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Abstract

The behaviour of molecules on surfaces is key to understanding not just their fundamental
properties, but can also provide insights into reaction mechanics and rational design
principles. Using the surface as a platform for novel reactions that are beyond the scope of
solution synthesis, or to trigger conformational changes, is made possible through the
atomic “clean-room” provided by a 5 K scanning tunnelling microscope (STM) operating in
ultra-high vacuum (UHV) conditions. The tip of an STM can be used to modify and probe
molecular structures reproducibly and with a high degree of spatial resolution.

In the first part of this thesis, the self-assembly of two different molecules on Au(111) has
been explored. The first molecule, although symmetric, is shown to adsorb in large islands
with two distinct domain structures. The role of the substrate temperature and its effect
on the molecular dynamics has been studied. This evaluation has been done via both hot
deposition and post-annealing the substrate. The second molecule presented is chiral in
nature and is shown to adsorb in homo-chiral assemblies. Through sub-molecular
resolution using a functionalized STM tip, the structure has been determined and its
electronic properties investigated. For both the molecules, the viability of further covalent
structures has been discussed.

In the second part of the thesis, the focus is not just on self-assemblies, but on manipulation
of single molecules. The first case, a donor-acceptor type thiophene based molecule is
found to adsorb in two different conformations, in large islands. This molecule can be
manipulated away from the islands, and using inelastic tunnelling tip electrons, reversibly
switched between the two conformers. The second molecule, also donor-acceptor type, is
shown to adsorb in both a planar and non-planar geometry. The planarity can be tuned by
modifying the self-assembly using the STM tip.

In the third part of the thesis, the on-surface synthesis of two different long acenes is
presented. The first, an isomer of undecacene, is synthesized using the tip to trigger a
dehydrogenation reaction. By utilizing a functionalized tip and gPlus sensor for non-
contact atomic force microscopy (nc-AFM), the chemical structure for both the
intermediate and final reaction product has been unambiguously assigned. The evolution
of molecular orbitals or resonances has been explored in detail, showing an excellent
agreement between experimental results and theoretical calculations. The second
molecule shown, is the tetradecacene precursor, with the intent to generate fourteen fused
benzene rings. The molecule is found to have broken electronic conjugation. Nc-AFM and
scanning tunnelling spectroscopy (STS) have been used to correlate these electronic
hybridization defects with defects incorporated in the acene structure.



Zusammenfassung

Das Verhalten von Molekiilen auf Oberflachen ist der Schliissel zum Verstandnis nicht nur ihrer
grundlegenden Eigenschaften, sondern kann auch Einblicke in die Reaktionsmechanik und
rationale Designprinzipien liefern. Die Nutzung der Oberflache als Plattform fiir neuartige
Reaktionen, die tiber den Rahmen der Losungssynthese hinausgehen, oder zur Auslésung von
Konformationsdnderungen wird durch den atomaren "Reinraum" ermdglicht, den ein 5-K-
Rastertunnelmikroskop (STM) bietet, das im Ultrahochvakuum (UHV) arbeitet. Mit der Spitze
eines STM lassen sich molekulare Strukturen reproduzierbar und mit hoher rdumlicher
Auflésung verandern und untersuchen.

Im ersten Teil dieser Arbeit wurde die Selbstorganisation von zwei verschiedenen Molekiilen
auf Au(111) untersucht. Das erste Molekiil, obwohl symmetrisch, adsorbiert in grof3en Inseln
mit zwei unterschiedlichen Doméanenstrukturen. Die Rolle der Substrattemperatur und ihre
Auswirkungen auf die molekulare Dynamik wurden untersucht. Diese Bewertung wurde
sowohl durch Heifdabscheidung als auch durch Nachgliihen des Substrats vorgenommen. Das
zweite vorgestellte Molekil ist chiral und adsorbiert nachweislich in homo-chiralen
Assemblies. Durch submolekulare Auflésung mit einer funktionalisierten STM-Spitze wurden
die Struktur bestimmt und die elektronischen Eigenschaften untersucht. Fiir beide Molekiile
wurde die Realisierbarkeit weiterer kovalenter Strukturen diskutiert.

Im zweiten Teil der Arbeitliegt der Schwerpunkt nicht nur auf Selbstanordnungen, sondern auf
der Manipulation einzelner Molekiile. Im ersten Fall, einem Donor-Akzeptor-Molekiil auf
Thiophenbasis, wird festgestellt, dass es in zwei verschiedenen Konformationen in grofien
Inseln adsorbiert. Dieses Molekiil kann von den Inseln weg manipuliert werden und mit Hilfe
von inelastischen Tunnelelektronen reversibel zwischen den beiden Konformeren wechseln.
Das zweite Molekiil, ebenfalls vom Donor-Akzeptor-Typ, adsorbiert sowohl in einer planaren
als auch in einer nicht-planaren Geometrie. Die Planaritdt kann durch Modifizierung der
Selbstanordnung mit der STM-Spitze eingestellt werden.

Im dritten Teil der Arbeit wird die On-Surface-Synthese von zwei verschiedenen langen Acenen
vorgestellt. Das erste, ein Isomer von Undecacene, wird mit Hilfe der Spitze synthetisiert, um
eine Dehydrierungsreaktion auszuldsen. Durch den Einsatz einer funktionalisierten Spitze und
eines gPlus-Sensors fiir die beriihrungslose Rasterkraftmikroskopie (nc-AFM) konnte die
chemische Struktur sowohl fiir das Zwischen- als auch fiir das Endprodukt der Reaktion
eindeutig bestimmt werden. Die Entwicklung von Molekilorbitalen oder Resonanzen wurde
im Detail untersucht, wobei sich eine hervorragende Ubereinstimmung zwischen
experimentellen Ergebnissen und theoretischen Berechnungen ergab. Das zweite gezeigte
Molekiil ist der Tetradecacene-Vorlaufer, mit dem vierzehn kondensierte Benzolringe erzeugt
werden sollen. Das Molekiil weist eine gebrochene elektronische Konjugation auf. Nc-AFM und
Scanning-Tunneling-Spektroskopie (STS) wurden eingesetzt, um diese elektronischen
Hybridisierungsdefekte mit Defekten in der Acenestruktur zu korrelieren.
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excellent agreement with the experimental STM image. This proves conclusively that the
aforementioned geometries are indeed correct. In conclusion, the two observed
conformations of TTPQ on the Au(111) surface are due to the very slight rotation of two
adjacent bromothiophene groups. ......cccvviiiiiiiiiiiiiiiiiii 85
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images (V = 0.5V and | = 20 pA) , with (d) having all Br intact. (f)-(i) corresponding dI/dV
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1 Introduction

The invention of the Scanning Tunnelling Microscope (STM) in 1981 [1] was a
watershed moment in the field of experimental physics. It opened up a new world - the
atomic world. Following closely on its footsteps, the Atomic Force Microscope (AFM)
which was invented in 1986 [2], pushed the envelope further in images of chemical
structures, so much so, that mere decades later, the resolution has allowed us to record
organic molecules with such precision, that we can safely conclude that the chemical
drawings from high school textbooks are indeed correct.

With the best known example of using a quantum phenomenon in a real world device,
the STM, rather Scanning Probe Microscopy (SPM) has become the state of the art
technique to not only spatially resolve atomic and molecular structures but also probe
them electronically, study their response to electric [3] and also photonic impulses [4]
and using these to induce conformational changes [5, 6], triggering reactions that our
colleagues in chemistry had abandoned hope for, via on-surface synthesis [7, 8],
developing nanomachines likes gears, motors, cars [9], and even detecting spin
resonance [10]. Perhaps even Richard Feynman himself could not have imagined quite
how much room there was at the bottom.

Scientists from very different fields have been able to come together to design
experiments that were thought impossible, like detect a single tautomerization event
of a molecule [11], create optoelectronic and electronic devices, with the possibility of
one day scaling up [12]. These are only two examples from a veritable minefield, but
this is to show that SPM is invaluable for both fundamental and applied sciences.
Indeed, much like the feedback loop used constant current measurement (Chapter 2),
fundamental research must always feed into applied and vice versa.

Given the powerful tools at our disposal (Chapters 3 and 4), one can make good use of
them to study molecules, and understand why they do what they do, when they
arrange themselves in a certain natural way on surfaces (Chapter 5). This study of self-
assembly holds within itself a plethora of information about molecular and surficial
attributes and can be used to generate further reaction steps [13] or even tweak the
structure of the molecule itself, by changing the self-assembly [14]. A more passive
example, it was recently found that the inherent magnetic properties of a lead-
containing molecule can change, depending on its particular self-assembly [15].

This thesis combines many of these ideas; of tuning self-assembly with the goal

inducing conformational change, exploiting intramolecular interactions to turn a
molecule into a reversible switch, try and synthesize in 5K molecules that were
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impossible via conventional techniques and also take a closer look at why certain
molecules will be less successful in creating complex frameworks, even with all the
best intent.

This thesis is organized as follows:

Chapter 6 presents two molecules that were intended for the aforementioned complex
chemical structures but were prevaricated from doing so, in part due to their self-
assembly and in part due to their inherent properties.

Chapter 7 looks at the successful manipulation of molecules within self-assemblies, in
the first case, to modify intermolecular interactions to induce intramolecular change
of a thianthrene based molecule. In the second case, using yet again manipulation
techniques to promote reversible switching of a thiophene based molecule.

Chapter 8 is dedicated to the on-surface synthesis of long acenes and acene-analogue,
where both the successful tip-induced synthesis of an undecacene isomer and the
attempted synthesis of a 14-ring or tetradecacene has been presented.

In short, the experiments presented in this thesis, use both the high-resolution imaging
and electronic investigation available to us in a low-temperature STM (LT-STM) as
shown in Chapter 6 and also the tip-based manipulation techniques (Chapter 3) to
induce structural changes (Chapter 7) and create completely new species of molecules
(Chapter 8).

An overview of the physics of SPM techniques (Chapter 2), and our in-house systems
and resources has also been presented in Chapter 4.

Finally, a summary of all the experimental work discussed in the thesis and an outlook
has been provided in Chapter 9.
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Chapter 6

Chapter

Figure 1. Outline of this thesis.
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2 Scanning Probe Microscopy

This chapter is an introduction to scanning probe microscopy and presents the
working principles of Scanning Tunnelling Microscopes (STM) and Non-contact
Atomic Force Microscopy (AFM). The different measurement modes are presented
along with an explanation on Scanning Tunnelling Spectroscopy (STS).

2.1 Introduction

“All approaches at a higher level are suspect until confirmed at the molecular level”, so
declared Francis Crick in his book, What Mad Pursuit, in 1988 [16].

Thanks to the 1981 invention of the STM by G. Binnig, H. Rohrer, E. Weibel and C.
Gerber at IBM in Zurich, Switzerland [17], we are able to not only go to the molecular
level, but also atomic [1]. G. Binnig and H. Rohrer earned a well-deserved Nobel Prize
in Physics for this invention in 1986, and for the last forty-odd years, STM has become
the state-of-the-art technique in not just physics, but biology, chemistry, material
science and engineering. In 1990, by demonstrating in 4K that single atoms could be
manipulated with great precision, Eigler et.al [18], opened the floodgates to a plethora
of possibilities in surface science. This scanning probe technique utilizes the quantum
phenomenon called the tunnel effect or tunnelling.

2.2 Principle of operation

With the advent of quantum physics in the early 20t century, the principle of
tunnelling has been around much longer than its realization as an experimental
technique. It can be understood graphically, as illustrated in Figure 2. It shows a model
of tunnelling in a 1D finite barrier. Were it Newtonian Physics, the electron, shown as
a yellow ball would not be able to overcome and pass through the barrier, shown as a
grey rectangle. But since an electron is considered a quantum particle, manifesting
wavelike properties as elucidated by de Broglie [19], if it travels from Region I to
Region 1], there is a non-zero probability that it can cross the barrier (Region II). This
probability, called the transmission probability, decreases exponentially within this
finite barrier. This effect is called the tunnel effect.
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Figure 2. The tunnel effect. An electron shown in yellow is tunnelling through a 1D finite barrier (shown
in grey).

Now to understand how this quantum phenomenon can be used in an instrument like
the STM, a simple model is presented in Figure 3. The electrons travelling from the tip
can be considered region I, the vacuum barrier between the tip and sample is region Il
and the sample itself is region IIl. The potential energy is dependent on the work
functions of both tip and sample, designated as ®r and ®s, respectively. When no bias
is applied, a situation as illustrated in Figure 3a occurs. However, upon applying a low
positive bias, a small current will be generated between the tip and the sample, which
we can consider as two electrodes, which can overcome the barrier, as shown in Figure
3b. If we switch the polarity of the applied bias, the direction of the flow of current will
also change, as shown in Figure 3c.

Tip Sample Tip Sample Tip Sample

Figure 3: Potential energy diagrams of tip-sample tunnelling in an STM. (a) No applied bias to the sample.
(b) Low positive bias applied on the sample, thereby lowering its Fermi energy. The tunnelling proceeds
from occupied tip states to unoccupied sample states. (c) Low negative bias applied to the sample. This
causes an increase of the Fermi energy and now tunnelling proceeds from occupied sample states to
unoccupied tip states.
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The probability of an electron travelling from region I to region IlI, i.e., tip to sample,
also known as the transmission coefficient, can be determined by solving a time-
dependent Schrodinger equation [20, 21].

This coefficient can be directly expressed as the tunnelling current as a first
approximation, and therefore, can be written as shown in the equation below.

!

2
[ < e 2kd yithk = Thne (2.1)

Where, m. is the mass of an electron, ¢ is the average work function of the two
electrodes (tip and sample), and h is the reduced Planck constant.

The reason for the atomic resolution afforded by an STM is also contained in this
equation, since there is an exponential dependence of the current on the distance d.
This means that small changes in the tip-sample distance, translates as substantial
change in the tunnelling current. In real space, this is the reason for change in contrast
even at sub-nanometre regimes.

To make the expression for tunnelling current more formal, we turn to ]. Bardeen [22],
who developed his theory using perturbation and the “golden rule No.2” [23]. This
formalism was used later by Tersoff and Hamann as well [24]. Bardeen obtained the
following equation:

4me

0
I = T IM|%p.(e)ps(e + eV)(f(€) — fe + eV))de (2.2)
—-ev

Where, p: and psare the densities of state (DOS) of the tip and sample respectively, fis
the Fermi distribution and M is the tunneling matrix.

We can simplify this equation by assuming that M reflects the probability of an electron
to travel from region I to region III, or tip to sample. This is why an approximation of
M as an exponential function as shown in Eq. 2.1 is valid.

As STM tip is a clean, atomically sharp metal tip, which means that its DOS is
considered flat around the Fermi energy as is constant. Therefore, Eq. 2.2 can be
reduced as:

4me

0
1= ——ep,0) | py(e+ eV)(f(e) — f(e +eV))de (2.3)
—eV
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A very important revelation of Eq. 2.3 is that the current is not only exponentially
dependent on the tip-sample distance, but also on the integral of the DOS of the sample.
Atlow temperatures, the Fermi function shows a very sharp cutoff at the Fermi energy,
and this is the energy window that the electrons can use to tunnel to unoccupied
sample states from occupied tip states as shown earlier in Figure 3.

2.3 The STM as an instrument

Taking all of the theoretical considerations into play, we arrive at the standard STM
instrument. After bringing the tip close to the sample, a distance of some Angstroms
and applying a voltage, a current in the range 1 pA- 10 nA can be detected. Due to the
exponential dependence of current and tip-sample distance (shown in Eq. 2.1), even
topographic irregularities or as we call it, features in the sub-nanometre range will
build a contrast in an STM image. We also know from Eq. 2.3 that the current also
depends on the DOS of the sample. This means that we have access to two different
modes of operation.

2.3.1 Constant current mode

This is the usual mode of scanning (going line-by-line) a sample, where a feedback loop
is employed to maintain a constant current. This means, we will have a change in the
tip height over the sample, or tip-distance change is the observable we get. This has
been illustrated in Figure 4a. This movement of the tip is controlled by a piezo-
actuator.

2.3.2 Constant height mode

In this mode, there is no need for the feedback loop, since the tip-sample distance
remains constant. This has been illustrated in Figure 4b. This measurement mode
requires caution, since it is very easy to crash into the sample, or any adsorbate
therein. The signal or observable we derive from this mode is the change in current.
The most common use of this is for high-resolution images with a CO-functionalized
tip to resolve intramolecular structures [25]. This will be discussed in the next chapter.
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Figure 4. Schematic representation of the measurement modes of an STM (a) constant current mode and
(b) constant height mode. (a) In constant current mode, the tip will move up or down to maintain the
current set as shown by the squiggly yellow line. (b) In constant height mode, the tip will be maintained
at a constant height over the sample, as shown by the straight yellow line.

2.4 Scanning tunnelling spectroscopy

Since we have established that an STM tip is also sensitive to the DOS of the sample,
we can use STS to record and identify resonant states of a molecule or molecular
system. To do this, we first record the differential conductance, i.e., the first derivative
of the current I with respect to voltage [21], which is:

dl 4re 0 af
yiAn —Te‘z"dpt(O) ps(e + eV)gde (2.4)
—-eV

The differential conductance therefore, depends on the local densities of states (LDOS)
of the sample and tip.

