermediate state with a trans configuration (Ila) is obtained, followed by the
formation of the first dehydrogenation transition state (IIb). Thereafter, the second
dehydrogenation step (III) occurs, which is a single barrier process. Moreover, also
the influence of the molecular mobility on the surface was investigated. It was found
that the barrier for the diffusion is small compared to all other reaction steps. Hence,
it is not the rate-determining step.

Besides the above described homocoupling, also (c) cyclotrimerization and (d) dimer-
ization reactions, forming enynes, (Fig. 7.1c,d) as well as further trimerization
reactions to the before generated dimers (Fig. 7.1e) are known to happen on the
surface. However, these products are usually described as by—products.[w’ 98]
Moreover, terminal alkynes are also known for acetylene polymerization (Fig. 7.1f).
The first and probably most famous polymerization of acetylenes to a linear conju-
gated polymer was done by Natta et al. in 1958 using a Ti(OBu),/AlEt3 catalyst. 254
With a modified synthesis route and an additional subsequent doping, this later on
leads to the first conductive polymers.[%2-64 Besides the nowadays immense number
of applicable catalyst systems, 25257 also reaction pathways in absence of metal cat-
alysts have been explored.2#3-29) Depending on the experimental conditions, there
exist four stereoconformations in a polyacetylene chain, namely (a) trans-transoidal,
(b) trans-cisoidal, (c) cis-transoidal and (d) cis-cisoidal diastereomers (Fig. 7.3)[29!

as well as mixtures of them.

cis-transoidal trans-transoidal
R R R R R R R R
R R R

PN
./ L M

RR R R R

cis-cisoidal trans-cisoidal

Fig. 7.3: TIsomers obtained upon acetylene polymerization, namely (a) trans-transoidal, (b)
trans-cisoidal, (c) cis-transoidal and (d) cis-cisoidal diastereomers. Adapted from Ref.[?91]

Comparable to the diacetylene polymerization, also polyacetylenes can be obtained
via a solid state reaction upon annealing or irradiation.29224 One might assume
that the acetylene polymerization is as well based on a topochemical mechanism as
is discussed for the polydiacetylene in the previous chapter. However, according to

the literature this seems to be true only for the formation of dimers, trimers and

7.1 Introduction
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small oligomers, since the ongoing reaction leads to a phase separation. Hence, the
mechanism is not only based on the orientation of the monomer in the crystal, but
in an intense scope on the molecular mobility. Therefore, the entire polymerization
is not a regular topochemical reaction, since the obtained phase separation suggests
that the center of gravity of the molecules move from their proper lattice site,
leading to an inhomogeneous reaction inside the parent crystal.[2%) To overcome
this geometrical difference in the crystal structures of the educt and product, several
experimental conditions like varied molecular building blocks or high pressure at
different temperatures have been investigated. Nevertheless, none of the so far used
parameters could avoid the loss in crystallinity towards an amorphous system during
the reaction.[288 290, 293, 296, 297 Ty gain further inside into the mechanism, also the
stability of the acetylene polymer has been investigated. The annealing of, e.g., solid
poly(4-carboxyphenyl) acetylene leads to a complete transformation to the cyclic
trimer. This finding suggests that a head-to-tail reaction of the before generated
polyacetylene has to take place, since only the symmetric cyclic trimer could be
identified.[2%8] Furthermore, various cis-trans isomerization processes have been

201] photonic[298] and ultrasonic irradiations. 29

reported, activated, e.g., by heating,
These isomerization processes have been proposed to proceed through a radical
mechanism. Accordingly, it can be concluded that also the reaction itself, initiated
upon annealing or irradiation, is most probable proceeding wvia a radical mechanism.
Nevertheless, a final mechanism of an acetylene polymerization in solid state is so far
not available and needs further investigation. Besides, it seems that the mechanism
is very much affected by the choice of the molecule and the used reaction parameters.
The first and so far only on-surface synthesis of an oligo-acetylene was presented
by Riss et al. on a Au(111) surface using an (E)-1,1"-bi(indenylidene) monomer

(Fig. 7.4a)."3% In contrast to the solid-state reaction, no influence of the monomer

(@) (b) (c)

P e o0

- H P &, - AT ‘ C\Q _______
o8 & &0

Fig. 7.4: Scheme of the thermally induced on-surface reaction of (E)-1,1’-bi(indenylidene)
on Au(111). First the (a) monomer reacts to (b) a 3,3'-diradical intermediate via an
intramolecular C1-C5 enediyne cyclization. Subsequent recombination with monomers lead
to the formation of (c) an oligo acetylene. Adapted from Riss et al.[136]

orientation is proposed, since the first proposed reaction step is an intramolecular C1-
C5 enediyne cyclization, leading to (b) a highly reactive 3,3'-diradical intermediate.
Due to the diffusion of monomers and diradicals along the Au(111) surface, a
subsequent recombination takes place which by a step-growth process leads to (c)

an acetylene oligomer.
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In the view of the growing body of research dedicated to reactions of terminal alkynes
on metal substrates it is interesting to raise the question as to whether these reactions
can also be achieved on a bulk insulator surface. For these purpose, we investigate
3-ethynylbenzoic acid (3-EBA), 4-ethynylbenzoic acid (4-EBA) and 4,4”-diethynyl-
[1,1":4",1"-terphenyl]-2,5'-dicarboxylic acid (DETDCA) (Fig. 7.5) on a well-known

bulk insulating surface, calcite (10.4). For further analysis the homocoupled products

Q-

3-ethynylbenzoic acid  4-ethynylbenzoic acid  4,4"-diethynyl-[1,1":4',1"-terphenyl]-2',5'-dicarboxylic acid
3-EBA 4-EBA DETDCA

(@)

Fig. 7.5: All molecules tested for on-surface reactions of terminal alkynes.

of 3-EBA and 4-EBA, namely 3,3-(1,3-butadiyne-1,4-diyl)bisbenzoic acid (3-BBA)
and 4,4’-(1,3-butadiyne-1,4-diyl)bisbenzoic acid (4-BBA), have been synthesized
by C. Venturini. Ideally, this allows for a comparison of the self-assembly of the
dimers 3-BBA/4-BBA with the annealed/irradiated structures of 3-EBA /4-EBA on
the surface. Unfortunately, it was not possible to deposit 4-BBA in a reproducible
manner on the surface. Therefore, only a comparison between reacted 3-EBA

structures and 3-BBA is possible.

7.2 3-Ethinylbenzoic Acid on Calcite (10.4)

3-Ethinylbenzoic acid (3-EBA) can be sublimated and deposited on calcite (10.4)
in a reproducible manner. For additional analysis, mass spectra were recorded
during the sublimation tests. One spectrum is exemplary attached in the appendix
(Fig. 9.8). After sublimation at a crucible temperature of 305 K for 10 min, only fuzzy

structures of mobile molecules are observed on the surface (Fig. 7.6). To reduce the
molecular mobility, a usual procedure is increasing the coverage to approximately

1 ML. However, this seems not to be feasible for this molecule. Even though several
sublimation conditions were tried, no pattern could be obtained. Nevertheless, by
comparing with similar benzoic acid molecules an assumption of the interaction
between 3-EBA and the calcite (10.4) surface can be made. For this purpose, an
extensive AFM and computational study of 2,5-dihydroxybenzoic acid (DHBA) on
calcitel?®8) will be discussed. Depending on the temperature hydrogen bonded dimers
of DHBA coexist with monomers forming strong molecule-surface interactions on
the (10.4 calcite surface. The existence of hydrogen bonded dimers is explained by
their direct deposition from the bulk. The breaking of the intermolecular hydrogen

7.2
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Fig. 7.6: Deposition of 3-EBA on a freshly cleaved calcite crystal reveals no ordered structure
but mobile species on the calcite (10.4) surface.

bonds in favor of a molecule-surface binding is induced thermally and leads to the
thermodynamical stable monomer interacting with the surface (Fig. 4.2).[236] Based
on the DHBA results, also for 3-EBA the deposition of hydrogen bonded dimers is
expected, since the crystal structure of 3-EBA comprises hydrogen bonded dimers,
too (Fig. 7.7a).[300] Subsequently a breaking of the intermolecular hydrogen bonds
might be possible. Unfortunately, no pattern, but fuzzy structures are obtained
on the surface. Therefore, no proposal for the existence of monomers or dimers is
possible on the basis of the self-assembled structure of 3-EBA. For this reason, a
further comparison with the structural isomer 4-ethynylbenzoic acid (4-EBA) and

its bulk and self-assembled structure seems useful. The crystal packing of 4-EBA

Fig. 7.7: Crystal packing of (a) 3-EBA and (b) 4-EBA viewed along the a/a axis. The
hydrogen bonded dimer is marked with a green oval. Adopted from Venturini et al.[*%°! and
Njus et al.[288]