This was the theoretical principle of STS, to achieve it experimentally, the following is
done. The tip is positioned over a feature of interest with a certain tip-sample distance
in constant height mode, which means without the feedback loop active. The bias is
then ramped up from a negative to positive value in a fixed range. This records the [/V
characteristics, but to obtain the first derivative, a lock-in detector must be employed.
Alock-in amplifier is used to provide an additional sinusoidal wave (Vmod), to modulate
the bias that we apply (V). This has a certain frequency, w. The tunnelling current can
also be written as an extension of the Taylor series around V, as :

dl (Vo) d?1(Vo)

(V) =1(Vp) + vaod + dv?

V2,4 Sin?(wt) + -+ (2.5)

The second term in Eq. 2.5 describes the current modulation with w, while all higher
terms have a short periodicity. This implies that the lock-in amplifier is essentially
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functioning as a band-pass filter for the frequency we set, and the first term describes
merely the current we measure of the unmodified signal. Since the current is
proportional to the dI/dV, this technique can detect it as a direct observable.

This spectroscopic data where we can obtain and identify molecular resonances can
then also be mapped spatially with dI/dV mapping or conductance mapping. In this
case, one can image an area of interest, at certain energy values which indicate the
position of resonances to see the distribution of said resonances. In this way, we can
get not only information about the topography of a feature, but also its electronic
characteristics.

The usual procedure for performing STS, as has also been presented in this thesis is as
follows. The tip is positioned over the target molecule and the feedback loop opened.
The voltage is then ramped between +/- 2.5 V. It is important to first do this over the
bare metal, in this case Au(111) surface, and check for the characteristic surface states,
to ensure the metallicity of the tip.

For our experiments, all spectroscopy measurements were conducted in constant
height mode, while dI/dV maps were obtained in constant current mode. Spectra and
maps were measured using lock-in detection with a modulation frequency of 833 Hz
and a modulation amplitude of 40 mV. Only those tips showing the Au(111) surface
state were used for spectroscopy measurements on the molecules.

2.5 Non-contact Atomic Force Microscopy with a qPlus sensor

Atomic force microscopy (AFM) followed quickly in the footsteps of the invention of
STM, since people wanted to image and probe non-conductive surfaces as well [2].
AFM, like STM also contains a sharp tip acting as a probe. But unlike the STM tip which
works with the principle of tunnelling electrons, thereby necessitating a conductive
surface, the AFM tip, which is mounted on a flexible cantilever, reacts to forces
between the tip and the sample, and the cantilever deforms or deflects as it scans over
the sample. These deflections can be detected and a topographic picture of the sample
thus generated.

The origin of these deflections can be understood with the Lennard-Jones potential
[26], which is a model describing the intermolecular interactions. Figure 5 shows the
most this potential as a graph. € denotes the well depth and is indicative of how
strongly two interacting particles can attract each other. o is the distance where the
potential between the participating particles is zero [27].
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Figure 5: Lennard Jones potential

Simply put, interacting particles (atoms, molecules, nanoparticles etc.), will repel each
other at close distances and conversely, attract each other at larger distances. In the
former case, due to the very small tip sample distance, also called contact mode, the
electronic orbitals overlap, giving rise to exchange interactions.

The latter case, i.e., attractive regime is mediated via weak van der Waals (vdW) forces
and causes polarization interactions between tip and sample. This is also called the
non-contact mode and will be the focus of this section.

2.5.1 qPlus Sensor

In classical AFM, the tip is a cantilever, which oscillates near its resonant frequency
and vdW forces between the tip and sample cause changes in amplitude and oscillation
phase. This is the non-contact mode as mentioned previously. However, with this
technique, only pure AFM can be performed. To be able to combine STM and AFM, was
realized by Franz Giessbl, with his invention of a gPlus sensor [28], a simplified
schematic of which is shown in Figure 6. Instead of a deflecting cantilever, a metallic
tip is contacted directly to a quartz sensor in the form of a tuning fork. Unlike the
cantilever design, where the force-sensing or deflection was detected via optical
methods, the qPlus sensor utilizes the natural piezoelectricity of quartz, and is
therefore, self-sensing [29]. Compared to a normal quartz tuning fork, such as the ones
used in watches, which have two oscillating tines, the qPlus sensor has only one tine
that oscillates, while the other is immobilized. Due to this incorporation of a quartz
tuning fork, which is much stiffer than the normal deflecting cantilever used in
standard AFM, the gPlus sensor is more sensitive to weak or smaller forces, making it
very suitable for measurements in the atomic regime. Therefore, as a direct benefit of
this increased sensitivity, even better spatial resolution of atomic and molecular
structures is now possible.
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Figure 6: Schematic of a qPlus sensor with metallic tip. S denotes the electrodes to the quartz, while I
denotes the tip contact.

Time, and its inverse, frequency are one of the physical observables that can be
measured with greatest precision [30]. Therefore, the use of frequency modulation in
AFM (FM-AFM) emerged as the preferred mode of operation. The gPlus sensor also
detects forces by recording the changes in the eigen or resonance frequency and
oscillation amplitude. To do this, first the resonant frequency of the sensor has to be
determined, since the change in frequency will be around this resonance. The qPlus
sensor properties as used in our lab have been shown in Figure 7. The resonant
frequency is around 27 kHz, with a very high quality factor (Q factor) of 30k. This is a
measure of the damping of the oscillation, a high value indicating low energy loss and
sharp resonance [31].
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Figure 7: qPlus sensor characteristics.

26



The resonant frequency is given by:

1k
fo=2z Im (2.6)

Where m is the mass of the cantilever, and k its spring constant. In the case of the qPlus
sensors, the cantilever can be approximated as a rectangular beam [29], and therefore
the fundamental eigenfrequency or resonance frequency can be written as Eq 2.7
instead [32]:

h
fo= 0.162.EUS (2.7)

Where, L is the length of the beam, height is h and vis the speed of sound in quartz.

Therefore, the interaction force between tip and sample can be expressed as Eq. 2.8
[33]:

Af = ——(=) (2.8)

oF, . . , .
Where, (a—z) is the averaged gradient of the interaction force.

The stiffness of the tuning fork is also quite high, 1800 N/m, which is responsible for
the high Q factor. This is allows for the detection of small forces, causing the very high
resolution that we can achieve with this technique. Additionally, quartz sensors
provide stable oscillations, reducing thermal drift, a critical parameter in low
temperature measurements.
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3 Manipulation techniques

3.1 Introduction

Often it becomes necessary to isolate molecules from their adsorption positions via
tip-based techniques as has been the case presented in Chapter 6 and Chapter 7. For
example, in Chapter 6, we report the case of a non-planar molecule, that adsorbed in
two kinds of planarity, depending solely on the architecture of its self-assembly.

Furthermore, we demonstrated that by tuning the self-assembly through tip-based
manipulations, we were able to tune the planarity of the molecule itself. This molecular
transformation through intermolecular interactions has been explored in the first part
of Chapter 6.

Tip-based manipulations have also proved efficient in inducing intramolecular
transformations in a not only isolated molecules, but also on a large number of
molecules within an island, and continues to be of interest in this field of research [6,
34-36]. The second molecule presented in Chapter 6 is an example of such an
intramolecular conversion from one form to another, induced reversibly through tip
electrons.

This chapter will therefore introduce the ways in which manipulation of atoms or
molecules can be undertaken in our LT-STM.

3.2 Modes of manipulation

Broadly speaking, we can divide the manipulations into two categories: lateral and
vertical. The former is mediated by atomic forces, like vdW, while vertical
manipulation can be undertaken through inelastic tunnelling electrons or the electric
field effect. Both manipulation modes have been elaborated in the upcoming sections.

3.3 Lateral manipulation

Lateral manipulation is used to move molecules or atoms by almost pulling or pushing
them [37]. The tip is brought close to the surface, less than 5 A, and then moved laterally.
This is a multistep process, where the tip (i) approaches the target vertically, with a low
bias, (ii) is driven across the sample over the target with a set trajectory, (iii) then retracted
to normal scanning position. In constant current mode, which is the mode used for all
lateral manipulation in this thesis, the bias is around 1 mV - 10 mV and current around 1
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nA, which results in a high tunnelling resistance of 1 M(Q - 10 M{). This technique was
first used by D. M. Eigler and E. K. Schweizer from IBM in California, to position
individual Xeon (Xe) atoms on a Nickel(110) surface and write “IBM” [18]. Since then,
this technique has been used to induce and probe conformational changes in
molecules, and is very important in the field of molecular machines [9].

3.4 Manipulation induced by inelastic tunnelling electrons

In this type of manipulation, the tip is positioned over the target at a fixed point and a
bias applied to it, without moving it laterally. This has been used since the 1990s, the
first demonstration being the construction of quantum corrals [3].

In the elastic tunnelling regime, the energy of an electron is conserved. But when an
electron undergoes inelastic tunnelling, it can lose part of its energy, which could then
be transferred to the sample or molecule, exciting vibrational modes [38]. This can
then be converted to movement, either translational or rotational. This is a crucial
technique for understanding the mechanical behaviour of molecules, and its
propensity towards different kinds of motion or switching [39] [40] [5]. In fact, in the
International Nanocar Races [41-43], that our group participated in, the driving
mechanism was through vertical manipulation techniques.

Additional to exciting vibrational modes, tunnelling electrons can also tunnel into
resonances, in which case, the target will undergo an electronic transition into an
excited state. During the subsequent relaxation, it has the possibility to move into
another lattice site, something that is called lattice hopping. Typically, bias required to
generate movement by exciting vibrational the modes is lower than the one through
electronic transitions [39, 40, 44, 45].

3.5 Manipulation induced by electric field

It is important to remember, that when a bias voltage is applied to the tip, which can
be thought of an electrode, a static electric field is generated between it and the sample
surface, which is another electrode. The tip-sample distance will dictate the strength
of this electrostatic field, but it is usually in the order of 107 V/cm. This means that for
certain molecules, for example with a dipole moment or large charge separation, For
molecules having a large intramolecular charge separation or dipole moment, they can
be excited and moved controllably on the surface by using electric field [46]. This is a
polarity dependent effect, and the effect of directional motion in such locally generated
electric fields is still a matter of on-going research [47] [48].
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3.6 Tip functionalization

A common lament of an STM operator is often that while performing tip manipulations,
the target is lost because the tip picks it up. But when done intentionally to pick up a
carbon monoxide (CO) molecule, it can serve to enhance the resolution of the STM
image not only topographically, but also to better resolve molecular orbitals [25, 49].
Moreover, by terminating a qPlus tip apex with a CO molecule, researchers were able
to resolve the internal structure and bond order of organic molecules in gPlus nc-AFM
imaging [50, 51]. This process is called CO tip functionalization.

The reason for this increased resolution is the difference between the usual tip state,
which is s-wave, vs. the functionalized tip state, which is p-wave. With a metallic s-
wave tip, the STM images will resemble the LDOS, given by the modulus squared of the
sample wave functions at the Fermi energy [24]. However, upon functionalizing it with
CO, the tip state changes to p-wave [52], which show the spatial derivatives of the
sample wave functions [32].

After a sample has been prepared with molecules, the CO is dosed in the chamber
through a leak valve, upto a certain pressure value, usually, 10-8 mbar. The sample is
then cooled to 5K, and scanned to detect CO molecules. The CO molecule can be picked
up by vertically approaching it with a bias of -1.8 V to -2 V, and retracting the tip
quickly. If successful, the CO attaches at the tip apex electrostatically via the carbon
atom.

There have been experiments with a variety of tip functionalization, for example with
hydrogen [53] and deuterium [54], Xenon atoms and CH4 molecules [55], but CO
terminated tips are by far the most popular and have been used for all tip-
functionalization operations in this thesis.
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4 Single Molecules Machines
Lab

Our lab is called the Single Molecules Machines Lab (SMM), and this chapter will be a
brief introduction to the LT-STMs, substrates and other resources available to us.

4.1 The systems

The lab is now equipped with two custom-built LT-STMs, operating at 5K and UHV
conditions. Both have been manufactured by (CreaTec Fischer & Co. GmbH,
Industriestr. 9, 74391 Erligheim, Germany). Both of these systems have been used for
the experiments presented in this thesis.

4.1.1 Ultra-high vacuum systems

All experiments have been carried out in UHV conditions, with a base pressure of about
1 x 10-10 mbar. A cascading series of pumps in different sections of the system enables
one to go from ambient conditions to UHV. Figure 8 shows the setup of both the STMs
which are almost identical. The older STM is called STM A and is shown in Figure 8a,
while the newer STM is called STM B and is shown in Figure 8b. To bring a sample or
tip into the system, one must access the load-lock highlighted by the red box in Figure
8 . This can be vented with dry nitrogen, and conversely pumped first with a rough
pump or pre-pump pump (~1 x 10-2 mbar), and then, with the turbo molecular pump
(~1 x 108 mbar).

Once the vacuum has reached this value, which is in the high vacuum regime, the
sample can be introduced in the preparation chamber, shown in yellow. This chamber
is pumped by an ion getter pump (IGP), which in combination with a titanium
sublimation pump (TSP), can reach an ultra-high vacuum of 1 x 10-19 to 10-11 mbar. All
sample preparation operations like cleaning the substrates, and deposition of
molecules, are carried out in this chamber.

Finally, when we are ready to scan the sample, it is introduced into the STM or
cryogenic chamber, shown in green. This chamber is also pumped via an IGP, and
cooled to 5K via a nested cryo setup, where the outer cryo is cooled to 77 K with liquid
nitrogen (LN2) and the inner cryo cooled to 5 K via liquid Helium (LHe).
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Figure 8. LT-STM setups. (a) Photograph of the vacuum setup in STM A. (b) Setup of STM B. The red box
is the first port of entry, called the load-lock. The yellow is the next stage in the vacuum chamber, called
the preparation chamber. The green is the cryogenic or STM chamber.

Each of these chambers is separated via gate valves, which can be closed to separate
them from each other. The load-lock is equipped with a lamp for degassing anything
that needs to be introduced into the prep chamber. To transfer, a transfer rod is
provided that can move into the prep chamber.

To move samples or tips from the prep to the STM in STM A, a manipulator is provided
that has degrees of motion in all directions (X, y, z, ®). There are specific positions at
which a sample has to be placed for cleaning and depositing of molecules, which can
also be accessed via the manipulator. The manipulator is used to anneal the samples
as well, through the electrical feedthrough at the head.

In STM B, the sample is transferred into the cryo chamber in the scanning position,
from the manipulator, via a wobble stick. The sample holder itself is quite different,
along with the manipulator, as will be discussed in the upcoming sections.

4.1.2 Preparation chamber

The preparation chamber is equipped with several other components along with the
manipulator: a sputter gun, a Knudsen cell molecular evaporator with four slots, a
metal evaporator with one evaporant rod, and a storage rack where multiple samples
and sample holders, tips, and tip transfer tools can be housed. The storage also has a
lamp to anneal the tip apexes via electron bombardment, if so desired. The preparation
chamber also has a quartz microbalance to determine the rate of molecular deposition
and therefore coverage on our sample. Its sensitivity in the range of £0.1 Hz and is
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driven to oscillate at about 6 MHz. A mass spectrometer is also housed in the chamber
for analysis of residual gases, contaminations or to perform leak tests. In STM B, the
storage is in the form of a vertically mounted carousel in the STM chamber.

4.1.3 STM Chamber

Achieving a temperature of 5 K is made possible by a two-stage cryostat coupled to the
STM. The outer cryostat, with a 14-liter capacity, is filled with liquid nitrogen (LN32),
while the inner cryostat, which holds 4 liters, is filled with liquid helium (LHe). With a
typical LHe consumption rate of 100 mL per hour, the system can maintain cooling for
approximately 80 hours before a refill is needed. To isolate the 5 K-cooled STM from
the room temperature environment during sample transfers, a shutter can be opened.
The STM's electrical cabling runs through the cryostat.

During operation, the STM scanner is suspended by three springs, providing significant
mechanical vibrational damping. The scanner's position for transfer is controlled by a
push-pull mechanism, since it requires mechanical restriction. To minimize
mechanical noise from the surrounding environment, the entire setup is supported by
four pneumatic feet, and the STM scanner is stabilized using an eddy current damping
system. This vibration isolation is crucial for achieving a vertical resolution of 0.01 pm
in STM, with the stability of the tip-sample spacing maintained at 0.001 pm [56] .

4.1.4 STM scanners

Before 2021, the STM was fitted with the Besocke Beetle-type [57, 58] design as the
STM head, shown in Figure 9a.

However, at the end of 2021, the slider in STM A was upgraded to a Pan-slider type
scanner [59], as shown in Figure 9b, and STM B also has this same scanner type.

Figure 9c is an exploded schematic representation of how the old Besocke-type

scanner worked. This used a stick-slip motion, where the coarse approach was
achieved via a serrated circular ramp, which was divided into three segments.
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Figure 9: Different scanner type comparison. (a) Photograph of Besocke-type STM scanner. (b)
Photograph of the currently installed PAN Type STM scanner without housing. (c) Exploded schematic of
Besocke-type. (1) Ramp. (2) Inner piezo. (3) Sapphire balls. (4) Outer piezo. (5) U-block. (6) Tip. (7)
sample.(d) Exploded schematic of a PAN-slider. (1) Body/housing. (2) Shear piezo stacks on both sides of
the (3) sapphire prism. (4) Scanner tube (5) Metal tip, either Tungsten (W) or Platinum/Iridium (Pt/Ir).
(6) Sample.

The new Pan-type scanner is constructed differently. In the z-direction, i.e., vertical
direction, the sapphire prism is attached with shear piezo stacks, responsible for the
coarse motion. The prism also has the scan tube, which also houses the tube scanner.
The linear stick-slip motion of the PAN type is superior to that of the Besocke-type,
which used rotary motion for the coarse approach. This has the disadvantage of
inducing unintentional lateral shifts, thus making z-motion and re-approaching the
same area unreliable.
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4.2 Substrates

Unless otherwise stated, a single Au(111) crystal was used in all experiments. The
main difference between STM A and STM B is the sample holder type, as can be seen
in Figure 11. The STM A sample holder (Figure 10a) is much more complex and houses
all connections to heat and readout the temperature of the sample. Since it is bulkier,
cooling down from room-temperature (RT) to 5 K, takes about 3-4 hours. On the other
hand, the STM B sample holder, houses just the sample and is much lighter, therefore
we can reach 5 Kin around 40 minutes.

Figure 10. Photograph of a sample holder for (a) STM A and (b) STM B. (a) 1: Contact plate for
thermocouple and heater connections. 2: Grooves for grabbing with the manipulator. 3: Thermocouple. 4:
Connection cables for heater and thermocouple. 5: Oven. 6: Sample crystal Au(111). (b) 1: Sample.

Unlike in STM A, where the sample is connected with heater cables and thermocouples
for annealing, the STM B manipulator has various slots in which we can install the
samples, to anneal them.

In order to obtain an atomically flat and clean surface, multiple round of Argon (Ar+)
sputtering and subsequent annealing cycles have to be performed. Depending on the
surface and level of contamination, the parameters of the sputter-anneal cycles can
vary. As mentioned earlier, all cleaning operations are carried out in the preparation
chamber. The sample (Au(111) in the present case) is positioned in front of the sputter
gun at 45¢. Ar gas is introduced in the chamber, which the sputter gun ionizes (Ar+ions;
applied power at 0.5 keV for STM A and 2.5 keV for STM B) at a pressure of 2.5 x 105
mbar, and sputtering is done for 15-30 minutes, in order to bombard away the
topmost layers of the Au(111) crystal. Annealing the sample for 20-30 minutes at
4500C reconstructs the Au(111) surface. In the standard procedure, three cycles are
usually done to obtain an atomic-flat Au(111) surface. In STM A, after the cleaning
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procedure, the sample holder is cooled by LN, (through the manipulator) before
transferring it inside the cryostat. This is not done in STM B.

A
2N

Elbow/Kink

Step edge

Figure 11. STM topography (40 nm x 40 nm) of Au(111) showing a step edge. Herringbone reconstruction
(can be clearly observed, where the face-centered cubic (fcc) and hexagonal close packing (hcp) domains
are separated by the soliton walls and the ridged structures are formed, including the classic elbows or
kinks. STM image was taken under I = 50 pA and V = 0.5 V in constant current mode.

Figure 11 presents an STM image of an atomically clean Au(111) surface. The Au(111)
surface is notable for having an additional gold atom in its topmost layer unit cell (23
atoms instead of the usual 22). This phenomenon can be understood through a two-
step process [60]:

(1) The top layer compacts into a 22 x V'3 stripe pattern by adding an extra Au atom
into an <1-10> atomic chain every 22 lattice constants. This insertion creates an
apparent height difference of 0.22 A as observed in the STM topography.

(2) The formation of this stripe pattern relieves the strain in the topmost layer along
the <1-10> direction. Consequently, a herringbone reconstruction, characterized by a
periodic length of approximately 30 nm, becomes visible. This reconstruction features
face-centred cubic (fcc) and hexagonal close-packed (hcp) domains separated by
soliton walls, forming ridged structures. The fcc domains are broader than the hcp
domains. Additionally, dislocations occur at the elbows of the herringbone pattern
during reconstruction, which serve as favourable adsorption sites for molecules.

Additionally, the Au(111) surface also has monoatomic step edges, as shown in the
figure.
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4.3 Imaging

In our experiments, unless stated, a vast majority of STM images have been obtained
in the constant current mode, which is with the feedback loop active, and the bias
voltage (V) applied to the sample. The tip isa W tip in STM A and a Pt/Ir tip in STM B,
the qPlus sensor is also equipped with a Pt/Ir tip. Typical tunnelling current set points
are in the range of 5 pA to a few hundred pA, amplified by a low-noise preamplifier by
a factor of 102 V/A. For specific scanning purposes e.g., atomic resolution with a CO-
functionalized tip or nc-AFM, constant height mode (feedback off) has been used.

An atomically-sharp tip with only one atom at the apex is key in order to obtain good
STM images. This is usually achieved by gently crashing the tip inside the metallic
surface (through vertical manipulation) until the usual features on the surface like step
edges or adatoms are clearly resolved.

4.4 STM image processing and data analysis

Along with the commercial Createc STMAFM software that comes with the instrument,
image analysis and post-processing of raw data have been done by Gwyddion [61].
This includes generally the following: resizing or cropping, filtering for noise reduction
or certain post-processing choices like Laplace filter for nc-AFM images. The images
are also tuned for contrast and colour maps. Line profiles can also be obtained in this
software from the STM topographies. Numerical data has been processed, analysed,
and plotted where necessary, using Originlab (OriginLab Corporation, One
Roundhouse Plaza, Suite 303, Northampton, MA 01060, USA.).
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5 Self-assembly and on-
surface reactions

This chapter presents the fundamental principles behind the self-assembly of organic
molecules on surfaces, how it can be used as a cornerstone for bottom-up syntheses of
complex nanostructures. An overview of on-surface reactions is provided, with special
emphasis laid on unimolecular reactions.

5.1 Fundamentals of self-assembly

Simply put, self-assembly is the spontaneous organization of molecules into ordered
structures on a surface. This requires no external stimuli, rather is driven by surface
properties and intermolecular interactions. This phenomenon is non-covalent in
nature, and is usually mediated by hydrogen bonds, van der Waals (vdW) and m-nt
interactions [13]. When molecules or even atoms are evaporated onto surfaces,
nanoscale architectures are built as a result of multitudinous atomistic processes. This
non-equilibrium phenomenon is governed by a competition between substrate
kinetics and thermodynamics, since the primary mechanism for assembly is often the
transport of molecular adsorbates on the flat terraces of substrates [62]. This
transport involves lattice site hopping [63], meaning that diffusion barriers have to be
overcome when going from one adsorption configuration to another [64], till the
molecule finds one that is energetically favourable.

Typically, the diffusivity D, is expressed in Angstrom scale as the mean square distance
travelled by any adsorbed species per unit time and follows the Arrhenius law [64].
Let us now consider a typical experiment, wherein molecules are being evaporated
onto a substrate, at a deposition rate of F, usually expressed as Angstrom per second.
The average distance that the molecule will have to travel to meet another molecule
will be given by the ratio, D/F. This could be the site of nucleation or it could also mean
the continuation of an already forming island. Therefore, this ratio and the rate of
deposition are vital parameters in understanding and tuning growth kinetics. For
example, if molecules are deposited slower than the diffusion rate, meaning alarge D/F
ratio, the self-assembly proceeds at equilibrium conditions, i.e., molecules will have
enough time to traverse the potential energy landscape to reach the minimum energy
configuration. This is the principle of hot deposition that has been used in our
experiments, and will be discussed in the next chapter.
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The other case, where deposition proceeds faster as compared to the diffusion rate,
signifying a small value of D/F, then the self-assembly is dominated by kinetics and
individual processes, which can lead to adsorption configurations that are often
metastable and can be switched into other conformations. This is what we often find
with low-coverage samples, leading to the possibility of molecular manipulations and
tuning the intra and intermolecular interactions. This has been explored in great detail
in Chapter 7.

5.2 Surface interactions

As mentioned in the previous section, the origin of self-assembly on a surface can be
explained via three types of interactions.

o Hydrogen bonds: This is usually the interaction between hydrogen atoms and
neighbouring electronegative atoms, like oxygen. This of course also works
when these atoms are incorporated in a molecule. Therefore, the self-assembly
of acceptor and donor-acceptor type molecules that has been shown in Chapter
5 and Chapter 6, are understood to be governed by this interaction.

e vdW interactions: This in within the purview of electrostatic and electrical
interactions between molecules [65], and is also often the predominant
interaction governing tip-based manipulations of molecules, as shown in
Chapter 6.

e -1 stacking: This pertains to the attraction between aromatic rings, very
common in organic molecules and conjugated systems. Indeed, we believe that
the stacks of long acenes that we observe, as is shown in Chapter 8, is an
example of this.

It must be noted that it is often a combination of the aforementioned interactions that
causes a specific kind of on-surface self-assembly, and not just one. Therefore, it is very
difficult to predict how molecules will arrange themselves, something that some on-
surface reactions are predicated upon. This has been discussed in detail in Chapter 6.

A very recent paper shows that even the magnetic properties of molecules can be
affected, depending on the way they self-assemble on a lead substrate [15].

A simple schematic showing the principle of self-assembly is illustrated in Figure 12.
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Figure 12: Schematic showing an example of self-assembly on a surface.

5.3 Donor-acceptor type molecules

Since most of the molecules presented in the next two chapters are donor-acceptor (D-
A) type, a quick and concise introduction is presented here. This class of molecules are
very attractive for organic and molecular electronics, photovoltaics and light emitters
since they have interesting optoelectronic properties [66, 67]. They incorporate a
donor, or electron-rich moiety, and an acceptor that is an electron-poor moiety into
one molecule. Once deposited on the surface, we have means of controlling the
initiation step of the donor-acceptor building blocks, i.e., the mediating reaction and
its degree of advancement in terms of reaction yield. Furthermore, we can characterize
the structure, position and orientation of these D-A molecules, gleaning information
on the viability of covalently bonded polymers, to create two-dimensional covalent
organic frameworks (2D-COFs).

Probing the properties of the individual molecules and if successful, the formed
networks through LT-SPM techniques makes possible bettering rational design
principles. This interdependency between probed molecules on surfaces and design
philosophies has been summarized in the image shown in Figure 13.
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Figure 13: Relationship between on-surface investigations and rational design.
5.4 On-surface reactions

It is clear that we can use the STM tip to probe adsorption geometry, structural and
electronic properties and even induce changes in the afore-mentioned by tip-based
manipulation techniques [36]. An extremely powerful tool also at our disposal is to
trigger reactions on the surface [7, 8, 68]. There is a plethora of advantages to this;
unprecedented access to reaction mechanism, sub-molecular level resolution, and
importantly, promoting reactions not possible with conventional solution chemistry
[69, 70].

Since this is an ever-burgeoning field of study, a summary of common on-surface
reactions is provided in the table below.
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Type Reaction Name Chemical Equation
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Type Reaction Name Chemical Equation
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Table 1: Types of on-surface reactions. Adapted from [68].

The principle of on-surface reactions is using the solid substrate as a two-dimensional
confinement to create new molecular species, hitherto unachievable or impractical
through conventional chemistry. Additionally, operating in a solvent-free and ultra-
clean UHV environment, the purity of reaction products is at the atomic level. But the
most attractive proposition is undoubtedly the fact that we can explore new reaction
pathways that are contingent on the substrate-molecule interactions and directly
characterize each step in sub-molecular resolution in real space.

When it comes to the low-dimensional molecular structures, on-surface synthesis via
bottom-up approach has the potential to not only create long-lived stable molecular
species, but also to provide specific functionalization with regards to well-controlled
properties [71]. To name a couple, electron transport for devices, for example with D-
A type molecules [72], and frustrated spin magnetism with exotic superstructures like
Kagome lattices [73]. Another benefit is also the possibility to steer dimensionality by
careful precursor design, as shown by Grill et. al [74].

Furthermore, thanks to the confinement of the reaction in a two-dimensional rigid
template that is the surface, new reaction pathways have opened up and even inert
bonds like C-H have been shown to be activated by the use of an aromatic core. By
depositing the molecules at different surface temperatures, it was shown that not only
can this bond be activated but also has very high yield of 99% [75].
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Another highly promising avenue to explore is hierarchical covalent linkages. This
utilizes the difference in bond strengths of different carbon-halogen substitutions to
steer the polymerization degree and direction. By first activating one dehalogenation
reaction and then sequentially triggering the other through annealing steps, a 1D
polymer chain could be converted to an ordered 2D network [76].

Usually when one talks of on-surface reactions, it is either about cleaving functional
groups to create new bonds, bond reordering or closing. But there is also a converse
possibility of ring-opening polymerization, where molecules can be unfurled like
origami to make completely new low-dimensional materials [77]. In general, the
success of on-surface synthesis towards larger nanostructures is gauged by the degree
of order achieved by the polymeric network. This is driven by a fine balance between
precursor diffusivity and reactivity, both of which will ultimately depend on the
substrate nature. Therefore, a lot of effort has been expended upon studying the
surface modulation effects on bottom-up syntheses, for example, to show that silver
substrates are better for long-range order than gold [78-80].

5.5 Ullmann Coupling

Ullmann coupling is possibly the most successful migration of in-solution techniques
to on-surface coupling reactions and therefore this section has been dedicated to it.
First described for solution chemistry in 1904 [81], it took less than a hundred years
for its pioneering demonstration on surface, in the year 2000 [7]. It is quite
straightforward and involves halogenated precursor molecules being deposited onto
a surface and undergoing dehalogenative C-C covalent coupling, either through
thermal energy or through tip-based techniques [8]. The reaction mechanism is
illustrated in Figure 14.
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Figure 14: On-surface synthesis via Ullmann coupling.

This reaction was used successfully for the first bottom-up synthesis of graphene
nanoribbons [12], and became the coupling reaction of choice for much of the on-
surface syntheses of low-dimensional carbon-based nanostructures [82]. The
synthetic route suggested for one of the molecules shown in Chapter 6 towards 2D-
COFs was also Ullmann coupling mediated.

With the help of rational design, substrate choice, regioselectivity and other factors
discussed above, more novel reactions towards complex nanostructures can be
realized on the surface. The next section will the focus on unimolecular reactions, by
both tip-based and thermal techniques since this forms a significant part of Chapter 8.

46



5.6 Overview of unimolecular reactions

The seminal work performed by Hla et al, showing that all steps of a chemical reaction
could be executed using an STM tip [7], kickstarted the rich field of on-surface
synthesis of elusive, reactive, or otherwise hard to access molecules [83]. This section
will be an overview of the advances made in this field, and the considerable efforts that
are still being expended.

To be able to directly visualize single bond formation, sounds like science fiction, but
was executed using a pentacene molecule and a gold atom on an NaCl film by Repp et
al, in 2006 [84]. They were able to exploit manipulation techniques available in LT-
SPM to create and study different structural isomers by bringing together the molecule
and metal atom in various configurations. Both weak coupling arising from proximity
effects of the m-conjugated molecule and metal atom, and covalent interactions due to
the formation of metal-organic complexes were studied topographically and
electronically.

The 2015 paper demonstrating how individual arynes could be generated on an
ultrathin insulating film by LT-STM and AFM, provided valuable insights into not only
the chemistry of the final product, but also on elusive intermediate products [85]. A
couple of years before that, the direct imaging of covalent bonds in single molecule
reactions was pioneering work conducted using nc-AFM, illustrating in real space the
mechanisms involved in the thermally induced cyclization of enediyenes [86]. In a
similar vein, the catalytic properties of a Cu(111) surface were explored by thermally
instigating a sequential multi-step dehydrogenation of a hydrocarbon [87]. Going a
step further in dehydrogenative reactions, the origin of regioselectivity was
unambiguously illustrated via nc-AFM images of pyrazine and pyridine moieties,
showing a preferential activation of the former, as compared to the pyridine species
[88].

Using nc-AFM in combination with STM/STS techniques to structurally and
electronically characterize the reaction steps from monomer to 1D oligomers was
successfully demonstrated in semiconducting m-conjugated polymers, and showed
how the extended m-conjugated states are much lower as compared to their single
monomer units [89]. The first molecule presented in Chapter 8 is investigated
similarly, starting from the precursor monomer to the final reacted monomer, both
structurally via BR-nc-AFM and electronically with high-resolution differential
conductance maps and STS.

While nc-AFM is better suited to planar molecules and nanostructures, researchers

have demonstrated the remarkable use of tip-based dehydrogenation via voltage
pulses, to convert a non-planar, and therefore not well-resolved molecule, into a
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completely planar and 2D napthodiazaborinine molecule, that could then be imaged
successfully [90]. The molecules in the next chapter have been similarly
dehydrogenated in one case, and partially deoxygenated in the other, using tip-
induced voltage pulsing.

Furthermore, when it came to coupling reactions like aryl-aryl recombination, much
of the reaction steps were impossible to study, since the initial activation of the C-H
bond dehydrogenation was energetically demanding, therefore most intermediate
steps, although theorized, were thought to be beyond the reach of experimental proof
[91, 92]. However, recently, researchers have been able to able to decipher this very
mechanism, thanks to the careful design of the precursor and LT-SPM techniques [93].