(28] whereas the obtained self-

contains hydrogen bonded dimers as well (Fig. 7.7b),
assembled structure (see section 7.3) suggests the existence of monomers interacting
with the surface, since no dimers are observed. Therefore, it is very probable that
also the 3-EBA forms molecular monomers interacting with the calcite surface
instead of the assembling of hydrogen bonded dimers. To obtain a more detailed
insight of the molecule-surface interactions, DFT calculations were performed. Due
to the before stated considerations, only monomers interacting with the surface
were taken into account for the theoretical investigations. A description of the used
computational methods and programs can be found elsewhere.l39!) According to the
calculations, the most stable configuration of 3-EBA is a flat-lying molecule with
an adsorption energy of 1.5 eV, which is in line with room temperature adsorption
(Fig. 7.8). The hydroxyl part of the carboxyl (COOH) group forms a hydrogen bond
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with the calcite carbonate group oxygen atom, while the carbonyl oxygen interacts

with the calcium ions via clectrostatics. Based on the found mobility of 3-EBA at

(b) O w
[421L> .-{ .-{ .'{ [010] [@21]—>
S S e
oL oI \ o 0%, 0% 0%,
: Ny N adsorption energy Epe = 1.5V

Fig. 7.8: Optimized isolated 3-EBA molecule on the calcite (10.4) surface (a) top view and
(b) side view. Kindly provided by V. Haapasilta.

RT and recent DFT investigations for a comparable benzoic acid derivative,2 it
can be assumed that 3-EBA has several stable adsorption positions on calcite (10.4)

with similar energies.

7.2.1 Changes Induced by Annealing

An extensive annealing series is shown in Fig. 7.9 with each step lasting for 1 hour.

While annealing to (a) 405 K still shows only fuzzy structures, annealing the substrate

to (b) 470 K results in two significant changes. Firstly, the amount of mobile
species is reduced. Secondly and most importantly, stripes emerge that are oriented

along the [421] substrate direction and are distributed on the surface. After further
annealing (c-f) above 500 K, the mobile species vanish from the surface while the
stripes are still visible even after annealing to 575 K. Moreover, an increase of

the annealing temperature results in longer, but fewer stripes. A zoom onto the

structures reveals the existence of two different kind of stripe features (Fig. 7.10).

Bright stripes can be seen with a length of approximately 2 to 20 nm (some of

them marked with white arrows) and an apparent height of approximately 0.4 nm.

Besides, less bright and on average shorter stripes (exemplary marked with blue
arrows) with an apparent height of approximately 0.3 nm are obtained. Furthermore,
the less bright stripes can be found attached (1) in direct linear extension or (2)

slightly displaced or (3) even isolated on the surface (Fig. 7.10b). Via a further

zoom on the features, the inner structure of the stripes can be obtained (Fig. 7.11).

An orientation of the structures in the [010] direction is observed for both stripes,
highlighted via an overlay on top of the AFM image (a). An overlay on top of the
AFM image (a) illustrates the observed inner structure along the [010] direction,
which yields a side-by-side alignment for the bright stripe and a zigzag shape for
the minor less bright stripe. Additionally, the bright stripes show a periodicity
of 0.4 nm along the [421] direction (Fig. 7.11b), while the minority type of stripe

has a periodicity of 0.8 nm (Fig. 7.11c). Hence, both features are commensurate

7.2 3-Ethinylbenzoic Acid on Calcite (10.4)
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Fig. 7.9: Annealing series of 3-EBA, each step lasting for 1 hour. (a) Annealing to 405 K
leads to no changes, while (b) annealing to 470 K results in a reduction of the mobile species
and the appearance of stripe structures in the [421] direction. Further annealing to (c¢) 500 K
yields in a disappearance of the fuzzy structures, while the stripes remain. Upon further
increase the annealing temperature to (d) 530 K, (e) 555 K and (f) 575 K longer, but fewer
stripes are observed.

.‘ » -

Fig. 7.10: Zoom onto the two different kind of stripe features formed upon annealing for
1 h to 555 K (a) and to 530 K (b). (b) Less bright stripes are either (1) linearly or (2) partly
displaced to a bright stripe or found (3) separate on the surface.

to the underlying substrate. The reported mobile species, which can be observed
directly after deposition, as well as the stripes, which appear upon annealing, are
stable on the surface at room temperature for several days when stored in the
UHV chamber. This is further evidence for the fact that the observed structural
changes were, indeed, induced by the annealing procedure. Furthermore, both

types of stripes remain unchanged even after annealing up to 575 K, while similar

Chapter 7 Terminal Alkynes on Calcite (10.4)



Fig. 7.11: Molecular structure obtained upon annealing for 1 h to 530 K (a,c) and 555 K (b).

(a) White (side-by-side aligned) and blue (zigzag) arrows indicate two different kind of stripes
along [421] direction. An overlay on top of the AFM image illustrates the observed inner
structure along the [010] direction, which yields a side-by-side alignment for the bright stripe
and a zigzag shape for the minor less bright stripe. High resolution image of (b) side-by-side
aligned shaped stripes and (c¢) zigzag shaped stripes. Both structures are commensurate
with the underlying substrate. All image are corrected for drift.

benzoic acid derivatives, like 3-hydroxybenzoic acid, 3,5-dihydroxybenzoic acid and
3-hydroxybenzoic acid ethylester do not undergo structural changes, but desorb
at 550 K or lower temperatures.[240: 241] Hence, it can be assumed that the mobile

species correspond to the as deposited monomers, which vanish at annealing the

sample to 500 K in accordance with the above mentioned benzoic acid derivatives.

Furthermore, the significant structural change, induced by annealing, suggests that
the terminal alkynes underwent a linking reaction. A reacted structure hosts a higher
number of anchoring groups per molecule, which consequently leads to a stronger
molecule-surface interaction and a higher barrier for desorption. Both obtained
stripe features are 1-dimensional along the [421] direction. Therefore, the creation of
non-linear products is very improbable, like cyclic trimers (Fig. 7.1¢) and addition
products of the enyne structures (Fig. 7.1e). For this reason, only reactions yielding
linear structures are considered in the following (Fig. 7.12). This further includes
also the enynes, since they are planar and are, therefore, able to anchor in a similar
way like the homocoupled 3-BBA molecule. To clarify whether the stripes are formed
of the corresponding homocoupled dimer, the expected reaction product, 3-BBA,
was deposited on the surface directly. The structures observed have been presented
in the previous chapter. Also here, stripes are found. In contrast to the findings
upon annealing the monomer, however, theses stripes arrange in islands and are
oriented along the [010] direction. Interestingly, a second arrangement is observed
upon deposition of compound 3-BBA, coexisting with the stripes oriented along the
[010] direction. This minority structure (Fig. 7.13a) resembles the structure observed
for the less bright stripes (Fig. 7.13b) as is illustrated in the overlay (Fig. 7.13c),
showing the same periodicity in [421] direction and an analogue zigzag shaped
pattern. Moreover, the dimensions of the resulting stripes indicate a side-by-side
arrangement of the dimerized 3-EBA molecules, i.e., compound 3-BBA. In fact,

DFT calculations have indicated for a similar molecular system!23 that the energy

7.2 3-Ethinylbenzoic Acid on Calcite (10.4)
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Fig. 7.12: Overview of probable reaction schemes which generate linear products. (a)
On-surface homocoupling of 3-EBA to form 3-BBA, which can (b) further polymerize. (c)
Dimerization forms planar enynes. (d) Acetylene polymerization leading to a trans-transoidal
(left) or a cis-transoidal (right) product.

Fig. 7.13: Comparison of the minority structure obtained from 3-BBA (a), marked with an
orange rectangle, with the zigzag-shaped stripes (b) formed upon annealing the sample with
3-EBA to 555 K for 1 hour. (¢) Overlay image of the zigzag-shaped stripe on the minority
island of 3-BBA.

difference between versatile arrangements on the surface is rather small. Considering
this finding, it is well conceivable that the different reaction conditions result in a
different arrangement of the dimers on the surface. The existence of two different
arrangements is, therefore, not unexpected. A possible reason for single stripes
instead of a striped island formation can be due to the low coverage.

Additionally, also a dimerization, forming enynes (Fig. 7.12c) is conceivable, leading

to planar products, which should be able to self-assemble in a comparable way
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like 3-BBA (Fig. 7.13b). The following overlays illustrate the possible arrangement
of the proposed 3-BBA structure (a) and an exemplary chosen enyne structure
(b) on top of an AFM image of a zigzag-shaped stripe and the model of a calcite
(10.4) surface (Fig. 7.14). The used 3-BBA monomers correspond to the most
stable DFT structures shown in Fig. 6.5 of chapter 6. The shown enyne molecular
precursor illustrates the similarity between this planar enyne structure and the
3-BBA structure. The shown molecular enyne structures in Fig. 7.14b seem to
overlap a bit, which is most probably not the case, since a tilting of the molecule in

z-direction can be assumed, comparably to the 3-BBA (Fig. 9.12).
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Fig. 7.14: After annealing of compound 3-EBA for 1 hour to 555 K (a) a minority structure
composed of zigzag-shaped stripes along the [421] direction with a periodicity of 0.8 nm is
obtained. (a) An overlay superimposed onto a model of the calcite (10.4) surface and the
AFM image shows the suggested 3-BBA arrangement. (b) The model of enyne molecules

overlaid on top of the AFM image to illustrate the similarity between this planar molecular
structure and the 3-BBA. The AFM images are corrected for drift.

@

Another underlying reaction pathway can be a subsequent diacetylene polymerization

(Fig. 7.12b) of the 3-BBA. The possibility of such a reaction type was demonstrated
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Fig. 7.15: DFT calculation of the rotated diacetylene polymer structure along the [421]

direction, showing a strong deformation of the bonds. Results kindly provided by V.
Haapasilta.

in the previous chapter. According to the literature the importance of the suitable
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arrangement for a polymer formation has been highlighted. To gain further insight
into a possible structure formation DFT calculations have were performed. There-
fore, the resulting diacetylene polymer structure from chapter 6 has been taken and
rotated by 90°. Because of this rotation, the available space per diacetylene moieties
decreases from 0.5 nm along the [010] direction to 0.4 nm along the [421] direction.
This has a tremendous influence on a possible structure formation as can be seen by
the DFT calculated polymer structure in Fig. 7.15. The decreased space between
the repeating units is too small for the diacetylene moieties and leads to a strong
deformation of the bonds (Fig. 7.15). Hence, the formation of a diacetylene polymer
can be excluded.

A fourth reaction possibility is the acetylene polymerization (Fig. 7.12d), subdivided
into the formation of a trans-transoidal (left) or a cis-transoidal (right) product. A
mixture of c¢is and trans moieties in between a stripe seems improbable, due to the
fact that a formation of a nonuniform inner structure with an alternating periodicity
is not observed. Furthermore, also the head-to-tail reaction towards the creation of a
trans-transoidal product (left) seems unlikely, since an all-trans arrangement would
lead to a 0.2 nm repeating distance of the benzenoic acid moieties. On the one hand,
a trans-transoidal structure would imply that every second benzoic acid moiety
would not have a suitable anchor position. On the other hand, this would lead to a
very narrow stacking of the side groups and therefore to a strong sterical hindrance
between the rings. Hence, no formation of a trans-transoidal product is expected. In
contrast, the acetylene polymerization under creation of the cis-transoidal product
would result in a repeating distance of approximately 0.4 nm, being commensurate
to the underlying structure in the [421] direction. Furthermore, in agreement with
the DFT results of 3-BBA (Fig. 9.12), also for the 3-EBA a higher coverage most
probable leads to a tilting upwards of individual molecules. This tilting is further
necessary to gain the 0.4 nm repeating distance of the acetylene polymer and to
enable the overlap of the alkyne groups for the reaction. To get further molecular
insight into the system, DF'T calculations for polyacetylene were performed. Inter-
estingly, already a geometry optimization of alternating arranged 3-EBA monomers
results in the formation of a cis-transoidal acetylene polymer (Fig. 7.16a). This
further suggests that the here considered reaction pathway has no or only a very
small barrier. Moreover, the formation of the polymer is thermodynamically most
favored, yielding 2.6 eV per molecule for the polymerized configuration, i.e. 1.1 eV
more stable (per molecule) than the non-covalently 3-EBA structure, according
to the optimization. One reason why the reaction can not be observed already at
room temperature may be due to the fact, that the 3-EBA monomer precursors do
not have a perfect aligned arrangement, which was supposed as starting point for
the DF'T calculation. Therefore, the probability for a successful reaction might be
decreased at room temperature. In Fig. 7.16b, the optimized DFT structure of the
acetylene polymer is shown as an overlay on top of the AFM image of a bright stripe

and the calcite (10.4) surface. The calculated cis-transoidal polyacetylene structure
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Fig. 7.16: Brighter linear molecular striped structure after annealing. (a) Optimized
acetylene polymer structure on the calcite (10.4) surface upon a geometry optimization of
alternating arranged 3-EBA monomers at 0 K (colours as in Fig. 6.5). (b) Zoom onto a
bright stripe with superimposed acetylene polymer structure from DFT, further including
the calcite (10.4) surface to illustrate the excellent match in size and pattern. Note that the
absolute position of the overlay with respect to the image is unknown. DFT result kindly
provided by V. Haapasilta. The image is corrected for drift.

is in excellent agreement with the experiments, as is illustrated by the match in size
and pattern from the overlay.

In summary, the minor less bright striped structures are assumed to be dimer
molecules, consisting of either homocoupled 3-BBA molecules or enyne structures,

while the bright stripes are interpreted as polyacetylene structures.

Based on this successful reaction, the question arises how changed experimen-
tal parameter influence the formation of structures, their distribution and length.
Therefore, different annealing conditions were explored.

Depending on the barrier and the energy of the reactions, it might be possible to
change the ratio of the observed structures via changing the annealing temperature.
Since a lower annealing temperature corresponds to a lower energy input into the
system, first, the temperature between no observable change (405 K) and a beginning
reaction (470 K) was examined in more detail. For this test 420 K and a longer
annealing time of 12 h was used, since according to previous results, one hour seems
to be too less to initiate any structural change. This results in the same changes
observed for 470 K for 1 hour, namely mobile species and two kinds of short stripes
(Fig. 7.17a,b). A zoom-in image further reveals again the same inner structure of
the two different kinds of stripes (Fig. 7.17c). Additional, annealing of the sample
to 420 K for 13 hours, in total 25 hours was done (Fig. 7.18a). This procedure
leads to a complete desorption of the mobile species while the number of stripes
has increased. Furthermore, the ratio of both striped features upon annealing at
lower temperatures does not vary significantly from the shorter annealing tests

with higher temperature (Tab. 7.1). From these experiments we deduce that no
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Fig. 7.17: Comparison of obtained molecular structures after annealing to (a) 470 K for
1 h with (b,c) 420 K for 12 h. In both cases, stripes along the [421] direction and mobile
species can be observed. (¢) A zoom on the stripes yields the identical inner structure of
the bright stripe, with aligned inner pattern (white arrows) and the darker zigzag shaped
stripe (with blue arrows) as for higher annealing temperatures (Fig. 7.11). The image is
corrected for drift.

large difference seems to exists between the barriers of both reaction pathways. In
contrast to the ratio, the stripe length and length distribution is influenced by the
heating temperatures as can be seen by comparing the samples upon annealing to
420 K, 530 K and 575 K (Fig. 7.18). Annealing at 420 K yields in the appearance of

Tab. 7.1: Number and ratio of the two different stripe features formed upon different
annealing parameter per 100 nm?.

Annealing parameter number,jigneq | NumMber,;g.qy | ratiozig.qg in percent
470K, 1 h 80 5 6
500 K, 1 h 75 12 14
530 K, 1 h 70 14 17
555 K, 1h 49 9 16
575 K, 1 h 34 2 6
on 575 K hot crystal 39 8 17
420 K, 12 h 42 9 18
420 K, 13 h (total: 25 h) 137 6 4

short stripes with a homogeneous distribution of lengths and an average length of
approximately 3 nm. In contrast, higher annealing temperatures like 575 K result
in longer stripes with a length up to 20 nm, an inhomogeneous length distribution
and a reduced number of stripes. Intermediate annealing temperatures like 530 K
result in structures in between the described extreme situations. The increase in
stripe length can be interpreted by two different kinds of processes, which are further
related to low or high annealing temperatures. Lower annealing temperatures in the
range of 470-500 K for 1 h or 420 K for 12 h still results in observable mobile species,
assigned to monomers on the surface. Hence, an expansion of the stripe length can
be interpreted as a reaction of monomers to existing stripes. This reaction further
agrees with the observation of a very homogeneous length distribution, which can be
explained by a uniform probability that randomly moving mobile molecules attach

to a stripe end. If increasing the annealing temperatures to higher values like 500 K
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Fig. 7.18: Influence of annealing temperature on structure formation. (a) Annealing to
420 K reveals short stripes with approximately 3 nm and a homogeneous distribution of
length. Higher annealing temperatures of (b) 530 and (c¢) 575 K yield a reduced number of
stripes, a larger inhomogeneity of the distribution of length and an increase in length up to
20 nm.

for 1 h, the mobile species, that is the monomer, vanishes. As a result, no further
monomers are available for subsequent annealing procedures. Hence, the elongation
at higher annealing temperatures can be ascribed to a coalescence of shorter stripes.
This coalescence is further consistent with the observed decrease of the stripe number
and the increase of the inhomogeneity of the lengths distribution. Since the stripes
consist of oligomers with a higher number of anchor groups, reducing their mobility
on the surface, the probability of a coalescence is not uniform, but depends on the
position of two stripes before merging.