Cyclo/n]carbons are yet another tantalizing class of molecules which could not be fully
studied or isolated due to their extremely high reactivity. That is, until researchers
used voltage pulses from an AFM tip to sequentially remove CO moieties from their
precursor molecule adsorbed on a thin layer of NaCl and conclusively show what kind
of bond ordering is preferred by these molecules [94]. Pulse-induced cleaving of bonds
can not only generate new species of molecules, but also rearrange the skeletal
chemical structure, so to speak. This was demonstrated in the on-surface conversion
of alkenes to polyynes on an NaCl surface via radical formation and reductive
rearrangement, adding to the toolbox for the synthesis of molecules through atomic
and molecular manipulations [95].

It must also be mentioned that on-surface synthesis and characterization is not just
limited to organic molecules, but is equally robust as a technique for inorganic
molecules. The recent on-surface generation of cyclotriphosphazene, the inorganic
aromatic analogue of benzene, which is a very short-lived species, via voltage pulse
induced sextuple dechlorination, is a good example of this [96].

In short, the inherent benefits afforded by a UHV environment and the degree of
precision that is available in SPM techniques, make the field of on-surface synthesis
both exciting but simultaneously challenging, since we are often limited by surface-
modulated reaction dynamics, self-assembly driven regioselectivity and unpredictable
reaction intermediates that diminish the yield of target molecules. This thesis aims to
discuss both by providing insights into molecular behaviour on surfaces.
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6 Self-assembly of organic
molecules on Au(111)

Investigating how molecules adsorb on a surface after thermal deposition, is the first
step in probing their viability as precursors for covalent structures. This chapter will
focus on the self-assembled structures of two different molecules, and the mitigating
effect it has on the bottom-up synthesis of covalent organic frameworks (COF).

6.1 Molecule 1: Acceptor type molecule- HATN

Synthesized in the group of X. Feng in TU Dresden, called 2,3,8,9,14,15-
hexabromodiquinoxalino[2,3-a:2',3'-c]phenazine, or HATN-6Br in short, is a nitrogen-
containing molecule of the acceptor type, terminated by Bromine atoms in order to
promote Ullmann coupling mediated 2D-COF. The molecule, which is symmetric is
shown in Figure 15.

Figure 15: Chemical structure of the precursor. Carbon atoms shown in grey, nitrogen in blue, bromine in
green and hydrogen in white.

6.1.1 Surface after deposition

The molecule is evaporated onto Au(111) kept at RT, using a Knudsen cell and is found
to have a high sublimation temperature of 415°C. Upon deposition, the molecule self-
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assembles in large islands, with domains formed by two different molecular
arrangements.

Figure 16 shows a large area STM topography of two kinds of molecular islands, with
the herringbone reconstruction of the substrate clearly visible. This is indicative of a
weak van der Waals type interaction between molecules and surface, a well-known
feature of self-assemblies [13]. Figure 17a shows an ordered island with hexagonal
and square patterns among other complex arrangements. Figure 17b is less daunting,
with the island formed by zigzag and square packing geometry.

Figure 16: (a) Island with mixed hexagonal are square patterns. (b) Island with only square pattern.
Image parameters: (a) and (b) V=0.5V, =10 pA, size: 40 nm?

While adequately charming to look at, at this size resolution, it is difficult to
understand the origin of these intricate patterns. A smaller area image, accompanied
by a schematic representation of the molecular arrangement makes it simpler.

Figure 17a shows a close- up of an island with a mixed hexagonal or floral, and square

pattern. It is found that the six lobes of the hexagonal flower are actually formed by
only four molecules, arranged as shown in Figure 17b.
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Figure 17. (a) Close-up of an island with mixed patterns. (b) Schematic representation of proposed
molecular arrangement shown in the blue circle. Image parameters: V= 0.5 V; I = 20 pA; size : 8nm?

If we repeat this image analysis on an island formed by square patterns, we yet again
find that the structures arise due to the ordered arrangement of four molecules, albeit,
in a different packing geometry this time. This is shown in Figure 18a and Figure 18b.

Figure 18: (a) Close-up of an island with square patterns. (b) Schematic representation of proposed
molecular arrangement shown in purple circle. Image parameters: V= 0.5V, [ = 20 pA, size = 8nm?
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This sort of island conformation was present throughout the areas of the Au(111) that
were scanned. Both the molecular packing geometries, hexagonal and square, were not
conducive to the desired pore geometry of the extended 2D-COF (as shown in Figure
19), since surface assisted Ullman reactions necessitates first the dehalogenation of
the precursor, and then the polymerization, leading to covalent structures. In our case,
the bromines terminating the molecule are always facing the nitrogen doped core of
the molecule, rather than an orientation that is end to end. The hexagonal packing
geometry fares slightly better in this respect, but for the 2D COF to have any kind of
long-range order, the molecular self-assembly must follow an exact design.

Figure 19: Pore geometry of 2D-COF

This is indeed what we find upon post-annealing the surface to 240°C for 10 minutes.
There is substantial desorption already at this temperature and while there are local
and non-iterant pore geometries that almost have the desired hexagonal structure, it
lacks long-range order. This is shown in Figure 20.

Figure 20a shows some reacted structures growing from the Au(111) step edge, where
at least one structure has a passing resemblance to a hexagonal pore, albeit stretched.
The other structures resemble zig-zag linkages and are haphazardly arranged.

Figure 20b is another area on a larger terrace with a trigonal structure and more zigzag
linkages.
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Figure 20: (a) Disordered covalent structures near a step edge. (b) Zigzag covalent chains. Image
parameters: V=0.5V, =50 pA, size = 15nm?

6.1.2 Hot Deposition

The molecules were evaporated onto a hot Au(111) surface to promote a different self-
assembly and possibly trigger surface-assisted long-range order. This technique is also
called direct polymerisation, since the energy from a hot surface is enough to trigger a
direct coupling reaction, rather than step-wise through sequential post-annealing
steps. The coverage can be controlled by keeping the evaporation temperature well
below the sublimation point of the molecules, thereby ensuring long deposition times.
This technique of lowering the molecular flux over an extended time has been shown
to be effective when doing bottom-up synthesis [97] [98]. The figure below shows the
result of one such deposition attempt, where the surface was kept at 210°C, and the
molecules evaporated for 1 hour.
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Figure 21. (a) Surface after deposition (b) - (e) STM topographies of different areas after post-annealing
to 240°C, showing incomplete ring closures. Image parameters: (a) V = 0.5 mV; I = 20 pA; size = 40 nm?
(b) - (e) V=0.5V; =20 pA; size = 10 nm?

Figure 21a shows the surface right after deposition. There is evidently no self-
assembly and it is almost a monolayer coverage. However, it is possible to identify
individual molecules, and as shown, they are densely packed within the monolayer.
Upon post-annealing for 5 minutes, very little desorption is observed, but molecules
have reacted to form closed pore structures. This is shown in Figure 21b-e. However,
long-range order in the 2D COF is still elusive.

Therefore, we attempted to reduce coverage by lowering the evaporation temperature
further, while keeping the Au(111) temperature the same. This time, the coverage was
not only low, but the molecules were adsorbed far apart from each other. These results
have been shown in Figure 22a. This was in contrast to both the RT self-assembly and
the previous hot deposition, where the molecules had been densely packed in islands.
As shown in Figure 22b, upon post-annealing, the surface does not change much and
no covalent structures are observed.
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Figure 22; (a) Surface after deposition (b) After post-annealing to 240°C. Image parameters: (a) V=0.5V;
[=20pA;size=40nm?2 (b) V=0.5V;1=10 pA; size = 40 nm?

A summary of various deposition attempts is given in the table below. It is clear that
varying the evaporation temperature by 10°C during the slow deposition/direct
polymerization technique, caused a remarkable change in both coverage and packing
density. On the other hand, the distinct self-assembly of the fast deposition,
prevaricated the molecules from arranging in a way that would be conducive to further
ordered structures. All of this empirical evidence points to the fact that this particular
precursor was not suitable for the construction of a hexagonal 2D-COF.
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Evaporation Substrate Time(seconds) Result
Temperature(°C) Temperature(°C)

320 210 3600 Monolayer
280 210 3600 Very low
coverage
300 220 3600 Very low
coverage
300 210 3600 Very low
coverage
310 210 3600 Low
coverage
of single
molecules
415(2x) RT 30s Islands
320 RT 30s Nothing
330 RT 60s Nothing

Table 2: Summary of deposition attempts
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6.2 Molecule 2: Azulene based precursor

Arelatively new on-surface reaction, that is more complicated than the popular Ullman
coupling, is the isopropyl isomerization. So far, this has been reported once in
literature, and for extended 1D structures [99]. The reaction mechanism (shown in
Figure 23b) involves the selective generation of new phenylene rings, through
cycloaromatization of two isopropyl substituents. This is more challenging than the
comparitevely simple Ullman reaction (Figure 23a), where dehalogenation followed
by cyclodehydrogenation creates the final molecule.

d
Qx - --Q-
Metal surface

O = arene X = halogen atom

b
200°C . -
>_O_< Au(111)orAu{11oT O ' O ’ O .

Figure 23: Reaction schematics: (a) Ullman coupling on the surface. (b) Isopropyl coupling. Adapted from
[99]

Our azulene-based precursor, also synthesised by the group of Feng in TU Dresden, is
more ambitious but the mechanism remains the same. Instead of a 1D chain of arenes,
our goal is to create 2D-COFs, with slightly twisted hexagonal pores, as shown in Figure
25. To ensure success, the precursors must self-assemble in a six-fold symmetry, with
each neighbouring molecule in an up-down orientation. This should then promote the
formation of four new phenyl rings, coming from the isopropyl cycloaromatization via
post-annealing.
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Figure 24: Chemical structure of the (a) precursor and (b) expected 2D-COF

6.2.1 Deposition on Au(111)
We note here that the molecule is chiral, and can adsorb on the surface in two

chiralities, that will henceforth be called A and B (Figure 25a). The surface after
thermal evaporation in shown in Figure 25b. The self- assembly seems to follow the

58



Au(111) reconstruction with some units formed of 6 molecules. However, in order to
determine the chirality, since type A is most conducive to the hexagonal 2D-COF pore
geometry, we must investigate the self-assembled structures using a CO functionalized
tip. This technique, as described in Chapter 3 is used to determine and ascribe the
chemical structures of molecules, since it affords sub-molecular resolution. The next
section elucidates in detail the various self-assembled structures.

:

’ $

Figure 25: (a) Two chiralities of the precursor. (b) Surface after deposition. Image parameters: V= 0.2 V;
[ =100 pA; size = 40 nm?

6.2.2 Constant height imaging with a CO-functionalized tip

A CO tip can improve the resolution to the extent that this method is also called bond-
resolved STM (BR-STM). However, this works with planar molecules, since the imaging
is conducted in the constant height mode. Too severe a non-planarity would cause a
tip crash, since the feedback loop is switched off.

In the set of images below, the top row (Figure 26a - Figure 26d) shows standard
constant current topographies, however, with a CO functionalized tip. Each
corresponding constant height image is shown in the bottom row (Figure 26e - Figure
26h). Going from single molecule to more populous self-assemblies, it becomes
apparent that the molecule is homochiral in the each assembly. This has been
highlighted for each case as A or B type. Moreover, it is also possible to assign
topographical features to their chemical moieties, for example, the pronounced lobes
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are methyl groups that terminate the molecules. [t now becomes easier to assign A or
B chirality than based on just the constant current images.

Figure 26: (a)-(d) Constant current images with CO functionalized tip. (e)- (h) Corresponding constant
height images showing molecular structure. Image parameters: (a) V=200 mv; I = 20 pA; size = 2.9 nm?2.
(b) V=200 mv; I = 20 pA; size = 4.3 nm?2 (c) V=200 mv; [ = 20 pA; size =8.5nm x 5.7 nm; (d) V=200
mv; [ = 20 pA; size=7.1 nm x 2.9 nm. (e) - (h) V=-5mV.

The different self-assembled structures can be made of the other chirality as well. That
is to say, the superstructures are not driven by the chirality, rather, they exist natively.
A good example of this is if we look at the chain-like structure constituting four B type
molecules in Figure 26d and Figure 26h, we find another structure, its mirror opposite
since it is formed by four A type molecules, elsewhere. This has been shown in Figure
27.
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Figure 27: (a) Constant current image of chain structure. (b) Corresponding constant height image. (c)
Laplace filter applied to (b), showing bond structure. Image parameters: (a) V= 0.2 mV; [ = 20 pA. (b) V
=-5mV. Size: All images = 7.1 nm x 3.6 nm

Among the different structures, the one shown in Figure 26¢ and Figure 26g, being
hexagonal, is clearly the most promising. However, before moving on to post-
annealing, the electronic properties of the precursor were investigated and will be
described in the next section.
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6.2.3 Scanning tunneling spectroscopy and conductance maps

As discussed in Chapter 2, STS is used to probe the electronic resonances of molecules,
thereby elucidating on their bandgap.

This precursor being azulene based, i.e., dipolar, should show electronic states that are
mostly localized at the edges, since that is where the azulene moieties are, and being a
non-benzenoid nanographene with additional functionalization, is expected to be in
the semiconducting range.

Our experimental results are in accord with the above hypothesis. We measured STS
spectra on both a single molecule and a molecule in a chain and found that the self-
assembly did not affect the electronic states. Furthermore, all molecules regardless of
chirality, were found to have the same electronic properties.

Figure 28 shows the dI/dV curves of the molecule. Both isolated and otherwise, the
molecule has a resonance at -0.9 V, which manifests as a small and broad peak. Above
the Fermi energy, the single molecule has a broad but intense peak, the maximum of
which is at 0.9 V. The molecule within the chain has an almost shoulder-like feature,
with the maximum at 1.4 V. A further peak is observed at more than 2 V for both
molecules. However, at such a high bias, the molecule starts moving, and therefore we
will restrict ourselves to data points below this bias.
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Figure 28: STS on single molecule and on a molecule in chain. Inset: V= 0.2 V; [ = 20 pA; size = 12.5 nm x
5.7 nm.

To visualize the spatial distribution of the charge at the STS resonances, dI/dV maps
were obtained. This has been shown in the figure below. The top row, (Figure 29a-
Figure 29c) are the constant current images taken at standard bias and current. The
other images in the figure are maps taken in constant current mode with higher
current parameters. This has been presented in Figure 29d-Figure 291. At both -0.9 V
and 1.4V, the states are strongly localized at the edges, with the centre being devoid
of charge density, therefore appearing dark (Figure 29d- Figure 29f and Figure 29j-
Figure 291). At 0.9 V, for the single molecule, there is a contribution of the central
moieties to the contrast. This is in good agreement with the STS curve shown
previously, where there was an unmistakable maximum at this bias.

Therefore, the orbital ascription we suggest would be thus: the highest occupied
molecular orbital (HOMO) at the resonance found at -0.9 V and for the lowest
unoccupied molecular orbital (LUMO), 0.9 V is deemed accurate. This is because in
both cases of the molecule, the contrast is quite well-defined, with the difference being
the localization in different parts of the molecule. The bandgap then becomes 1.8 V.
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Figure 29: dI/dV maps. Image parameters: (a)-(c) V= 0.2 V; I =20 pA. (d)-(1) I = 200 pA. All images size:
2.9 nm?

After the full scope of precursor investigation, we moved on to the next step of the
experiment, i.e., to trigger the isopropyl coupling via post-annealing steps. This was
done in several different sets of experiments, the results shown in the upcoming
section is an example of one experiment.
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6.2.4 Attempts at isopropyl coupling

As clarified at the beginning of this section, the isopropyl reaction is quite complex and
has so far been reported for 1D polymers. Our precursor being chiral and designed for
2D networks, added extra challenges and mitigating factors to success. The figure
below shows the sequential post-annealing steps with diminishing results. Although
there were sparse structures with favourable hexagonal self-assemblies, there seems
to have been mostly random dehydrogenation reactions and covalent linkages
between neighbouring molecules, rather than only the specific methyl groups reacting
with each other. In other words, the formal cycloaromatization did not occur.

”~,
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Figure 30: Attempts at surface assisted isopropyl coupling through post-annealing. Image parameters: V
=0.2V; =20 pA, size = 40 nm?

6.3 Summary

This chapter presents examples of how the on-surface synthesis of ordered COFs,
hinges upon the self-assembly of the precursor. Undoubtedly, factors like surface
kinetics vs. thermodynamics play an important role, as elucidated in the state-of-the-
art literature ([13, 97, 100]), the probability of success is contingent upon rational
design promoting ideal self-assembly. As demonstrated, this is the case for Ullman-
assisted reaction for a symmetric molecule, and the more challenging, isopropyl
reaction with an asymmetric, chiral molecule.

The difficulty lies in predicting what a precursor might do on the surface, but often the

results are illuminating with regards to the fundamental properties of molecules. This
will be the subject of the next chapter.
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7 Molecular manipulations in
self-assemblies

This chapter examines how tip-based manipulation can be used in self-assemblies to
address molecules and induce conformational change. In the first part, the effect of
intermolecular interactions on the planarity of thianthrene-based molecules adsorbed
in two different kinds of self-assemblies has been studied. We find that in the island
self-assembly, the molecule adsorbs in a non-planar fashion, due to next nearest
neighbour interactions. In the second kind of self-assembly that resembles chains, the
same molecule is discovered to be planar. By using the tip to modify the number of
neighbours surrounding the non-planar molecule in an island, thereby tuning the
intermolecular interactions, we can also alter its conformational geometry, i.e., switch
it to planar. The latter part of this chapter focuses on a thiophene-based molecule,
which also adsorbs in large self-assembled islands, but here we discover a
conformational change due to the surface-mediated chirality and intramolecular
interactions, rather than intermolecular interactions. We use the tip to first isolate the
molecules and then, via voltage pulses, induce reversible conformational switching
between the two chiralities. Parts of the text and figures are reproduced with
permission from our published work [5] and [14].