In addition, also the influence of different pathways towards the same final tem-
perature of 575 K was examined. As can be seen in Fig. 7.19, the final annealing
temperature leads, independently of the before used parameters, to the same ap-

pearance of the sample. The results shown in Fig. 7.17, Fig. 7.18 and Fig. 7.19

Fig. 7.19: Different pathways with the same final temperature of 575 K yields in no difference
on the structure formation.

reveal that the same kind of structures are generated over a wide range of annealing
temperatures and times. In contrast, the general appearance of the stripes can be
influenced, that is the length and lengths distribution. Finally, the influence of the
molecule coverage on the structure formation was investigated (Fig. 7.20). The
higher coverage was achieved upon a double sublimation to a 575 K hot crystal for

initially 20 min and subsequently 30 min and a crucible temperature of 310 K. As

7.2 3-Ethinylbenzoic Acid on Calcite (10.4)

69



70

Fig. 7.20: Sample with high coverage of striped features obtained via two times sublimation
on a 575 K hot crystal for first 20 min and then 30 min.

can be seen in Fig. 7.20, no enlarged islands are found, but randomly distributed
stripes and a high number of clusters are obtained. Also, areas with higher stripe
density are visible in the overview image (exemplary marked with white circles). A
zoom-in image suggests only narrow aligned arrangement of the stripes but, no island
formation (marked with blue circles in Fig. 7.20b,c). Hence, it can be speculated
that no specific attraction between the already existing stripes and the nucleus of
new forming stripes exist. Surprisingly, also no extended stripe length can be found
on the surface. Possibly the relatively short stripe length can be due to the large
number of clusters on the surface acting as a kind of termination agent, given that

they can be found regularly at the end of a stripe.

7.2.2 Changes Induced by Irradiation

Photochemical induced reactions offer in many cases the possibility of fast and
selective synthesis routes at low temperatures.!'53 Since C-C-coupling reactions of
terminal alkynes are known to be initiated with UV-light,[99 100 28] jrradiation has
further been investigated for the herein studied system. After irradiation of 3-EBA
with the full mercury lamp spectrum for 14 h, immobile objects were observed

and some remaining mobile species (Fig. 7.21). Hence, this significant change in

Fig. 7.21: Molecular structure formed at room temperature by 3-EBA on the (10.4) surface
of calcite before (a, b) and after (c, d) irradiation for 14 h with a mercury lamp.
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structure can be due to a reaction of the terminal alkyne moieties. The absence of
any pattern can be caused by the initiation of side reactions, which may be as well
initiated by the broad spectra of the mercury lamp. In order to prevent possible
side-reactions, a suitable range of UV-light was tested, to meet the requirements
reported in the respective literature,190 288 which was obtained by using a (256 +

10) nm filter. Unfortunately, even an irradiation for 12 h with the filter does not

Fig. 7.22: Molecular structure formed at room temperature by 3-EBA on the (10.4) surface
of calcite before after irradiation for 12 h with a mercury lamp containing a (256 + 10) nm
filter.

lead to a formation of any pattern, while still mobile species remained on the surface
(Fig. 7.22). Hence, the missing formation of a nice pattern may be caused by the
mobility of the molecular precursors. The mobility might decrease the probability of

a suitable orientation of the alkyne groups to each other, necessary for a reaction.

7.2.3 Conclusion

In summary, we presented a detailed investigation of the structure formation and
reaction of 3-ethynylbenzoic acid (3-EBA) molecules on a bulk insulator surface
under UHV conditions. Upon deposition of 3-EBA on a calcite (10.4) surface
fuzzy structures, assigned to mobile monomers, can be observed using FM-AFM.
Annealing the substrate results in the formation of two different kinds of row-like
structures. Both obtained striped structures are commensurate to the underlying
surface. The majority striped structure exhibits an aligned inner pattern, perpendic-
ular to the stripe axis, while the minority stripe is zigzag shaped. Detailed DFT
calculations provide evidence that the majority stripes consist of a polyacetylene
structure. Furthermore, the calculations suggest a very small barrier for this poly-
merization reaction. According to the calculations, the formation of the polymer is
thermodynamically most favored, yielding 2.6 eV per molecule for the polymerized
configuration, i.e. 1.1 eV more stable (per molecule) than the non-covalently 3-EBA
structure. The obtained majority stripe excellently match the expected acetylene
polymer chain in appearance and repeat distance. The minority stripe of 3-EBA

reveals a similar zigzag shaped structure than the minority island arrangement of
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the as deposited 3-BBA. Therefore, the minority stripe can be assigned to a dimer.
Since the linear homocoupled dimer as well as the enyne molecular precursors are
expected to be planar and similar in size, an assignment to either of the dimer struc-
tures is not possible. Furthermore, detailed experimental parameter variations were
performed. The obtained results provide evidence that the structure formation of
the polyacetylene can be influenced. Depending on the used annealing temperatures
and times the length and the lengths distribution of the polyacetylene stripes can be
selectively influenced. An irradiation with the full mercury lamp spectra leads to an
interlinking reaction but only a mixture of products and in contrast to the literature
no selective product formation is obtained. This work provides experimental and
theoretical evidence that the concept of acetylene polymerization can be transferred

to bulk insulator surfaces.

7.3 4-Ethinylbenzoic Acid on Calcite (10.4)

To gain information about the influence of the position of the functional terminal
alkyne group on the self-assembly and reactivity, the structural isomer of 3-EBA

was chosen, namely, 4-ethynylbenzoic acid (4-EBA) molecules (Fig. 7.23a). After
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Fig. 7.23: (a) Model of 4-ethynylbenzoic acid (4-EBA) molecule studied here. (b) Model of
the calcite (10.4) surface with the crystallographic axes. The surface unit cell is marked by
the black rectangle. The scale bar applies to both subsets.

deposition at a crucible temperature of 310 K for 10 min, the molecules self-assemble
into striped islands along the [421] direction onto a calcite (10.4) surface held at
room temperature (Fig. 7.24a-b) with a (1x1) superstructure (Fig. 7.24c) and an
apparent height of approximately 0.8 nm. The molecules are still mobile on the
surface since island growth and dissolution can be observed in consecutive images.
Furthermore, the stripes can be found directly next to each other even for the low
coverage shown in Fig. 7.24a. Therefore, a short-range intermolecular attraction
along the [010] direction (perpendicular to the long island axis) appears to favour
broader islands composed of up to four stripes to be formed as compared to single
stripes. On the other side, also a long-range repulsive force seems to exist, hindering
the generation of an increased number of aligned stripes.

A more detailed analysis of the next-neighbour stripe distance distribution was

done. For this purpose, the distances from stripe maximum to maximum was
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Fig. 7.24: Self-assembled molecular structures after sub-monolayer sublimation on a freshly
cleaved calcite (10.4) surface held at room temperature in UHV. (a,b) Row like islands
appear to self-assemble on the surface (b) having a striped inner structure. (¢) A zoom onto
an island reveals a (1x1) inner structure with a unit cell marked with a black rectangular.
The image is corrected for drift.

evaluated, taken from drift corrected images, as exemplary shown in (Fig. 7.25a)
with marked height profile, illustrated in (Fig. 7.25b). In the distance histogram
(Fig. 7.25¢), the obtained distance distribution (blue bars) is compared with the

geometric distribution for the respective coverage (grey bars). First, a short-range
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Fig. 7.25: (a) Drift-corrected AFM image of striped structures of 4-EBA with height profile
position marked by a white line. (b) Representative height profile, which is averaged over
points. (c) Corresponding next-neighbour stripe distance distributions (blue bars) and
geometric distribution (grey bars) calculated for the same coverage is shown. Figure (c)
adapted from Neff et al.l™

attraction is evident in the displayed histogram from a clear additional peak at dg, the
nearest possible neighbour distance. Second, as can be seen from the clear deviation
of the experimental results from the geometric distribution, the experimentally
obtained distributions cannot be explained by randomly placed, non-interacting
stripes. Thus, when excluding correlated growth kinetics, a long-range repulsion
mechanism must be present. Therefore, a decisive interplay between short-range
attraction and long-range repulsion is proposed. In analogy to the previous section,

a model for the arrangement of 4-EBA on the surface can be proposed (Fig. 7.26) by
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comparing the 4-EBA structure with the structure of similar benzoic acid derivatives.

(236] 4150 in the

According to the detailed analysis of the self-assembly of DHBA
case of 4-EBA an initial deposition of hydrogen bonded dimers on the surface is
expected, since these dimers appear in the crystalline bulk structure (Fig. 7.7b).[288]
The obtained unit cell is 0.5 nm in [010] direction and 0.8 nm in [421] direction. Since
the dimensions of a single molecule are approximately 0.4 x 1.0 nm, the existence
of a hydrogen bonded dimer does not seem to be reasonable, because this would
implicate a doubled length of approximately 2 nm. Therefore, a split into molecular
monomers interacting with the calcite surface is proposed, as is also suggested
by AFM results and DFT calculations of the DHBA.[236] Furthermore, for several
systems DFT calculations have suggested an interaction of the carbonyl groups with
the calcium ions wvia electrostatics, while the hydroxyl groups form hydrogen bonds
with the calcite carbonate group oxygen atoms, 114 236 259 which is used as a basic
motif here. Since the molecule length is approximately 1.0 nm, while the available
space per molecule according to the unit cell is less, a tilted upright position of
4-EBA is proposed (Fig. 7.26b). Hence, the required surface area per molecule would
decrease, so that one molecule can fit into the observed unit cell. This is in agreement
with the self-assembled motifs found by DFT calculations of similar structures like
3-BBA and DHBA.["4 2361 Moreover, this tilted upright standing position enables

m-m-interactions between the aromatic rings and the terminal alkyne groups. The
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Fig. 7.26: (a) High-resolution AFM image of the (1x1) structure with a superimposed
model of a possible 4-EBA monomer structure. The surface directions and the supercell
arc marked. The top-view structure of the 4-EBA molecules are shortened to illustrate
the tilting along the [421] direction shown in (b). (b) Possible arrangement of the 4-EBA
molecule (not shortened) in [421] and [010] direction. The scale bar applies to all images.

high-resolution AFM image shown in Fig. 7.26a includes a superimposed model
of a possible 4-EBA monomer structure. In this illustration, the top view 4-EBA
monomer is shortened in length (Fig. 7.26a) to illustrate the expected tilting along
the [421] direction as can be seen in Fig. 7.26b. In the [010] direction no or only

a slight rotation of the molecules along the z-axes is expected, in case of a small
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overlap of the hydrogen atoms. The molecular models in Fig. 7.26b are not shortened

in length.

7.3.1 Changes Induced by Annealing

Different annealing procedures were explored for on-surface reaction initiation on

calcite (Fig. 7.27). An annealing at 440 K for 1 hour leads to no significant changes

Fig. 7.27: Molecular structures formed at room temperature by 4-EBA on the (10.4) surface
of calcite (a) before and upon annealing the sample to (b) 440 K (b) and (c) 470 K for 1
hour each.

while in contrast to the before shown results of 3-EBA, annealing of 4-EBA up
to 470 K for 1 hour results in the desorption of the stripes. Therefore, a detailed
analysis of annealing temperatures below the desorption temperature was done

(Fig. 7.28). Unfortunately, no change of the self-assembled structure upon annealing

Fig. 7.28: Molecular structures formed upon annealing series to (a) 455 K, (b) 460 K and
(c) 465 K for 1 hour each.

to 455 K, 460 K or 465 K for 1 h is obtained, but a partial desorption, starting upon
annealing the sample to 460 K, is observed (Fig. 7.28b). To circumvent a desorption
before a possible linking reaction can take place, also longer annealing times at
lower temperatures was explored. First, a subsequent annealing step, after 465 K
for 1 h (Fig. 7.29a), to 390 K for 19 h was performed (Fig. 7.29b,c). Besides the
appearance of more clusters, still striped islands are visible on the surface. A zoom

on such a stripe (Fig. 7.29¢) yields the same inner pattern and the same apparent
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Fig. 7.29: (a) Structures obtained upon annealing the sample to 465 K for 1 h and after
(b,c) upon annealing to 390 K for 19 h. (c¢) Zoom in on a striped island structure yields the
same inner pattern as before any heating procedure.

height as the as deposited self-assembled structures (Fig. 7.24¢). Therefore, it is
concluded that no reaction in between the striped islands has taken place. The
obtained clusters are assigned to a mixture of linked products or/and decomposition
products. Unfortunately, no inner pattern of the clusters was obtained. Therefore,
no further interpretation of the structure of the generated species can be made. The
existence of a large number of unreacted stripes indicate that only few (if any) linking
reactions were induced by the chosen parameters. Therefore, a higher temperature

of 420 K was explored. Annealing at 420 K for 64 h does not result in the desorption

Fig. 7.30: Molecular structure upon annealing the sample with deposited 4-EBA to 420 K
for 64 h. (c) Zoom on yield the calcite (10.4) surface structure while no inner pattern in the
clusters can be obtained.

of the stripes, but in a significant change of the striped island structures. A zoom
on the irregular structures reveals no inner pattern, while the calcite (10.4) surface
structure can be identified. Hence, the missing of any resolvable structure is due
to a real feature and not caused by poor imaging conditions. Nevertheless, the
existence of a significantly transformed arrangement can be interpreted as a linking
reaction. Due to the large number of possible products (Fig. 7.1), the finding of
this kind of mixture is not very surprising. Hence, this result further indicates only
a small difference between possible reaction pathways (Fig. 7.1), which makes it
very complicated to find suitable parameters for the initiation of exclusively one

reaction channel. Therefore, no further annealing experiments were done, since the
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identification of the right annealing parameters seems very unlikely, if they exist at
all.

One possible reason for the tendency for creation of mixtures could be found in
the molecular assembly of the monomer. The proposed tilted upright position of
the 4-EBA molecules in the striped islands does not lead to a convenient overlap
of the terminal alkyne moiety. Since this overlap would be necessary for a new
bond formation, it can be assumed that a reaction in between the stripes would be
hindered. This suggestion agrees with the experimental finding that upon annealing
only the decrease of the number of stripes and the formation of clusters is found,

while the inner pattern of the remaining stripes stays unchanged.

7.3.2 Changes Induced by Irradiation

To avoid the initiation of by-products, also different irradiation procedures were
explored for on-surface reaction initiation on calcite. The full spectrum of a mercury
lamp was tested at room temperature and also only a part of the spectrum, which
was obtained by using an appropriate filter (256 + 10) nm. Upon irradiation of
4-EBA with the full mercury lamp spectrum for 15 h, a significant structural change

of the molecular islands can be observed (Fig. 7.31). The overall shape of the

Fig. 7.31: Molecular structure formed after irradiation with the full spectra of a mercury
lamp for 15 h. (a,b) Irregular shaped islands elongated in the [421] direction have formed.
(c) A zoom on an island reveals a majoritarian loss of the inner pattern, except for some
small regions, one marked with a blue rectangle, with a (1x1) superstructure as shown in
the inset. Zoom images are corrected for drift.

molecular islands has changed. The straight island contour vanished and irregularly
shaped island edges are observed instead (Fig. 7.31a,b). The island widths as well
as the number of islands have increased, indicating that formerly mobile molecules
were immobilized during irradiation. Furthermore, the regular inner structure of
the islands is mostly lost (Fig. 7.31c). Only small areas of the unchanged (1x1)
superstructure are still present, indicating remaining 4-EBA molecules and, hence,
an incomplete reaction (Fig. 7.31c). Moreover, a subsequent annealing experiment
of an irradiated sample to 505 K for 1 h was done (Fig. 7.32). To this end, a
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Fig. 7.32: Two step reaction series. (a) As deposited striped island structure of 4-EBA.
Unfortunately, the sample was measured with a double tip, leading to an apparent higher
coverage, caused by the doubling of the existing stripes. (b) Molecular structure formed
after irradiation with the full spectra of a mercury lamp for 15 h, revealing changed irregular
arrangements and remaining striped island structures, the latter is exemplary marked with
a black arrow. (¢) Irregular shaped structures upon annealing to 505 K, being 35 K higher
as the desorption temperature of the as deposited structure.

higher coverage of the as deposited precursor molecule was chosen (Fig. 7.32a).2
Again, a change of the inner island structure can be observed, next to areas of
unchanged (1x1) superstructure, which can be interpreted as unreacted molecular
precursors (Fig. 7.32b). In contrast to the annealing experiments of the as deposited
structures, the irregular features remain on the surface, while most probably only
the unreacted 4-EBA striped islands, which were still visible after irradiation (inset
b), have desorbed. This gives further evidence that the obtained irregular structures
upon irradiation are indeed linked reaction products, since a C-C coupling would lead
to a higher number of anchoring groups per molecule and, therefore, to a stronger
interaction and increased desorption barrier.