7.1 Thianthrene and next nearest neighbour interactions

The discussion in the previous chapter considered one aspect of self-assembled
molecules, i.e,, it is often a limiting factor in on-surface syntheses. However, another
intriguing point is the effect of self-assembly on the molecule itself. The next section
will show, how the planarity of a molecule is affected by the interaction with its nearest
neighbours. We will also show how the planarity can be tuned by modifying nearest-
neighbour interactions. The molecule in question is a thianthrene-based molecule, that
is non-planar in its crystalline form [101], but we find that it exhibits planar as well as
non-planar adsorption geometry on Au(111). Interestingly, we find that with high
coverage, the molecules preferentially adsorb in large islands, in the non-planar
configuration, while in lower coverages, there is an emergence of planar molecules, in
quasi-1D chains, coexisting with the non-planar island geometries. Tip-based
manipulation techniques have been employed successfully to switch the planarity, and
the effect it has on the electronic properties of both configurations has been studied
using STS.
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7.1.1 Design of the molecule

This work was done in collaboration with the Kaskel group from TU Dresden, who
synthesized the molecule. They recently reported the creation of a 2D layered COF
from 2,3,5,6-tetrafluoroterephthalonitrile and triphenylene-2,3,6,7,10,11-hexathiol,
in which the organic building blocks are linked through dithiine bridges [101]. Unlike,
the structurally closely related dioxins [102] or phenazines [103], the dithiine unit is
non-planar with a C-S-C dihedral angle of 101°[14, 101]. In addition to the dithiine
linked framework structure, a model compound featuring two dithiine units was
isolated from the reaction of 2,3,5,6-tetrafluoroterephthalonitrile and benzene-1,2-
dithiol.

This second molecule, shown in Figure 31, benzo[5,6][1,4]dithiino[2,3-b]thianthrene-
6,13-dicarbonitrile (bTEpCN), will be the focus of this section.
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Figure 31. bTEpCN chemical structure. Carbon atoms shown in gray, Hydrogen atoms in white, Sulphur
atoms in yellow and Nitrogen atoms in blue.

The gas phase bTEpCN molecule was found to be non-planar (Figure 32a), having a C-
S-C dihedral angle of 120° (Figure 32b). With these parameters, the crystal structure
could be solved as is shown in Figure 32c [104].

% 120°

¥

Figure 32: bTEpCN crystal structure: (a) Top view of a single bTEpCN molecule in the crystalline structure.
(b) Side view of the bTEpCN molecule, showing the non-planarity in the crystal structure. (c) Packing
geometry of the bTEpCN molecules in the crystal structure. Figure adapted from [14].
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A quick foray into literature will show us that the planarity of polycyclic molecules
such as bTEpCN, has been investigated for many years, due to the fact thatitinfluences
the aromaticity of m-conjugated systems [105-108]. In non-planar molecules, bond
angle strain can be introduced via heteroatoms or overcrowded structures [109, 110],
which causes geometric deformation of the molecule, leading to a bending of the m-
system. In a few cases, such non-planar aromatic structures maintain their m-
conjugation, with additional advantages. For example, limiting aggregation causes
quenching, providing stability and novel electronic properties, valuable in applications
for organic energy storage systems and in organic electronics [101, 111]. Therefore, to
probe the behaviour of bTEpCN on a surface, might be fruitful in understanding the
relation between geometric and electronic properties of this class of molecules.

7.1.2 Deposition on Au(111)

Figure 33. Self-assembled molecular islands consisting of bTEpCN molecules adsorbed on Au(111). STM
images (a) 10 nm x 10 nm and (b) 5 nm x 5 nm showing the unit cell were taken at V=0.2 Vand I = 20 pA.
The blue lines in (a) show the stripe-like self-assembly, while the blue and yellow arrows show the two
orientations of the molecule.

The bTEpCN molecules were evaporated at 240 °C onto an Au(111) substrate kept at
RT. The surface after deposition is shown in Figure 33. An overview STM topography
(Figure 33a) shows well-ordered self-assembled islands growing from the step edges
of the Au(111) surface. These can be further resolved as stripes (highlighted by blue
lines in Figure 33a) running over the characteristic herringbone reconstruction lines.
These stripes are formed by molecules arranged in two directions as indicated again
in Figure 33a, with blue (up) and yellow (down) arrows. There is no selectivity as to
the preferred direction (~50%). The image also shows that the molecules have a pear
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shape, with a smaller differentiated lobe at one end, and a larger, elongated feature at
the center, suggestive of an asymmetric non-planar conformation. Figure 33b shows a
close-up of an area inside the island with the unit cell superimposed on it. Based on
this unit cell, we find that the angle between two molecules is 81° while the
intermolecular distance measured between the center of one molecule to another in
the same orientation is 1.1 nm.

DFT calculations were performed to understand the geometric properties of this
densely packed structure. All calculations in this section and the next, were performed
by D. Ryndyk in TU Dresden.

Figure 34: DFT calculated adsorption geometries of bTEpCN in islands on Au(111). (a) Top view (b) Side
view showing non-planarity caused by one peripheral benzene ring.

Figure 34 shows the results of the DFT calculations. They demonstrate that the
molecules adsorb in the fashion we observed experimentally (Figure 34a), and the
asymmetric pear shape appearance is due to one of the peripheral benzene rings
adsorbing slightly kinked on the surface (Figure 34b). Although it will be discussed in
greater detail in the next sections, we must already point out that the non-planarity on
the surface is less severe than in the crystal structure, (Figure 32b), owing to the van
der Waals interaction with the gold surface.

7.1.3 Tuning the planarity through vertical manipulation

As discussed in Chapter 3 of this thesis, tip-based manipulation techniques are usually
of two kinds: vertical manipulation and lateral manipulation. In the former, the tip is
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positioned in one spot and suitable voltage/current parameters are applied to address
the molecule or atom directly. Depending on the V/I parameters, this can either mean
a weak or strong coupling to the target. Lateral manipulation on the other hand,
inscribes a trajectory for the tip to follow and in this method, the voltage applied is
usually quite low. In this manner, one can imagine it to be more of a pushing mode in
which the target is interacted with and is mediated by atomic forces, e.g., van der
Waals. For our experiments with the bTEpCN, we have employed vertical
manipulation.

Figure 35 shows the indirect isolation of a bTEpCN molecule. We call it so because
instead of performing vertical manipulation on the target molecule, we address the
neighbouring molecules instead. All vertical manipulations for controllable molecular
pick-up were conducted in constant height mode. The general principle and procedure
of this process can be summarized thus:

Tip approached close to the molecule with a small bias, e.g., 10 mV.
Vertical movement over the molecule, with suitable parameters.
Retraction of tip to normal scanning position.

Re-deposition or discarding of sacrificial molecule elsewhere.

BN

Onto our case, first the molecule of interest was identified and has been shown with a
white arrow in Figure 35a. Next, the molecules marked with an “x” (Figure 35b), were
picked up sequentially using the STM tip. After three such manipulations, the target
molecule was sitting in isolation and interestingly, the topographic appearance of the
molecule had altered. This can be seen in Figure 35c, where the single molecule
appears symmetric and planar, as compared to the pear shaped appearance in the

islands.

Figure 35. Tuning the nonplanarity of a bTEpCN molecule. (a) The target non-planar molecule located at
the edge of the island is marked. (b) Picking up (V=10 mV, =5 - 8 nA) the three surrounding neighbors

(marked with “x”) as an indirect isolation. (c) The remaining target molecule becomes planar. All STM
images (7 nm x 3.7 nm) were taken under V=0.2 Vand I = 20 pA.
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Indeed, calculations confirmed that the single molecule with no intermolecular
interactions is flatter on the surface and loses its non-planar attribute, ie., the terminal
ring relaxes onto the surface (Figure 36).

Figure 36: DFT calculated adsorption geometries (side view) of a non-planar and a planarized bTEpCN
molecule on Au(111).

This planarization can also be confirmed experimentally, by comparing the linescans
taken over the molecule, before and after the tip induced indirect isolation. This has
been shown in Figure 37. Figure 37a shows the molecule at the island edge before any
vertical manipulation operations around it. The white line indicates where the linescan
has been taken. Figure 37b shows the now isolated molecule, with a different
appearance as shown earlier and the position over which the linescan was measured.
Finally, Figure 37c clearly shows that the red curve, or the linescan over the isolated
molecule is lower in apparent height by about 0.05 nm and also more symmetric as
compared to the black “before” curve.
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Figure 37: Linescan comparison. (a - b) STM images (7 nm x 3.7 nm) of before and after planarization by
STM vertical manipulation (same images as Figure 3). STM images were taken under V=0.2 Vand I = 20
pA. (c) Line profiles show the different appearances comparing before and after the planarization

We noticed during the controlled removal of neighbouring molecules, that the target
molecule did not change appearance, i.e., get planarized when the first or the second
molecule was removed. It was only on the third assay, or when it was completely
isolated, that we arrived at the second configuration. To test whether the molecule
needed to be completely isolated in order to be flat, we repeated the indirect isolation
on a molecule well within a densely packed island. The sequence shown in Figure 38
illustrates this process. Six molecules were removed sequentially, and we found that
as soon as the molecule only had two neighbours, it switched to the planar
configuration. That is to say, for the molecule to maintain its non-planarity, at least
three neighbouring molecules have to be in play. It must also be noted that there was
no difference between the indirectly isolated molecule shown in Figure 35 and Figure
37 and this one. Moreover, no natively existing single non-planar molecules were
observed. The planarity tuning was also irreversible since it was not possible to
reintroduce neighbours to an isolated molecule.
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Figure 38: Planarization sequence within an island through indirect isolation. Target non-planar molecule
shown with white arrow. The four neighbour molecules are picked up by tip manipulation one by one.
The target molecule was planarized after removing the fourth neighbour on its bottom left side. All STM
images (4.5 nm x 4.5 nm) were recorded under V = 0.2V and [ = 20 pA. Manipulation parameters: 10mV,
>10nA. Figure adapted from[14]

On the basis of the DFT calculations, we know that the C-S-C bending happens on one
end of the molecule while the other end remains flat (Figure 35c). The calculated C-S-
C dihedral angle is 147°on one side, and the other side is about 180°, confirming that
the non-planarity is reduced on the Au(111) surface respect to the gas phase (Figure
31c) due to the van der Waals interaction with the gold surface. The results so far
demonstrate that the intermolecular interactions (e.g. hydrogen bonds) play a crucial
role in promoting the non-planarity. In other words, this may suggest that with if we
were to find an area with lower molecular coverage, we might be able to observe
different self-assembled structures and conformations.

7.1.4 Quasi 1D chains on Au(111)

We indeed found an area with no large islands, instead we observed a new kind of self-
assembly, where the molecules assemble in a one dimensional chains (Figure 39).
Unlike in the densely packed islands which did not interact with the herringbone
reconstruction, this time around, the molecules formed these chains exclusively on the
energetically favourable fcc sites and avoided the soliton (Figure 39a). Taking a close-
up STM image allows us to perform some basic analyses about the geometrical setup
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of the chains. We find that the angle and inter-molecular distance between the
neighbours is 72° and 0.96 nm, respectively (Figure 39b). This is in very good
agreement with the calculated adsorption geometries of the quasi-one-dimensional
chain, where the angle and the inter-molecular distance between the neighbors with
70° and 1 nm, respectively (Figure 40a and Figure 40b).

Figure 39: Self-assembled molecular chains and isolated molecule. (a) STM image (25 nm x 8 nm) of a
molecular chain along the fcc region of the Au(111) surface. (b) Close-up of a molecular chain (5 nm x 5
nm). (c) An isolated bTEpCN molecule (2.5 nm x 1.5 nm). with same sizes taken at V = 12 mV. Constant
current STM images were taken under (a) V=0.5V,1=20pA, (b,c) V=0.2V,1=20 pA.

The hypothesis propounded in the previous section was not only that lower coverage
might lead to a new self-assembly, but also that due to different intermolecular
interactions, the molecules themselves might be in the planar configuration. At a first
glance, it does appear so, since the molecules observed so far are symmetric in
appearance. By repeating the indirect isolation technique, we successfully isolated a
molecule as shown in Figure 39c. The single molecule is also planar and symmetric.
Using DFT calculations, we find not only a good agreement of the intermolecular
distance and angles as mentioned earlier, but when comparing the adsorption
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geometries of molecules in chains (Figure 40a-Figure 40b)and the single molecule
(Figure 40c- Figure 40d), we can demonstrate that they are both planar and
symmetric. This is also why the STM topographies shown in Figure 39b and Figure 39c
have the same appearance.
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Figure 40: DFT calculated adsorption geometries (top and side views) chain-like self-assembled
structures (a - b) and the single molecule (c-d).

We also performed CO tip images in constant height mode on all the available self-
assemblies on the surface. This augmented the resolution of the inner structure,
especially for the planar conformations.

Figure 41 shows a direct comparison between the two configurations of the molecules.
In the island geometry (Figure 41a), the asymmetry is plainly visible. Figure 41b shows
the planar molecules that constitute the 1D chains, very different in appearance to that
of the islands. Finally, a single isolated molecule is shown in Figure 41c, where we see
that it is planar and is the same as those found in the chains. Therefore, we can
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unambiguously demonstrate that the difference in planarity is due to intermolecular
interactions caused by the self-assembly and nearest neighbor interactions.

Image calculations based on the island adsorption geometry shown Figure 34, and the
planar geometry in chains and single molecules (Figure 40) were also performed.
These are shown in Figure 41e - Figure 41f. These are metallic tip constant current
images and therefore a one to one comparison with the experimental CO constant
height is not straightforward. However, there are a few aspects that match moderately
well. When comparing the experimental CO image of an island (Figure 41a) with the
simulated one (Figure 41d), the asymmetry and the pear shape appearance is
discernible. For the planar molecules, both in the chain (Figure 41b) and single (Figure
41c), the corresponding calculated images, viz., Figure 41e for chains and Figure 41f
for single, show an overestimation on the contribution of the sulphur atoms to the
contrast, but the symmetric appearance is a relatively good match.

We must keep in mind that the disparity between the simulated images and
experimental, ones is often due to the overestimation of contrast contributions of
certain moieties. In the present case, the simulations show pronounced features
around the sulphur atoms in the molecule (Figure 41e -Figure 41f), on account of this
overestimation in DFT calculations. Additionally, factors like how the tip is built in the
program, atomistic approximations, height offset etc.,, and also due to the specific
functions used for current calculations, in this case the Green function technique [112]
could contribute to attributes present in the models and simulated images, that are not
observed experimentally.
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Figure 41: CO-tip constant height images of different self-assemblies and configurations. (a) Island
assembly and non-planar configuration. (b) 1D chain and planar configuration. (c) Isolated molecule in
planar configuration. Image parameters: V=12 mV; size: (a) and (b) 5 nm x 5nm, (c) 2.5 nm x 1.5 nm

7.1.5 Electronic properties of planar and non-planar bTEpCN

We first performed differential conductance measurements on an isolated molecule,
which means the planar form. As explained in the previous chapter, we first take a
dI/dV spectrum on the molecule with a metallic tip, identify the resonances and then
take a map to see the spatial charge distribution at these resonances. Figure 42a shows
the dI/dV spectrum in red, recorded on the molecule. Three peaks are visible within
the range probed by our STS (-2.5V <V < 2.5V),viz,;-2.30V,0.70 Vand 1.70 V. There
is also a very slight feature observed at -0.85 V.
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Figure 42: dI/dV spectra and maps of an isolated planar bTEpCN molecule. (a) dI/dV spectrum of the
planar (red line) configuration, in grey for comparison the dI/dV spectrum recorded on the clean Au(111).
(b) STM topography and the dI/dV maps corresponding to the electronic resonances (I = 300 pA).

We recorded dI/dV maps at values obtained from the STS curve of the isolated planar
molecule, these are shown in Figure 42b. As mentioned in Chapter 2, the mono-
electronic approximation is not completely valid while tunnelling through a molecule.
Therefore, multiple molecular orbitals are required to describe electronic tunneling
through a molecule and the electronic resonances observed in STS [113]. Usually, the
frontier resonances are determined mainly by the HOMO and the LUMO.
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The corresponding DFT calculations of the orbitals are shown Figure 43, and are in
good agreement with the experimental results. This illustrates that the observed
resonances are the molecular orbitals of the planar bTEpCN molecule, i.e., HOMO-1
(V=-2.30V), HOMO (V =-0.85V), LUMO (V = 0.70 V) and LUMO+1 (V=1.70V)
respectively.
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Figure 43: DFT calculated STM topographic image and molecular orbitals.