To circumvent side-products and instead favor the homocoupled reaction or acetylene
(100, 288] " an appropriate range of the lamp spectrum was used via
a filter (256 £ 10) nm. The irradiation of 4-EBA with a (256 + 10) nm filter

for 14.5 h (Fig. 7.33) leads to no change of the striped island structure, as can

polymerization

be seen by a comparison of the as deposited structures (a-c) with the irradiated
sample (d-f). Besides a significant change of the mobile species aside of the island
stripes (marked with blue arrows) can be observed (d-f). Since streaky structures
(blue circle in b) are always visible after deposition and is interpreted as mobile
4-EBA molecular precursors, the monitoring of very mobile striped structures with
lower apparent height (marked with white arrows) are mainly not or only slightly
observable. Hence, it cannot be excluded that these features are a contamination.
Nevertheless, the periodicity of the formed small striped islands is clearly revealed,
yielding 2.0 nm in the [010] direction and 0.8 nm in the [421] direction. The obtained

(4x1) superstructure may fit to the size of the homocoupled 4-EBA molecule of

2The image Fig. 7.32 was measured with a double tip, leading to an apparently higher number of
stripes, since the doubling occurs in the [010] direction.
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Fig. 7.33: Molecular structure formed at room temperature by compound 4-EBA on the
(10.4) surface of calcite before (a-c) and after (d-f) irradiation for 14.5 h with a mercury lamp
using a filter (256 + 10) nm. After deposition, (a) small stripe like structures (exemplary
marked with white arrows), (b) fuzzy features and usual striped islands (c) with (1x1)
superstructure can be found. After irradiation, single stripes and side-by-side arranged
stripes, forming small islands (marked with blue arrows) with a periodicity of 2.0 nm in
[010] direction and 0.8 nm in [421] are observed, next to unchanged as deposited 4-EBA
elongated islands. Images ¢ and f are corrected for drift.

approximately 0.4 x 1.7 nm. These results suggest a successful dimerization reaction
of the 4-EBA monomer.

7.3.3 Conclusion

In conclusion, an intensive study of the self-assembly and the induced structural
changes upon annealing and irradiation of 4-EBA on the calcite (10.4) surface was
presented. The molecular precursor forms elongated striped islands in the [421]
direction with a (1x1) inner structure. The observation of up to four elongated islands
next to each other, even for low coverages suggests a short-range attractive interaction.
Furthermore, a detailed analysis of the next-neighbour stripe distance distributions
reveals that the obtained arrangement clearly deviates from randomly placed, non-
interacting stripes. When excluding correlated growth kinetics, this deviation
provides evidence for a long-range repulsion being present during the assembly of
the stripes. Additional, a significant difference is obtained between the self-assembly
of the two structural isomers 3-EBA and 4-EBA, demonstrating the impact of the
position of the terminal alkyne group. For the initiation of a reaction, thermal and

photochemical stimulation experiments were performed. Shorter annealing times of
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1 h below 470 K did not lead to changes of the inner structure of the striped islands.
Further annealing to 460 K leads to a partial desorption and after annealing at
470 K no elongated islands of 4-EBA were observed. Therefore, similar desotption
parameter are obtained for 4-EBA and 3-EBA, i.e. 470 K for 1 h and 500 K for
1 h. Hence, similar molecule-surface interactions of both molecular species can
be assumed. Annealing the sample to 420 K for 64 h or irradiation with the full
spectrum of a mercury lamp for 15 h results in a significant change. Now unordered
structures are observed, which can be assigned to a successful linking reaction. A
subsequent annealing experiment of an irradiated sample to 505 K, which is 35 K
above the obtained desorption barrier, yields remaining unordered structures. This
further indicates that, indeed, a linking reaction has taken place, leading to a higher
number of anchor groups per molecule and, therefore, to an increased desorption
barrier. Unfortunately, well-ordered assemblies of the reaction products could not
be obtained in that case. Since terminal alkynes are known to undergo various
different reaction pathways, the revealed unordered structures are interpreted as
mixtures of reaction products. To circumvent the initiation of side-reaction, an
appropriate range of wavelengths, according to the literature was used by inserting a
filter (256 + 10) nm. However, no change of the inner (1x1) striped island structure
was revealed, but a significant change of the mobile species. Now, single stripes and
striped islands with a (4x1) superstructure can be found, which can be tentatively

ascribed to the structure of the homocoupled 4-EBA product.

7.4 4,4"-Diethynyl-[1,1":4' 1"-terphenyl]-2’,5'-
dicarboxylic Acid (DETDCA) on Calcite
(10.4)

The 4,4”-diethynyl-[1,1":4",1"-terphenyl]-2’,5'-dicarboxylic acid (DETDCA) is investi-
gated (Fig. 7.34a) on the (10.4) cleavage plane of calcite (Fig. 7.34b) using dynamic

atomic force microscopy (AFM) operated in ultrahigh vacuum (UHV). The molecule
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Fig. 7.34: (a) Model of 4,4”-diethynyl-[1,1":4’,1”-terphenyl]-2’,5'-dicarboxylic acid (DET-
DCA) molecule studied here. (b) Model of the calcite (10.4) surface with the crystallographic
axes. The surface unit cell is marked by the black rectangle. The scale bar applies to both
subsets.
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is equipped with two ethynyl groups, which are intended for on-surface homocoupling.
Additionally, the molecule is also equipped with two carboxylic acid functionalities,
which have previously proven to act as suitable anchors on the calcite (10.4) surface
and prevent the desorption at elevated temperatures. Density-functional theory
calculations have suggested an interaction of the carbonyl groups with the calcium
ions wia electrostatics, while the hydroxyl groups form hydrogen bonds with the
calcite carbonate group oxygen atoms.[11% 236] Furthermore, a detailed investigation
towards a possible deprotonation has been performed, suggesting a transition of
the hydrogen from the hydroxyl group towards the oxygen of the carbonate group

(114, 236] Two anchor groups were chosen here

under formation of a hydrogen bond.
for symmetry reasons and to also promote molecule-molecule interactions that can
be beneficial for the formation of an ordered self-assembled structure as compared
to mobile species. Our experimental results indicate that DETDCA dimerize in
the crucible when choosing a high-temperature deposition route. When following
a low-temperature deposition route, the monomers are deposited on the surface.
Upon annealing the sample after monomer deposition results in AFM images that
can be readily explained by the dimerization of the molecules on the calcite (10.4)
surface. Thus, our work provides experimental indication for extending the concept

of on-surface homocoupling of terminal alkynes to a bulk insulator surface.

7.4.1 Low-Temperature Deposition

After molecule deposition using the low-temperature deposition protocol (sublimation
temperature of about 355 K for 12-15 hours), molecular islands are found on the
surface as shown in Fig. 7.35a-c. In the low-coverage regime, these islands exhibit
fuzzy edges, which are indicative of high molecule mobility, resulting in characteristic
steaky features. A zoom onto an island in the low-coverage regime (Fig. 7.35¢) does
not reveal an inner structure. When increasing the coverage (Fig. 7.35d-f), the island
structures become more stable, which is explained by a reduced molecule mobility.
A zoom onto an island in the high-coverage regime unravels a highly ordered inner
structure (Fig. 7.35f).

To further analyze this structure, we performed a high-resolution experiment as
shown in Fig. 7.36. In this image, the (5x1) superstructure of the molecular island is
indicated by a white rectangle. We superimpose a model of the molecules to the im-
age to provide an impression of the molecular dimensions. This superimposed model
suggests that the unit cell contains one DETDCA monomer. We also provide a model
for the underlying calcite crystal to illustrate the arrangement of the monomers
on the calcite surface. We stress, however, while the dimensions and orientation
of the molecules are well defined from the experiment, the absolute position of the

molecules on the surface is unknown. In the model, we assume that the molecule

7.4
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Fig. 7.35: AFM images acquired after low-temperature deposition before annealing the
sample. Depending on the deposition protocol, low (a-c) and high (d-f) molecular coverages
can be achieved.

[oMzﬂ

Fig. 7.36: High-resolution AFM image of the (5x1) structure with a superimposed model
of a possible DETDCA monomer structure. The surface directions and the supercell are
marked.

is not flat, given that the side groups in the 2-position, namely hydrogen and car-
boxylic acid group, would overlap. To circumvent this overlap, a rotation of the
benzene rings transverse the molecular axes is expected. Hence, only one carboxylic

acid group would anchor to the surface while the second one is pointing upwards
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and perhaps forms a hydrogen bonds with the acid group of the neighboring molecule.

Next, we annealed the sample after low-coverage molecule deposition as shown in
Fig. 7.35a-c to 555 K for about one hour. The result of such an annealing experiment
is shown in Fig. 7.37. The overall appearance of the islands has remained unchanged
upon annealing, as can be seen by comparing the two overview images shown in

Fig. 7.35a and Fig. 7.37a, respectively. However, the inner structure of the islands

has changed significantly as demonstrate in the zoom image given in Fig. 7.37c.

After annealing, a stripe-like structure is observed, exhibiting somewhat irregular
stripes with a width of about 4.5 nm. This width fits in length with dimerized
DETDCA molecules that are linked via homocoupling of the terminal alkynes, as
illustrated in the inset in Fig. 7.37c. Moreover, the island edges appear well-defined
and do no longer present the fuzzy structure that was observed for the as-deposited
molecular islands. Assuming that the dimers possess a reduced diffusivity on the
surface as compared to the monomers, this observation is in line with the above

made interpretation of DETDCA dimerization.

=

‘>[o10] = 3

Fig. 7.37: AFM images acquired after low-temperature deposition and annealing the sample
to 555 K for about one hour. A model illustrating the proposed alignment of the dimers

within the stripes is given in the inset in (c).
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Fig. 7.38: Expected on-surface coupling of DETDCA.
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7.4.2 High-Temperature Deposition

We also performed deposition experiments onto a sample held at room temperature
with increased sublimation temperature (445 K) in an attempted to reduce the
long sublimation times needed for the above-mentioned low-temperature deposition
protocol. When sublimating with a sublimation temperature of 445 K for about
15 hours, molecular islands as shown in Fig. 7.39a-c are obtained. These islands
exhibit the characteristic stripe-like inner structure that was reported above for the
annealed sample obtained after the low-temperature deposition protocol. However, a
clear difference can be recognized when comparing the island structures in Fig. 7.37
(low-temperature deposition after annealing) and Fig. 7.39a-c (high-temperature
deposition without annealing). For the high-temperature deposition protocol with-
out annealing, fuzzy edges and streaky features in between the molecular islands
are observed, indicative of diffusing molecular species. These high-temperature
deposition results can be explained by the direct sublimation of DETDCA dimers,
i.e., we suggest that the high sublimation temperature induces dimerization directly
in the crucible as has been reported before for 1,4-diethynylbenzene.l®l Besides
the dimers, few monomers might be deposited simultaneously. These monomers
might diffuse in between the island, resulting in the streaky structures observed in

the images shown in Fig. 7.39a-c. Next, we examined the effect of annealing and

Fig. 7.39: AFM images acquired after high-temperature deposition before (a-c) and after
(d-f) irradiating the sample.

irradiating the structures as obtained after high-temperature deposition. We found
that both, annealing the sample to about 555 K and irradiating the sample with

a mercury lamp (wavelength 220-590 nm), resulted in the same final conditions.
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This observation agrees with previous results presented in the literature that have
demonstrate that coupling of terminal alkynes can be induced by both, annealing
or irradiation.[®?) The changes induced are illustrated in Fig. 7.39d-f, which show
a sample after irradiation for about 12 h. As can be seen, the inner structure is
largely unchanged. However, the edges appear much more well defined and the
streaky features in between the islands are vanished. This result indicates that
remaining monomers react upon annealing or irradiation, thus, the diffusing species
are removed.

To summarize, we suggest that both, annealing to 555 K and irradiating with
mercury lamp (wavelength 220-590 nm) can induce homocoupling of the terminal

alkynes. The fact that this is possible in the absence of a metal surface indicates

that electron transfer from the support surface is not required to induce the reaction.

This is in line with a recent theoretical study on coupling of terminal alkynes on
Ag(111).'*) In the latter study, it was concluded that the surface plays a central
role for the reaction in constraining the molecular movement as well as stabilizing
reaction intermediates. It is, however, not chemically active in a sense that it, e.g.,
donates electrons. For the present case, we speculate that the carboxylic acid groups
at the molecule core are crucial for anchoring the molecule to the substrate and
constrain the mobility on the surface. The limited mobility may furthermore explain
why only dimers and no trimers or larger oligomers are formed. This interpretation

is in agreement with previous observations in literature on Ag(111).[%

7.4.3 Conclusion

In conclusion, we presented an experimental AFM study investigating the structure
formation and reaction of DETDCA molecules on the (10.4) surface of the bulk
insulator calcite. When depositing the molecules following a low-temperature
deposition route, highly ordered islands are found on the surface that exhibit a (5x1)
inner structure. This structure can be readily explained by an ordered arrangement
of the DETDCA monomers. The characteristic streaky edges of these islands are
explained by diffusing monomer species. Upon annealing, these islands drastically
change their structure, as is expected when the monomers dimerize. Now, islands
with a striped inner structure are found on the surface. Interestingly, the width of the
stripes fits in size with the length of a dimer. Moreover, the fuzzy edges are vanished,
giving further evidence for an on-surface dimerization. For the high-temperature
deposition protocol, the striped islands are obtained directly, indicative of a direct
deposition of the dimers. This result can be easily explained by a dimerization in the
crucible, which has been observed before for another diyne molecule. Also here, fuzzy
edges vanish after annealing or irradiation, indicative of few remaining monomers
that are deposited during the high-temperature route. Thus, these experiments

provide evidence for a homocoupling reaction on the bulk insulator calcite.

7.4 4,4"-Diethynyl-[1,1":4" 1"-terphenyl]-2’,5’-dicarboxylic Acid (DETDCA) on Calcite (10.4)
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Summary

In conclusion, this thesis presents a detailed study of the self-assembly and on-surface
reaction of four alkyne molecules on the bulk insulator calcite in ultra-high vacuum
(UHV). Using frequency-modulated atomic force microscopy (FM-AFM), real space
imaging of molecular arrangements with atomic precision is achieved on the calcite
(10.4) surface. Molecules carrying terminal alkyne and diyne functionalities have
been investigated, since these functional entities can form conjugated structures
upon diacetylene polymerization, acetylene polymerization, linear homocoupling or
dimerization reactions.

Evidence is presented for a diacetylene polymerization using 3,3'-(1,3-butadiyne-1,4-
iyl)bisbenzoic acid (3-BBA) as the precursor molecule. A comprehensive study of
the self-assembly reveals two types of molecular islands, which are both composed
of rows running either in the [010] (majority type) or the [421] (minority type)
direction. Hence, both arrangements are perpendicular to each other. For the
majority island type, density functional theory (DFT) calculations provide insights
into the molecular arrangement, which is governed by a molecule-molecule interac-
tion wvia the aromatic rings. To initiate the reaction, thermal, photochemical and
combined stimulation experiments are performed. The success of the reaction in
case of the majority island type is directly evident from the appearance of new
row-like structures, either visible separately on the surface or in between the former
homogenous island structure. These row-like-structures exhibit the same inner
pattern compared to the as deposited self-assembled molecules, but are imaged with
a smaller apparent height. Detailed DFT computations show that the molecular
arrangement in the majority self-assembled islands is suitable for polymerization
with an energy gain of 1.2 eV per formed diacetylene monomer unit. The obtained
row-like structures excellently match the expected polymer chains in appearance and
repeat distance. Further experiments demonstrate that the mobility of the molecules
can be reduced by increasing the coverage. When the mobility is reduced, fewer
by-products are obtained, since the high coverage forces the molecules to stay in
the island structure at elevated temperatures, which appears to be favorable for the
topochemical reaction. In contrast, for the minority island type, no structural change
upon annealing or irradiation is obtained, suggesting that no reaction has taken place.
This difference in reactivity of the two arrangements can be explained by considering
the dimensions of the underlying substrate. The specific substrate directions meet
the required dimensions of the diacetylene polymerization and the final product for

the majority island, while it does not for the minority island arrangement. Therefore,
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the difference in reactivity provides evidence for a templating effect of the underlying
calcite (10.4) surface. Finally, this study demonstrates that a rational building block
design, indeed, enables the formation of conjugated molecular wire-like structures

on an insulator surface.

Besides 3-BBA, the on-surface reaction of three terminal alkynes is studied, namely
3-ethynylbenzoic acid (3-EBA), 4-ethynylbenzoic acid (4-EBA) and 4,4”-diethynyl-
[1,1":4’,1"-terphenyl]-2’ 5’-dicarboxylic acid (DETDCA). The terminal alkyne moiety
is known for providing different conjugated reaction products, depending on the
experimental conditions.