For the non-planar bTEpCN molecule, we repeated our electronic characterization and
found that below the Fermi energy, the resonances are almost unchanged from the
planar conformation (Figure 44a). Therefore, the filled states are matching with that
of the planar molecule. However, above the Fermi energy, three new resonances are
observed, all ensconced within broad, high intensity peaks. These are at 1.50V, 1.70 V,
and 2.45 V respectively, which is well-resolved also in the dI/dV maps. Furthermore,
there is a very small feature in the STS at 0.45 V that translates into an intense feature
around the Sulphur moieties in the conductance maps (Figure 44b). This is not
observed for the isolated planar molecule.
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Figure 44: dI/dV spectra and maps of non- planar bTEpCN molecules formed an island. (a) dI/dV
spectrum of the non-planar (blue line) configuration, in grey for comparison the dI/dV spectrum on the
clean Au(111). (b) STM topography and the corresponding dI/dV maps

It is important to keep in mind that the direct comparison between planar and non-
planar bTEpCN is made complex by the intermolecular interactions in the island for
the non-planar case. This can influence the observed electronic structure, which is also
why comparing the calculated orbitals and the experimental data is not
straightforward, therefore, that has not been included.
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7.2 Thiophene-based conformational switch

The second molecule presented in this chapter is a Donor-Acceptor-Donor (D-A-D)
type molecule called 2,3,7,8-Tetrakis(5-bromo-2-thienyl)pyrazino[2,3-g]quinoxaline,
or TTPQ as shown in Figure 45. This was synthesized in the X. Feng group in TU
Dresden. The thiophene moieties are incorporated to enhance the donor
characteristics of the molecule with a pyrazino[2,3-g]quinoxaline backbone as the
acceptor core. This design also affords rotational flexibility due to the single bonds
connecting the four bromothiophene moieties to the rigid backbone.

Figure 45: Chemical structure in gas phase. Carbon atoms shown in gray, Hydrogen in white, Nitrogen in
blue, Sulphur in yellow and Bromine in green.

7.2.1 Deposition on Au(111)

The evaporation was carried out at 280°C for 30s on an Au(111) surface kept at room
temperature (25°C). The molecule which is symmetric, was found to adsorb in two
conformations on the Au(111) surface, therefore it is prochiral (Figure 46). Both
conformations are in an almost 50/50 ratio. For ease of expression and also because
of their topographic shapes, they are dubbed TTPQ-C (Figure 46b in blue) and TTPQ-
S (Figure 46¢ and Figure 46¢ in green). These congregate in large self-assembled
islands (Figure 46a) with a mix of both conformers (Figure 46b and Figure 46c).
Sometimes some local domains formed by TTPQ-S are observed, which are hexagonal
in geometry. One such example is shown in Figure 46c, with the one TTPQ-S
highlighted in green.
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Figure 46: Overview STM images of TTPQ molecules adsorbed on Au (111) after sublimation. (a) Large
self-assembled island and smaller islands growing along the FCC sites (b) Close-up of an island with the
two molecular conformations superimposed: TTPQ-S in green and TTPQ-C in blue, (c) Close-up of an
island with local domains formed by TTPQ-S(shown in green). Image parameters: (a) V=0.5Vand I = 10
pA; 40 nm x 40nm (b) V=0.1 Vand [ = 20 pA; 15 nmx 15 nm (c) V= 0.1 Vand I = 20 pA; 15 nm x 15 nm.

7.2.2 Isolation of single molecules through lateral manipulation

Single molecules are vanishingly rare, and therefore, to isolate them, lateral
manipulation was employed. This is a well-documented technique that was explained
earlier in Chapter 3, where the STM tip is positioned over a user-determined starting
point and then moved along a specific trajectory under constant current mode [114]
[115, 116]. The voltage and current are kept low in order to be non-destructive. The
molecules follow the manipulation path and can be reproducibly addressed. An
example of what the tip behaviour looks like during a successful lateral manipulation
technique has been shown below.
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Figure 47: Isolation of single molecule (TTPQ-C). (a) The blue arrow in the image indicates trajectory of
lateral manipulation in constant current mode (V = 10 mV; I = 2 nA). (b) The subsequent image shows
that the molecule has been successfully isolated, following the trajectory of the tip. (c) Tip behaviour
during manipulation showing tip height vs lateral distance curve. STM images (6 nm x 6 nm) were
obtained under the conditions of V=0.1 Vand I = 50 pA.

Figure 47a is an example of how lateral manipulation is carried out. First a trajectory
is marked for the tip to follow (shown with a blue arrow). With low voltage and
current, the manipulation is then executed. The next topography image is recorded,
which shows the translation of the molecule along the path defined by the user (Figure
47b). The tip behaviour can be charted by recording a tip height vs. lateral distance
curve, which should show the characteristic jumps over the lattice sites, like in Figure
47c.
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The sequence in Figure 48, demonstrates the successful separation of molecules from
an edge terminus formed by two C form molecules. The target molecules were first
separated from the island (Figure 48a) and then from each other (Figure 48b). In some
cases, like the one shown in Figure 48c, the single molecules seem to have undergone
partial debromination, while in other cases shown in the upcoming sections, all
bromines are intact.

Figure 48: Lateral manipulations of two molecules from an island. (a) STM image of an ordered island
self-assembly. Lateral manipulation is performed (V = 10 mV, I = 2 nA), where the blue arrow indicates
the trajectory of the STM tip. (b) Separation of two molecules from the island and further lateral
manipulation using the same parameters is applied along the path shown by the arrow. (c) Completely
isolated molecules, both of the C-form. Image parameters: V=0.5 Vand I = 10 pA; 20 nm x 8 nm
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7.2.3 Single molecule characterization

As shown in the previous section, the molecules are easy to isolate, regardless of
whether they are adsorbed with only one other molecule (Figure 47) or at the edge of
a larger island (Figure 48). Therefore, we were able to fully characterize single,
isolated molecules. The first thing to clarify is certainly the emergence of these two
conformers, since being a symmetric molecule, only one species was expected to
present on the surface. Performing DFT calculations and comparing those with our

experimental results presents the solution which has been elucidated in the next
figure.

Figure 49: (a) and (b) Experimental STM images of TTPQ-C and TTPQ-S, respectively. Image parameters:
V=0.1VandI=10pA; 3.0 nmx 3.0 nm. DFT calculations of adsorption geometry of TTPQ on Au(111):
(c) Top view of adsorption geometry (d) Side view of molecular structure showing cis symmetry (TTPQ-
C) (e) Side view of molecular structure showing the trans symmetry (TTPQ-S). (f) and (g) Simulated STM
images of TTPQ-C and TTPQ-S, respectively. Figure adapted from [5]

Figure 49a and Figure 49b show experimental STM images of intact TTPQ-C and TTPQ-
S, respectively. The top view of the adsorption geometry as calculated by DFT is shown
in Figure 49c. This demonstrates that all the sulphur moieties are pointing away from
the molecular backbone. So far, the molecule would appear to be symmetric with only
one adsorption geometry possible, however, taking a look at the side view, finally
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clarifies the differences between the two forms. A closer inspection of the
bromothiophene groups reveals that they can adsorb either close or slightly elevated
from the surface below. This gives rise to two possibilities. When the two upper groups
point away from the surface, the two lower bromothiophenes are inevitably closer to
the surface, due to steric hindrance of the adjacent hydrogen atoms. This gives rise to
the TTPQ-C form, which can be considered the cis-conformer, as shown in Figure 49d.
The second possibility as illustrated by Figure 49e, is when only one of the top
bromothiophenes is adsorbed closer to the surface, while the other points away, and
the adjacent bottom bromothiophene adsorption is yet again dictated by steric
hindrance. This generates the TTPQ-S or trans conformer. The corresponding
calculated STM images of the TTPQ-C and TTPQ-S respectively, are shown in Figure 49f
and Figure 49g, and are in excellent agreement with the experimental STM image. This
proves conclusively that the aforementioned geometries are indeed correct. In
conclusion, the two observed conformations of TTPQ on the Au(111) surface are due
to the very slight rotation of two adjacent bromothiophene groups.

7.2.4 Electronic properties of TTPQ-S and TTPQ-C

To investigate the electronic structure of the molecule, the STS was performed. Figure
50a shows the dI/dV spectra of both forms of the molecule and (in the inset) the
position at which the spectra were taken. Below the Fermi energy, both conformers
show a slight electronic offset with respect to each other, the first peak appearing
around -0.6 V, which we ascribe to the filled state or HOMO. Above the Fermi energy,
two resonances are visible, at 1.2 V for TTPQ-C, and owing to a shift of 0.2 V,at 1.4 V
for the TTPQ-S. This shift is seen at both HOMO and LUMO resonances and can be
attributed to the conformational difference[6]. However, the peaks are relatively
broad, indicating that the tunneling electron resonance is formed by the superposition
of several peaks. We ascribe the resonance peak at 1.2 V as the unfilled states or LUMO.
With this assignation of the frontier molecular orbitals, we arrive at a bandgap of 1.8
V, which falls within the range of typical D-A-D molecules [117, 118].

We would like to mention at the very outset, that we did not find much electronic
differences between TTPQ-C and TTPQ-S, the change that is so clearly visible in the
topography is purely conformational in nature, as is the switching between them. A
detailed description of the spatial distribution of charge densities follows.

Figure 50f - Figure 50i show dI/dV maps recorded at the resonances discussed
previously, i.e,, at -0.6 V and 1.2 V. Following the STM topographies shown in Figure
50b - Figure 50e allows us to discern where the electronic densities are localized. As
shown in Figure 50g and Figure 50i, there is a localization of LUMO resonances on the
bromothiophenes that are in plane with the pyrazinoquinoxaline-core. In other words,
around the sulphur moieties that are shifted away from the Au(111) surface
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(differentiated lobes in the topographies shown in Figure 50c-e), as compared to the
sulphur moieties that are closer to the surface (maxima in the topographies shown in
Figure 50c-e). The spatial localization of the HOMO resonance also appears to be
restricted to the bromothiophene groups but is less affected by the exact orientation
of the sulphur-moiety (Figure 50f and Figure 50h). A contribution of the central rigid
quinoxaline core to the contrast in all maps is also observed. The slight change in STM
topography between the images is due to the fact that in Figure 50d all bromines are
intact, while in the other cases a bromine atom has dissociated. The Br dissociation
does not appear to affect energy or spatial localization of the electronic resonances.
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Figure 50: (a) STS spectra of both forms of the molecule (Inset). (b)-(e) topographical STM images (V =
0.5 Vand I = 20 pA) , with (d) having all Br intact. (f)-(i) corresponding dI/dV maps taken in constant
current mode at (f)-0.6 V (g) 1.2 V (h)-0.6 V (i) 1.2V All images 3.5 nm x 3.5 nm

7.2.5 Voltage pulse induced conformational switching

The two molecular conformations on the Au(111) surface prompted us to explore the
possibility of switching the molecule between them. In order to do so, the tip was
positioned over the target molecule in constant height mode and a voltage pulse of 2 V
was applied for 5 seconds. This technique induces tunneling electrons to travel from
the tip to the sample, and a small percentage of these can inelastically excite the
molecule to induce conformational changes [119]. The sequence shown in Figure 51
demonstrates the reversible switching between TTPQ-C and TTPQ-S. As shown in
Figure 51a, the tip is first placed above TTPQ-C, specifically, over one of the
bromothiophene groups pointing away from the surface, as evidenced by the
differentiated lobe in the topography (in the spot designated with the red star) and
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then pulsed. Upon taking an image after the pulse, we observe this pulse to have
triggered the rotation of the opposite bromothiophene group, as shown in Figure 51b.
The next pulse is applied to the switched bromothiophene group shown in shown in
the same figure and we record a current drop indicating that another switching event
has occurred. The next STM topography shown in Figure 51c confirms this, where we
find that the opposite leg has switched, producing TTPQ-C again. Figure 51d and Figure
51e show the behaviour of the tip during the first and second pulse, respectively. After
each pulse, a drop in current of around 3 nA is recorded, signifying an event under the
tip, in this case, a successful pulsing event.

The voltage required to trigger the switching lies beyond the LUMO resonance of 1.2V,
suggesting that the switching could be caused by inelastic electron tunnelling (IET)
through excited electronic states. In IET manipulation, part of the tunneling electron
energy is transferred to the molecule through the excited states, which leads to
vibrational, rotational, or electronic excitations [120]. The molecule subsequently
relaxes, transforming the excitation energy into movement on the surface or, as in the
present case, into an intramolecular conformational change. The position of the
voltage pulse on the molecule does not necessarily correspond to the part of the
molecule which is going to move or to change configuration after relaxation, but more
to the position where the electronic or vibrational mode can be excited [39]. In our
case, the LUMO localization around the raised sulphur moieties matches with the pulse
location for successful events, further confirming the excitation of electronic
resonances.

Therefore, it is safe to conclude that by pulsing on the raised sulphur moieties, we

induce its tilting towards the surface, causing the rotation of the adjacent
bromothiophene group due to steric hindrance.
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Figure 51: On-surface reversible switching event of the C-form of molecule. (a) A voltage pulse (V=2.0V,
5 seconds; marked position) is applied above the molecule that was isolated. (b) A slight lateral
displacement was induced, and the appearance of the molecule has changed to the S-form. (c) Upon a
further pulse in the marked position, the molecule switches back to C-form. (d) - (e) Current vs. time curve
showing the tip response during the first and second pulse, respectively. Image parameters: V = 0.1V and
[=20pA,; 4.5 nm x 4.5 nm. Figure adapted from [5]

This switching mechanism can be better understood graphically by following Figure
52 . This shows a close-up of the calculated adsorption geometry of the TTPQ molecule,
highlighting the sideview of the bromothiophene groups. The red and green arrows
indicate the flip-flopping of the adjacent hydrogen atoms. This explains the lack of
intermediate switched structures, since it is always the reciprocal change in the
adsorption site of the bromothiophene groups that causes the switching.
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Figure 52: DFT calculation of the bromothiophene groups. The arrows indicate the rotational direction

Nudged Elastic Band (NEB) transition state calculations show that the barrier for going
from TTPQ-S to TTPQ-C is around 0.04eV confirming that the two conformations are
very close in energy and that a switch is very likely to take place. These energy profiles
have been shown in Figure 53.
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Figure 53: Energy profiles at different states and the corresponding adsorption geometries. Side view of
the simulated adsorption geometries, calculated by DFT, starting from TTPQ-S (state I), through
intermediate states (II-VIII) to TTPQ-C (state IX). The corresponding reaction energy profiles (in eV) are
calculated by the nudged elastic band (NEB) method. Figure adapted from [5].
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7.2.6 Role of substrate: Molecular adsorption on Ag (111)

We deposited the TTPQ molecules on Ag(111) as well, and found that on this surface,
the molecules adsorb only in one conformation (Figure 54). We also found evidence of
on-surface debromination and linkages, as has been well-reported in literature[97].

Figure 54: (a) Self-assembly upon evaporation onto RT Ag(111) showing linkages and single molecules.
(b) Single molecules surrounded by dissociated bromines. Image parameters: V=0.5Vand =10 pA;
(@) 80 nm x 80 nm (b) 12 nm x 12 nm.

Figure 54a shows a large scan area of the Ag(111) surface, with single molecules and
disordered molecular structures. The single molecules are dotted with dissociation
bromines and are restricted to their trans conformer or TTPQ-S (marked with green
in Figure 54b).

Since we found evidence of only one conformer on Ag(111), it means that this was the
energetically favourable form on this particular substrate. As a result, we could not
switch this molecule to any other conformation.

7.3 Summary

The first part of this chapter was dedicated to the on-surface investigation of single
bTEpCN molecules on Au(111). We found that this molecule can adsorb in two
conformations, one slightly more non-planar that the other, and this difference in
planarity is dictated by intermolecular interactions stemming from the two kinds of
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self-assembles. Isolated molecules, or molecules in chains, with only two nearest
neighbours were demonstrated to be planar, while molecules in islands with at least
three nearest neighbours were non-planar. Furthermore, we showed that the surface
mitigates the degree of non-planarity, as the crystalline structure is reported to have a
larger dihedral angle. Using tip-based manipulation techniques to modify the self-
assembly, we successfully planarized the molecule and probed the electronic structure
of both conformations.

The second molecule, TTPQ, was found to be not only prochiral on Au(111), but could
be switched reversibly between its two chiralities. We discovered that the switching
had no effect on the electronic properties of the molecule, therefore it was a purely
conformational switch. Additionally, the effect of the substrate on the adsorption
geometry was illustrated experimentally, by probing the behaviour of molecules on
Ag(111), where the molecules showed a strong preference to only one conformation
and therefore switching was not possible.

In short, while both the molecules demonstrated ordered self-assemblies on Au(111),

in one case, the tip induced conformational change was due to intermolecular
interactions, while in the second, due to intramolecular interactions.
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8 On-surface synthesis of long
acenes

The on-surface synthesis of long acenes and acene analogues, continues to be of
interest to the surface science community. This chapter presents the tip-based
synthesis of a novel undecacene analogue and the attempted on-surface synthesis of
tetradecacene from two different precursors.

8.1 Polycyclic aromatic hydrocarbons

Acenes are polycyclic aromatic hydrocarbons (PAHs) that are formed by linearly fused
benzene rings and can be considered the narrowest form of graphene nanoribbons.

Given their highly reactive nature, not only does in-solution chemistry yield poor
results in synthesizing longer acenes [121, 122], we also lack a complete
understanding of the electronic ground state of acenes longer than hexacene [69]. On-
surface synthesis has proven to be efficient both in the generation and characterization
of the higher acenes [123-130]. So much so, that in our group, a 12 ring acene has been
experimentally generated and studied to show the re-opening of the bandgap [131].
Recent papers on the generation of 13-cene have presented contrasting electronic
structures [132] [133], pushing the envelope further to generate and study other
PAHs. For example, heteroatom substitution in long acenes [134-137] has paved the
way to introducing n-type doping, thereby increasing the appeal of these molecules.

Not only that, considerable effort has also been expended in developing acene
analogues, like introducing substituents in the polycyclic systems, especially at the
periphery, [24], new kinds of conjugation like quinoidal, [25] or even introducing
structural elements to completely or partially break the conjugation, resulting in a
variation of the number of Clar’s sextets, promoting more stability in the 1D molecular
framework [32-35].

The first section of this chapter will be dedicated to the on-surface synthesis and
investigation of an analogue of wundecacene. Non-benzoid moieties and
quinodimethane units are incorporated in the chemical structure to modify the
conjugation. This is the first time such structural changes have been incorporated in a
PAH, and thus provides an admirable opportunity to probe the relationship between
aromaticity and electronic properties.
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The second part of the chapter will focus on the attempted synthesis of tetradecacene
on surface. This is an extension of the long acene project, wherein the stability and
properties of ever-longer acenes are being studied. Two different precursors were
investigated, and will be presented in detail. All precursor molecules were synthesized
by the group of Diego Pefia in Centro de Investigacion en Quimica Biol6xica e Materiais
Moleculares (CiQUS) and Departamento de Quimica Organica Universidade de
Santiago de Compostela, Spain.

All DFT calculations and simulations were performed by Roberto Robles and Nicolas
Lorente in Centro de Fisica de Materiales CFM/MPC (CSIC-UPV/EHU) and Centro de
Fisica de Materiales CFM/MPC (CSIC-UPV/EHU) and Donostia International Physics
Center, Spain.

8.2 On-surface synthesis of isoundecacene

Pure undecacene is the linear cata- fusion of eleven benzene rings. The isomer of
undecacene that we would like to synthesize on the surface of Au(111), is an organic
substitution with two sp? hybridized para-quinodemethanes (p-QDM) and two four
membered ring motifs in the form of cyclobutadiene units. The length of an acene is
very closely related to its stability, the longer the chain, the less stable the acene. This
can be understood on the basis of Clar’s m-sextet rule[5]. Therefore, compared to pure
undecacene, the isomer proposed should be much more stable as it has five Clar sextets
instead of just one. Secondly, the introduction of the (p-QDM) units and non-benzoid
moieties should play a significant role in altering the electronic structure of the isomer
when compared to pure undecacene.

On-surface reactions can be triggered in several ways, through thermal treatment of
the surface, photo-catalysis or using the tip to pulse away chemical moieties, for
example, halogen, oxygen or as in this case, hydrogen. One of the main benefits of tip-
based on-surface syntheses is that one can trigger and probe each step of the reaction,
something not accessible through in-solution chemistry. This is how this present
experiment has been carried out. After each tip-induced dehydrogenation, the full
arsenal of SPM techniques has been used to understand the reaction pathway on the
surface starting from the precursor, intermediate species and the final desired
molecule. This will be expanded upon in the upcoming sections.

The aryne based synthesis of the precursor molecule is in and of itself a new technique,

that has been recently published by our collaborating chemists [138]. The precursor
has been shown in Figure 55.
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Figure 55: Chemical structure of precursor. Carbon atoms shown in gray, Oxygen in red and Hydrogen in
white.

Since this is a large molecule, standard Knudsen cell based thermal evaporation is not
feasible. Therefore, the molecules were deposited using a technique called rapid or
flash evaporation from a Silicon wafer [16,47]. A suitable current and bias are applied
to the wafer with the molecules, and due to Silicon’s innate properties, the wafer is
heated to very high temperatures in a matter of milliseconds. Therefore, it is possible
to sublimate large molecules quickly, as they reach vapour pressure without
decomposing completely.

As to the molecule that adsorbs on the surface, we had two contenders. One, that the
precursor was intact, or two that the epoxy groups had cleaved, as is also known from
literature [16]. With the help of our theory collaborators who performed DFT
calculations, we found that in order for the epoxy protected acenes to be planar on the
surface, it would necessitate a shift of the oxygen atoms around the chemical structure,
as shown in Figure 56.
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Figure 56: DFT calculations of oxygenated precursors on the surface showing incompatible chemical
structure.

Therefore, the molecule that is deposited on the Au(111) surface is the deoxygenated
precursor, designated as I and shown in Figure 57.

Figure 57: Deoxygenated precursor on the surface.
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8.2.1 Flash deposition on Au(111)

An overview of the surface after deposition is shown in Figure 58a. We find that the
molecules adsorb as single isolated units, mostly linear in shape (yellow rectangles in
Figure 58a), with a few bent molecules. The kinked or bent molecules shown in the red
rectangles in Figure 58a were suggested to be precursor molecules where the
cyclobutadiene units have undergone and opening and reclosing with a twist, causing
this shape. We do find that to be true when looking at the sub-molecular resolution of
the nc-AFM image shown in Figure 58b.

Figure 58: Au(111) surface after deposition: (a) Overview showing linear molecules (in yellow rectangles)
and a few kinked molecules (red rectangle). (b) nc-AFM image of two kinked molecules. Image
parameters: (a) V= 0.5 Vand I = 20 pA. Image size: 15 nm x 15 nm (b) Image parameters: Amplitude =
150 pm, V=1 mV, size: 6.4 nm x 2.9 nm

The linear molecules are the deoxygenated precursors I and have an apparent length
of 30 A (Figure 59b). The bright maxima in the centre of the single molecule shown in
Figure 59a can be resolved as two lobes that are attributed to the four methyl groups
in the precursor structure.
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Figure 59: (a) Image of a single molecule with linescan taken over black line. (b) Line profile showing the
length and height of the molecule. Image parameters: (a) V= -1 Vand I = 20 pA . Image size: 4.5 nm x 2
nm.

8.2.2 Pulse-induced sequential double dehydrogenation reaction

As mentioned earlier, the goal is to attempt to remove hydrogens from I, in a controlled
and precise manner. Of course, we must focus on the moieties that are designed to be
dehydrogenated, in this case the four methyl units. The reaction schematic is shown in
Figure 60. The first pulse should remove one hydrogen each from the targeted methyl
groups, generating the intermediate molecular species II. The second pulse should
again dehydrogenate II, by taking two hydrogens, one from each remaining methyl
groups, giving us the final product IIL. Therefore, the total number of hydrogen atoms
removed step by step is four.
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Figure 60: Tip-induced dehydrogenation and conversion from precursor to final molecule.

Figure 61 shows the experimental realization of the quadruple dehydrogenation. For
this pulsing sequence, the tip was functionalised with CO, so as to be able to take
concurrent constant height images. The chemical structure over each column in the
image shows the state of the molecule. First, the tip is positioned over one of the lobes
of the precursor molecule I. This, as discussed previously, should mean that we are
over one of the methyl groups. Indeed, as visible in constant height image shown in
Figure 61a, we see four protrusions in the centre of the molecule, demonstrating that
we were correct in assigning the lobes to the methyl groups. The red star in Figure 61d
marks the position at which a pulse of 2 V and around 1.2 nA is given in constant height
mode. Recording the tip behaviour as we do so, shows a current change, signifying an
event occurring between the tip and the molecule junction (Figure 61g).

Now, the next constant height CO image is recorded (Figure 61b), showing a very
distinct change in the molecular structure. At the pulse position, we now see the
emergence of two well-defined lobes, rather than a diffused protrusion, indicating that
we have removed two hydrogens with one pulse. Following the chemical structure on
the top row, we see that we have arrived at the intermediate species 1I, where two
methyl groups have already converted to p-QDM units. This is also borne out by the
asymmetric constant current topography image, showing the pulsed half of the
molecule to be planar and without the maximum (Figure 61e). The next pulse is given
at the position being marked with a star (Figure 61e) and elicits a current of 1 nA
(Figure 61h).

We hope to have achieved full conversion of the molecule into the final product III and
this is found to be the case, as evidenced by the next set of images. The constant height

99



image now shows four very well-defined central lobes attributed to the p-QDM units
(Figure 61c). The constant current image is also much more symmetric and planar as
well (Figure 61f), indicating that the on-surface reaction of the conversion from p-
dimethylbenzene to p-QDM (Figure 61i) has been successfully achieved.
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Figure 61: Pulse-induced dehydrogenation (a) - (c) Constant height CO images of taken after each pulse.
Image parameters: V=10 mV, size : 3.5 nm x 2.0 nm.(d) - (f) Constant current STM images with a CO tip
showing pulse position (red star). Image parameters: V= -1V, = 100 pA, size: 3.5 nm x 2 nm. (g) - (h):

Current vs. time curve showing tip response after each pulse. Pulse parameters: 2 V, 5 seconds. (i)
Reaction summary.

8.2.3 DFT calculations of adsorption geometry and image simulations

DFT calculations of the adsorption geometries of I, Il and III are shown in Figure 62.
They illustrate that the deoxygenated precursor I adsorbs flat on the surface (Figure
62a). After the first pulse, the dimethylbenzene that has converted to p-QDM has a
slightly stronger interaction with the surface as compared to the unreacted one.
Therefore, the intermediate species, II is mildly non-planar and asymmetric (Figure
62b). The quadruple dehydrogenated final molecule III has a stronger interaction with
the surface than the precursor I, but is symmetric (Figure 62c).
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Figure 62: Adsorption geometries and image calculations: (a) - (c) Top and side vies of each molecular
species' adsorption geometry on Au(111).

Based on the calculations, STM topographies were simulated, again of all three species
of the molecule. These are shown in Figure 63. There is an excellent match with the
experimental images, if one compares it with Figure 61d - Figure 61f. The central lobes
in the precursor molecule were correctly attributed to the methyl groups and the
progression of the tip-induced topography change is quite clearly what we also see
experimentally.

nn

Figure 63: Calculated STM topographies.

8.2.4 nc-AFM with gPlus sensor

The intermediate species II and the final molecule III were investigated using nc-AFM
as well, since we wanted to probe the sub-molecular structural changes that came with
the chemical conversion. This was not accessible by constant height images with a CO
tip, although they were sufficient to ascribe the chemical structure.

We now switched the STM tip with the gPlus tip, since as explained in Chapter 2, this

would allow us to take STM as well as AFM measured. We functionalized our gPlus tip
with CO, because there is no such thing as too much resolution.
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The images of Il and III are shown in Figure 64. We were, if | may use the superlative
here, delighted to find that the images not only showed clearly the benzene rings, but
also the square cyclobutadiene units. Furthermore, Figure 64a shows two intense
maxima as the periphery of the molecule, which is due to the unconverted methyls.
The slight non-planarity, as theorized by the DFT calculations (Figure 62b) is very
much in evidence here. In contrast, III (Figure 64b) is symmetric with the central rings
displaying a very slight lowering of contrast, due to its structure being depressed
towards the surface, again in agreement with the calculations (Figure 62c).

Figure 64: (a) Laplace filtered nc-AFM image with CO functionalized tip of the partially reacted II. (b)
Laplace filtered nc-AFM image with CO functionalized tip of the final product, IIl. Image parameters: (a)
Amplitude = 300 pm, V=1 mV, size = 4.0 x 1.7 nm (b) Amplitude = 150 pm, V=1 mV, size 4.0 nm x 1.7
nm.
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This is unambiguous proof that we succeeded in the on-surface reaction via tip-based
manipulations, a rather efficient conversion as it took one pulse per double
dehydrogenation. We were able to repeat this over many molecules, and all that was
needed to be done now was to probe the electronic properties of all three species. This
will be the subject of discussion in the upcoming sections.

8.2.5 Electronic properties: I

Figure 65 shows the electronic characterization of precursor I. The spectrum was
taken with a metallic tip at the edge of the molecule, as shown in Figure 65a. On the
negative side, we see a shoulder at around -1.5 V and one the positive side, two very
broad and intense peaks at around 1.5 V and 2.5 V. The chemical structure is shown in
Figure 65b. Taking conductance maps at the biases recorded from the STS (Figure
65c), gives us an idea of what I looks like electronically. Since on the negative side, i.e.,
below Fermi energy, the STS showed a shoulder feature, we recorded maps at two
positions, one at the onset of the curve, and one at the maximum. We discovered that
these are indeed coming from the contribution of two different orbitals, since the
features around the dimethylbenzene units are changing. At -1.40 V, they are much
sharper and well defined, while at-1.55 V, they diminish in contrast almost completely
and instead the benzene rings beyond the cyclobutadiene units are quite well-
resolved.

Above the Fermi energy, we mapped the spatial distribution of charges at 1.50 V and
2.40V, both of which were the peak maxima from the STS curve. The states are much
more diffused here, along the molecular structure, with some localization around the
central benzene ring at 1.50 V and the naphthalene units at 2.40 V.

The calculated dI/dV maps also shown in Figure 65c are in good agreement with the
experimental results, however, we refrain from ascribing these resonances to orbitals,
since we did not measure any intermediate maps at incremental bias steps as we did
for Il and III. These have been discussed in the next sections.
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Figure 65: STS and constant current conductance maps of I. (a) Constant height STS. Spectra were
recorded at the positions shown in the inset. Image parameters: Inset V= -2V, [ = 20 pA, image size:
4nmx2 nm. (b) Chemical structure of deoxygenated precursor. (c¢) Conductance maps: Top row:
Experimental maps. Bottom row: Calculated maps. Image parameters: I = 200 pA, size of all images: 3.5
nm x 1.7 nm.

8.2.6 Electronic Properties: II

The intermediate species, or II, was quite interesting because of its asymmetry and
also due to the different hybridization on the carbons. In the case of the
dehydrogenated p-QDM, the carbon is sp? hybridized, whereas in the hydrogenated
dimethylbenzene, it is sp3. The STS were taken at either end of the molecule with a
metallic tip, and the spectra are shown in Figure 66.
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Figure 66: Constant height STS on II. Spectra were recorded at the positions shown in the inset. Image
parameters: InsetV =-2V, =20 pA, image size: 4 nm x 2 nm.

Since we found several close-packed and low intensity peaks below Fermi energy and
quite broad peaks above, we performed what we will call a bias sweep. After
determining the maximum of each peak of the STS curve, we increased the bias in small
steps around this value and recorded conductance maps at each of these incremental
values. We did this for both the positive and the negative side. The negative sweep is
shown in Figure 67.

-1.88V -15V -14v -13V -1.2V -11V -10V -09V -0.8V -0.7V

Figure 67: Constant current conductance maps of II taken below Fermi energy at incremental bias steps.
Image parameters: [ = 200 pA, size: 1.7 nm x 3.5 nm.

We find that in general, the contrast is localized around the dimethybenzenes and the
p-QDM, with edge states visible that are characteristic of acenes. The contrast in the
maps correspond well to the values gleaned from the STS curves, i.e, -1V, -1.5V and
-1.88V.
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On the positive side however, we see a strong contrast at 1.84 V and at 2.04 V, which
is the peak maximum from the STS curve, a different localization of states, meaning
thatitis another orbital. At the position of the second peak from the curve, i.e., at 2.45V,
we again discover that the local densities of states are distributed differently,
signifying that this is from the contribution of another orbital.

1.04V 1.44V 1.74V 1.84V 2.04V 245V

Figure 68: Conductance maps taken below Fermi energy at incremental bias steps. Image parameters: I =
200 pA, size: 1.6 nm x 3.5 nm.

Figure 69a shows the chemical structure of the intermediate species Il and the
experimental dI/dV maps that we selected to be the ones describing the orbitals as
shown in the top row of Figure 69b. The filled states are as found in the STS curve in
Figure 66 and are ascribed as -1 V for HOMO, -1.53 V for HOMO -1 and -1.88 V for
HOMO-2. The unfilled states are ascribed based on where the contrast was brightest
in the sweep, rather than simply the peak maxima as discussed. Therefore, 1.74 V is
the LUMO, 2.04 V is the LUMO+1 and 2.45 V is the LUMO+2. This is also in relatively
good agreement with the calculated maps, shown in the bottom row of Figure 69b.

Below the Fermi energy, the states are localized strongly around the
dimethylbenzenes and only the HOMO-1 shows clear contrast on the molecular 1D
framework. What is important to note is the asymmetric shape of this charge
distribution, which would of course make sense. The unfilled states similarly show an
asymmetry, and apart from that, the localization remains much the same as the
precursor I shown in Figure 65c.
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Figure 69: (a) Chemical structure of intermediate molecule II. (b) Conductance maps: Top row:
Experimental maps. Bottom row: Calculated maps. Image parameters: [ = 200 pA, size of all images: 3.5
nm x 1.7 nm.
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8.2.7 Electronic Properties: III
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Figure 70: Constant height STS on III. Spectra were recorded at the positions shown in the inset. Image
parameters: Inset V=-2V, =20 pA, image size: 4 nm x 2 nm. (b) Chemical structure of deoxygenated
precursor. (c) Conductance maps: Top row: Experimental maps. Bottom row: Calculated maps. Image
parameters: [ = 200 pA, size of all images: 3.5 nm x 1.7 nm.