The molecular precursor 3-EBA has been chosen, since 3-BBA is its linear homocou-
pled dimer. This allows for a comparison between the 3-EBA structure after reaction
initiation and the self-assembled 3-BBA precursor. The experimental study of 3-EBA
presents the first example for an acetylene polymerization on a bulk insulator. 3-EBA
has no tendency to form ordered self-assembled arrangements but diffuses on the
surface. Upon thermal stimulation, the appearance of two types of linear stripe-like
structures suggests the successful initiation of two types of on-surface reactions. The
majority striped structure exhibits an aligned inner pattern, perpendicular to the
stripe axis, while the minority stripe is zigzag shaped. DFT computations provides
evidence that the majority stripes consist of a polyacetylene structure. Furthermore,
the calculations suggest a very small barrier for this polymerization reaction and
provide an energy gain of 1.1 eV per monomer unit. The minority striped structure
can either be assigned to a linear homocoupled dimer or to an enyne dimer. This
conclusion is based of a comparison with the as deposited 3-BBA structure. Un-
fortunately, linear homocoupled as well as enyne dimers are expected to be planar
and similar in size. Therefore, no assignment to either of the dimer structures is
possible. Additional, detailed experimental parameter variations provide evidence
that the structure formation of the resulting acetylene polymers can be influenced.
Depending on the parameters specific lengths distributions and stripe lengths can
be obtained. This study clearly demonstrates the successful transfer of the acetylene

polymerization reactions from a metal surface to the bulk insulator surface of calcite.

The structural isomer 4-EBA is investigated, having the terminal alkyne group
in the para-position, as compared to the meta position of 3-EBA. 4-EBA forms
highly ordered elongated island structures, oriented towards the [421] substrate
direction, coexisting with few diffusing monomers. The fact that up to four stripes
can be found next to each other, even for low coverages, suggests a short-range
intermolecular attraction perpendicular to the elongated island axis. Furthermore,
a detailed analysis of the stripe-to-stripe distance distribution reveals, that the
found arrangement clearly deviates from randomly placed, non-interacting stripes.
Therefore, this deviation provides unambiguous evidence for a long-range repulsion

being present during the assembly of the elongates striped-like islands. Thermal
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stimulation to 470 K for 1 hour, leads to the desorption of the molecular precursors.
Therefore, comparable desorption parameters are obtained for 4-EBA and 3-EBA
monomer precursor. This can be assumed to similar molecule-surface interactions
of both molecular species. Furthermore, an annealing with temperatures below
the desorption temperature for 1 hour results in no visible changes of the inner
structure of the elongated islands. In contrast, longer annealing below the desorption
temperature and photochemical stimulation with a broad range of wavelengths
leads to a significant change towards unordered structures, which is assigned to the
formation of a mixture of reaction products. Furthermore, a successful dimerization
reaction of the diffusing 4-EBA monomer precursors is observed upon irradiation
with a mercury lamp using an appropriate filter, while the inner structure of the
elongated islands remains unchanged. These experiments suggest that a reaction is
possible between diffusing monomers, while the arrangement in islands hinders a
reaction to take place. This study demonstrates the impact of the position of the
terminal alkyne group on the self-assembly and the reaction ability, when comparing
3-EBA and 4-EBA.

Evidence is given for a successful linear homocoupling of the terminal alkyne
molecule DETDCA on the calcite (10.4) surface. Two different deposition routes are
investigated, referred to as low-temperature and high-temperature deposition. Upon
the low-temperature deposition route, DETDCA is found to form highly ordered
island arrangements. Characteristic streaky edges at the islands were obtained,
which are explained by diffusing monomer species. When annealing the sample, a
drastic change towards islands with a striped inner structure was observed, which
matches the size of the expected dimer. Further, the fuzzy edges are vanished, giving
additional evidence for a successful on-surface homocoupling reaction. Upon the
high-temperature deposition protocol, the dimerization appears to happen already
in the crucible and dimers are deposited directly on the surface. Also here, fuzzy
edges vanish after annealing or irradiation, indicative of few remaining monomers

that are deposited during the high-temperature route.

In summary, the results of this thesis demonstrate, for the first time, that the
concept of on-surface reactions of terminal alkynes and dyines can be successfully
extended to a bulk insulator surface. Furthermore, the achieved acetylene polymer-
ization of 3-EBA and the diacetylene polymerization of 3-BBA lead to the formation
of conjugated wire-like structures, which are interesting for future application in

molecular electronics.
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Fig. 9.2: Transmission of UHV window of fused silica.
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9.2 Molecule Synthesis

The following description is adopted from the article “Diacetylene polymerization
on a bulk insulator surface” by A. Richter, V. Haapasilta, C. Venturini, R. Bech-
stein, A. Gourdon, A. Foster and A. Kiihnle and published in PCCP, 19, (2017),
15172-15176.1114

3-BBA was prepared from commercial 3-iodobenzoic acid by analogy with literature
procedures.302-304 After methylation of the carboxylic group, Sonogashira cou-
pling with trimethylsilylacetylene gave methyl 3-((trimethylsilyl)ethynyl)benzoate,
followed by deprotection by tetra-n-butylammonium fluoride to yield methyl 3-
ethynylbenzoate (64% for the two steps). Glaser coupling of the latter gave dimethyl
3,3'-(buta-1,3-diyne- 1,4-diyl)dibenzoate in 91% yield, which was then saponified
by lithium hydroxide followed by acidification to yield 3-BBA (54%). Detailed

procedures can be found elsethere.277]

Chapter 9



9.2.1 Molecule Analysis Data
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Fig. 9.8: Mass spectrum of 3-EBA

9.3 lIrradiation of 3-BBA Sample with 256 + 10 nm

Fig. 9.9: Molecular structures after irradiation with a Hg-lamp using a (256 + 10) nm filter
for approximately 12 h. (a) The overall island shape remains unchanged. (b) Zoom on
showing a few darker rows within the formerly regular island (marked with blue arrows). (c)
A further zoom reveals the mainly unchanged inner island structure, assuming that (256 +
10) nm seems not the optimum wavelength for initiating a diacetylene polymerization.

9.4 Further Investigated Molecules

The following molecules have been further investigated in this thesis, namely 3-
hydroxybenzoic acid isopropyl ester (3-HBE/PE), 3-hydroxybenzoic acid ethyl ester
(HBAEE), 2,5-diiodobenzoic acid (DIBA), 2,3,6,7-naphtalene tetra carbonitrile
(NTCN) and 6,4AN15-4ANdibromo-4-methyl-dibenzo[c,aANg]aANphenanthrene-
aAN3-carboxylic acid (Helicene). 3-HBAEE and 3-HBE{PE were investigated within
the supervision of the bachelor thesis of J. Enns. DIBA was partially investigated
within the supervision of the bachelor thesis of R. Scheid and partially within an

own project.

9.3 Irradiation of 3-BBA Sample with 256 + 10 nm
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Acronym | Tgu/°C | rsw/ ML/min
3-HBAEE 30 0.09
3-HBE/PE 30 0.12
NTCN 70 0.005
Helicene 140 0.05
DIBA 35 0.0002

Tab. 9.1: Overview about the times and temperature to achieve a reproducible submonolayer
coverage with the further investigated molecules.

9.5 Computations

The following description is adopted from the article “Diacetylene polymerization
on a bulk insulator surface” by A. Richter, V. Haapasilta, C. Venturini, R. Bech-
stein, A. Gourdon, A. Foster and A. Kiihnle and published in PCCP, 19, (2017),
15172-15176.1114 The computational results were done and are kindly provided by
V. Haapasilta of the group of A. Foster.

We performed density functional theory (DFT) calculations (T = 0 K) and molecular
dynamics (MD) simulations (T # 0 K) using the CP2K program suite.*! In all com-
putations, the PBE functionall®*®l was used together with D3 dispersion correction
scheme.97] The Gaussian Plane Wave Method%] was used to solve the electronic
structure. Core electronic states were modelled with GTH pseudopotentials®%9 and
the valence electrons were described with molecularly optimized polarized double—(
basis functions.3!% The electronic density was described with a plane wave basis

with an energy cutoff of 500 Ry. More details can be found elsewhere.[277]

9.5.1 Further Calculated Geometries
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angles. In (b) six flat gas-phase configurations of the 3,3’-(1,3-butadiyne-1,4-diyl)bisbenzoic
acid (3-BBA) are shown, with total energies with respect to the most stable one. The

energetic differences are very small. All geometries are converged better than 0.003 eV/A.

Please note that here the surface and the molecules are not in scale. Image adopted from
Ref.[277]

9.5 Computations
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Fig. 9.11: An isolated 3-BBA molecule on calcite surface with different “tilt angles”. The

adsorption energies are reported, together with heights. The energetic difference between
the flat and slightly tilted configurations is very small. Image adopted from Ref.[277]
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formation energy Eform=-2.55eV

Fig. 9.12: 3-BBA monomer (a), dimer (b) and trimer (c) on calcite surface. The formation
energies are shown, indicating small but attractive interaction between the molecules. Image
adopted from Ref.[277]

9.5 Computations
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