Finally, we have arrived at the quadruple dehydrogenated end product, III. The STS
shown in Figure 70 illustrates that there is a very intense and again, broad peak at 2 V.
The negative resonances are difficult to discern and have therefore been magnified in
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the same image and show a peak starting ataround -1 V whose maximum lies at-1.25V.
We performed the bias sweep again, as described in the previous section.

The conductance maps recorded below the Fermi energy are shown in Figure 71. It is
immediately apparent that there is only one kind of charge localization, and that the
highest contrast is at -1.05 V. Moving away from this bias value only diminishes the
contrast.

-1.85V -1.65V-145V -135V-1.25V-1.15V -1.05V-0.95V-0.85V

Figure 71: Constant current conductance maps of III taken below Fermi energy at incremental bias steps.
Image parameters: [ = 100 pA, size: 1.7 nm x 3.5 nm.

Above the Fermi energy, we see similar behaviour as II, where the resonances
translate to different charge localizations under the broad 2 V peak from the STS curve
(Figure 70). This time, however, we see no asymmetry in the structure, in accordance
with the symmetric nature of the final molecule. The maps have been shown in

Figure 72.

1.04V 144V 174V 184V 2.04V 2.24V 230V 245V
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Figure 72: Constant current conductance maps taken above Fermi energy at incremental bias steps. Image
parameters: I = 200 pA, size: 1.7 nm x 3.5 nm.

Based on these sweeps, we were able to ascribe the HOMO and LUMO states depending
on where we saw the highest contrast in the conductance maps, rather than the peak
maxima, similar to what we did with II. This has been shown in Figure 73. Following
the structure shown in Figure 73a, we can clearly see that the HOMO is localized
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strongly around the p-QDM units and the characteristic acene states are also visible
(Figure 73b). The LUMO is at 1.84 V, LUMO+1 at 2.04 V and LUMO+2 at 2.30 V. The
localization is very similar to that of II, in fact, as are the resonance positions (Figure
69 and Figure 66). The calculated dI/dV maps shown in the bottom row of Figure 73b,
are once again in good agreement with the experimental results, illustrating that our
assignation of orbitals is correct.

We notice a very small opening of the bandgap when comparing II and III, which can
be explained due to the increased aromaticity of III.

b

CALC. EXP.

Figure 73: (a) Chemical structure of final molecule IIIL (b) Constant current conductance maps: Top row:
Experimental maps. Bottom row: Calculated maps. Image parameters: [ = 200 pA, size of all images: 3.5
nmx 1.7 nm.

8.2.8 Conclusion

In this part of the chapter, we demonstrated the tip-based transformation of two
dimethylbenzenes into p-QDM units, thereby generating not only a new analogue of
undecacene, but we have been able to study the effect of anti-aromatic moieties like
cyclobutadiene and the change of hybridization of the functional groups, on the 1D
framework of the molecule. While the isoundecacene is only a structural isomer of
undecacene, this incorporation of non-benzenoid structures provided us with an
opportunity of studying the relation between the interruption of aromaticity and
electronic properties. This can be summarized by studying the anisotropy of induced
current density (ACID) plots, as illustrated in Figure 74. ACID plots are used to
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understand and visualize the delocalization and conjugation of all electronic states in
a molecule [139].

The presence of clockwise currents in the naphthalene units of both I and III as shown
in Figure 74a and Figure 74b respectively, indicates their aromatic nature, while a
counter clockwise current in the four-membered rings, their anti-aromatic nature. For
the final molecule III, we see a clockwise ring current around the pentacene unit,
especially strong around the three central rings (Figure 74b), indicating once again the
aromatic characteristics. This is in contrast with the precursor I ( Figure 74a), where
this feature is observed only locally on non-contiguous rings, and no significant
directional current in the p-QDM units, suggestive of an interruption of aromaticity.
This change in aromaticity is also observed experimentally, in the form of the slight
widening of the bandgap as discussed in the previous section.

Figure 74: ACID plots. (a) Deoxygenated precursor I. (b) Final product III.

Therefore, we were successful in our goal of on-surface synthesis of isoundecacene,
characterizing each reaction step and demonstrating experimentally the structure-
conjugation properties.
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8.3 On-surface synthesis of tetradecacene: 6-epoxy precursor

The precursor design follows the same principle of epoxy protection, which proved
successful for the on-surface generation of dodecacene [131], and the isoundecacene
presented in the previous section. However, since we have an additional naphthalene
unit, it also means that we have an extra epoxy ring. The chemical structure of the
precursor in shown in Figure 75.

Figure 75: Tetradecacene precursor. Carbon atoms shown in grey, hydrogen in white and oxygen in red.

All rings are hexagonal benzene rings, the apparent distorted shape is due to non-
planarity caused by the epoxy bridges.

8.3.1 Deposition on Au(111)

The molecules are flashed from a Silicon wafer as explained in the previous section. An
overview of the surface is shown in the image below.

Figure 76: Overview of Au(111) after deposition of tetradecacene precursors. Image parameters: V = 0.5
V, =30 pA, size = 35 nm x 25 nm. Stack of tetradecacene precursors shown in green.

We observe that the coverage of the molecules is low and also that there is some
chemical contamination present, as is common with this deposition technique.
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Importantly, the molecules arrange themselves in stacks, as shown in the green circle
in Figure 76.

We decided to take a closer look at these stacks, using a CO tip. The results are shown
in Figure 77. The low bias constant current image with the functionalized tip is shown
in Figure 77a. Its corresponding constant height image (Figure 77c) illustrates that not
all the rings in the molecular structure are the same size. This could be due to the epoxy
bridges, or in case of their cleaving like seen with the isoundecacene precursor, due to
intermolecular interactions. In order to identify the position for pulsing, one must
record a high bias STM topography, as has been done in the past for other acene
precursors [131]. The high bias STM topography shows bright protrusions on each
molecule, one of which has been highlighted by a red star (Figure 77b). We applied a
constant height pulse at 2.5 V for five seconds at this position, as immediately recorded
a post-pulse constant height image. This is shown in Figure 77d. We can see some
subtle differences now in the molecular structure, namely that there are some low-
energy states emerging near the pulse position, which could be indicative of
dehydrogenation or spin states [140]. This could be caused by some intermediate and
unanticipated reaction during pulsing, due to the intermolecular interactions within
the stack.
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Figure 77: Close-up of a stack of tetradecacene precursors. (a) Constant current image with a CO-tip.
Image parameters: V= 0.5V, I = 30 pA. (b) Higher bias constant current image with a CO-tip showing
position of pulse (red star). Image parameters: V=2V, I = 30 pA (c) Constant height image with CO-tip,
before pulsing. (d) Post-pulse constant height image with CO-tip. Constant height pulse parameters: 2.5
V, 600 pA. Image parameters for (c) and (d): V = 6 mV. All images size: 5.5 mn?

Therefore, we decided to isolate the molecules via lateral manipulation first, before
any pulsing operations.
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Figure 78 shows an isolated molecule. The high bias constant current image shows
four features, which can be described as protrusions or bumps. These have been
shown with arrows in Figure 76a. The corresponding constant height CO image further
illustrates that these bumps translate to enlarged rings in the molecular structure,
clearly visible in Figure 76¢c. The arrows also indicate the position of the constant
height pulse (2.5V, 400 pA, 5 seconds) that we applied to the molecule. The post pulse
constant current image shown in Figure 76b shows that only one bump (green arrow
in Figure 76a) has been removed. The corresponding CO image shown in Figure 78d
also demonstrates that the previously enlarged ring (Figure 76¢c shown with green
triangle) has been converted to a benzene ring, signifying that the pulse-induced
chemical conversion has worked. However, all the other enlarged rings (Figure 76d)
shown by red triangles) remain unchanged, even after repeated pulsing operations.

e

- * ‘ m
Figure 78: Pre and post-pulse images of isolated molecule. (a) Pre-pulse constant current image showing
pulse positions with arrows. (b) Post-pulse constant current mage showing only the bump at the position
of the green arrow in (a) disappearing. (c) Pre-pulse constant height image. (d) Post-pulse constant height
image, with the conversion of one ring from large to small (green arrow). Image parameters: (a) - (b): V=

2V, 1=30 pA, size: 4nm x 2 nm. (c) - (d): V=5 mV, size: 4 nm x 1nm. Pulse parameters: Constant height
pulse, V=2.5V,1=400 pA.

We will now summarize the work of many weeks, where we isolated and pulsed
several molecules, always to find that there was one or more unpulsable protrusions
that appeared as enlarged rings in the bond-resolved STM images. As demonstrated in
Figure 79, the position and number of these enlarged or distorted rings (red arrows)
varied, and no molecules were ever observed without at least one of these distorted
features. Of note was also our observation that quite often, the distorted rings
corresponded to the position of the epoxy bridges in the precursors. The simplified
chemical structure provided in Figure 79 demonstrates this fact.

114



‘ .
]
L

EER
R0

!
\
-

Y

e i W5
--_JJ-_’—’—L

It

Figure 79: Simplified chemical structure and Laplace filtered constant height images with CO tip showing
multiple molecules. Red arrows mark the position of distorted rings. Image parameters: V = -1 mV, size: 4
nmx1nm

8.3.2 nc-AFM images of tetradecacene precursors

To gain further information about the molecules and the enlarged rings that we
observed on every molecule performed nc-AFM using the gPlus sensor on a pulsed
molecule. The results have been shown in Figure 80. The post-pulse constant current
STM image, recorded with a CO functionalized tip (Figure 80a) shows the same
features we had observed previously. The molecule has loop-like features, as the
position of enlarged rings, shown with red arrows in the nc-AFM image with a CO-tip
(Figure 80b), which is also evident in the constant height CO image, shown in Figure
80c. This means that all the distortions we observed in Figure 79 are the same as what
we observe in the purely topographical nc-AFM image (Figure 80b). There is also a
defect next to the molecule, as marked with the red asterisk, whether this is causing
the ring distortion is unclear, but the other two distortions are not due to any nearby
defects, rather they exist natively.

Another important conclusion from this figure is that, the distortions are not caused

by pulsing, since as we saw in the pre- and post-pulse comparison (Figure 78), the
precursors have these defects as deposited.
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Figure 80: Post-pulse molecule. (a) Constant current image with CO tip recorded at V=0.1V,1=100 pA.
(b) nc-AFM with a CO tip: 4.5x1.5nm

8.3.3 Electronic properties of tetradecacene precursors

Since the electronic properties of acenes, especially the bandgap is of vital importance
to investigate, we performed STS and dI/dV measurements on the pulsed precursors.
We also wanted to see if and how the conjugation was affected by the distorted rings.

The results of this investigation on a molecule with one distortion have been shown in
Figure 81. The STS was recorded over many positions on the pulsed molecule, an
example has been shown in Figure 81a. There were several low intensity and broad
peaks present, and therefore a bias sweep was performed when measuring the dI/dV
maps. This process has been explained in the previous section of isoundecacene. The
conductance maps shown in Figure 81b are the ones which had the highest contrast
and incidentally match with the peak maxima. It is unfortunately quite clear, that there
are localized electronic states at the position of the distortion, effectively breaking the
conjugation. This means that the distorted rings not only affect the structural, but also
electronic properties of the molecule.
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Figure 81: STS and dI/dV maps one molecule with one distortion. (a) Constant height STS recorded at
positions marked in the inset. (b) Constant current dI/dV maps showing broken conjugation. Image
parameters: Inset in (a): V=0.1V, 1 =300 pA. (b) I =300 pA. All images 4.5 nm x 2 nm.

We performed STS measurements on multiple molecules, with varying number and
position of distortions, with always the same result, i.e., the conjugation was broken
and localized electronic states were present at the position of the distortion.

Figure 82 shows a molecule that has been pulsed and has two loop-like features or
distortions remaining. The high bias constant current topography image in Figure 82a
shows the profiles along which the line scans were taken and the results of the line
scans themselves are illustrated in Figure 82b. We can clearly prove that these features
have no contribution to the apparent height and are electronic in nature, stemming
from the ring distortions clearly visible in all BR-SPM images.
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Figure 82: Line scan over pulsed molecule with two distortions. (a) Line scan taken along molecule and
over the loop-like distortions. (b). Line profiles showing no contribution of the loop-like features to the
apparent height. Image parameters: (a) V=2V, =30 pA, size: 5.3 nm x 2.3 nm
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8.3.4 Discussion on enlarged rings

The origin of this electronic and structural disruption was the subject of much debate
and a few possibilities have been presented in this section.

Epoxy to ketone conversion

One possibility is that one or more of the epoxy bridges were converting to a ketone,
as shown in Figure 83 . This would mean that we would not be able to pulse it away,
and of course, there would be a contribution of the double bond towards the
localization of electronic states. However, this conversion would necessitate the
creation of a radical state in the molecule, since the valence requirements of the carbon
will no longer be met, and experimentally this should manifest as a Kondo peak [140,
141] or spin-flip transition [142]. We found no evidence of either. However, it is
possible that if the exchange coupling of the spin transition states is too low, or the
radical character is being quenched by the interaction with the Au(111) surface, we
will not see it electronically. Thus, while unlikely, we cannot absolutely rule out this
conversion.

Figure 83: Simplified schematic of epoxy to ketone conversion. Double bonds and hydrogens have been
excluded.

Epoxy to stereo hydrogen conversion

In this scenario, the precursor would be presumably lose the epoxy bridges and the
participating carbon atoms would have either one or more pairs of stereo hydrogens,
illustrated schematically in Figure 84 . This possibility is easier to dispel, since it is very
well-know that stereo hydrogens are easily pulsed away, often even scanning the
molecule at higher biases suffices [130, 133, 143, 144]. However, in our case, we
cannot get rid of these distortions even by pulsing at extremely high bias and current
parameters.
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Figure 84: Simplified schematic of epoxy conversion to ring with one or more stereo hydrogens.

Multiple Clar sextets

It has been theorized that longer acenes should have an open shell character [145-
147], and recent results have corroborated this experimentally as well [132, 133].
Another hypothesis is that with increasing the 1D length, the probability of having
more than one Clar sextet is promoted [148]. This would give rise to much more stable
molecular species based on the Clar’s sextet rule [149]. This would entail a different
on-surface reaction pathway, as illustrated in Figure 85.
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Figure 85: Simplified schematic representation of possible reaction pathway.

The empirical confirmation of this is hard to come by, since it is the structure shown
via the green arrow is only one of the many possible resonant structures. Additionally,
it is very difficult to conclusively prove that additional Clar sextets would manifest as
larger rings; which is what we repeatedly observe in our molecules.
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While it is challenging to quantitatively diagnose the nature of our distorted rings, the
series of constant height CO tip images and the nc-AFM images shown in Figure 79 and,
respectively, pointed to a probable correlation between the position of the epoxy
groups and the distortions. This led us to believe that possibly such a high number of
epoxy groups was prevaricating us from completing a successful on-surface reaction
and therefore, we decided to redesign the precursor for tetradecacene.

8.4 4 epoxy tetradecacene precursor

After much brainstorming, our chemistry collaborators implemented a new design,
wherein they reduced the number of epoxy groups, and incorporated stereo
hydrogens in two of the benzene rings. This new structure has been shown in Figure
86. This was redesign was guided in part by the fact that we found a close correlation
between epoxy bridges and distortions (Figure 79), and also due to the successful on-

surface synthesis of dodecacene, which had fewer of these epoxy protection groups
[131].

Figure 86: Chemical structure of new precursor.

8.4.1 Deposition on Au(111)
Evaporated similarly from an Si wafer, the new precursors adsorb the same way as the

six epoxy version. An overview is shown in Figure 87. They are once again self-
assembled in stacks, and molecules had to be isolated by lateral manipulations.
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Figure 87: STM over after deposition. Constant current image recorded at V=0.5V,1=10 pA, size: 30 nm
x 15 nm.

8.4.2 Attempts at on-surface synthesis

Figure 88 shows our attempts at the on-surface synthesis of tetradecacene from this
new precursor. The molecule is first isolated and a low bias CO-tip constant current
topography image recorded, and is shown in Figure 88a. We proceed in the usual way,
where we take a high bias image next, to identify the position of the protrusions, in
order to pulse them away. This has been shown in Figure 88b. We can already observe
that while there are protrusions (shown via the green stars), that are well-defined and
bright, we also see the loop-like features that we have come to recognize as distortions
and unpulsable. The constant height CO tip image taken before the pulse is shown in
Figure 88c. The simplified chemical structure added to the bottom of the column shows
a good agreement with the experimentally observed enlarged rings, and the epoxy
groups in the molecule.

We performed a constant height pulse at 2.5 V for 5 seconds, which elicited a current
of 600 pA, the results of which are shown in the right column of Figure 88. No change
is discernible in the CO-tip constant current image taken at low bias, as illustrated by
Figure 88d. The high bias image in Figure 88e, however, shows clearly that the
protrusions or pulsable bumps that had been designated by the green stars in Figure
90b, have indeed been pulsed away. The loop-like features remain, and even with very
high bias and current pulses, we were not able to get rid of them. Lastly, we see from
Figure 88f that at the position of the successful pulses, two of the enlarged rings have
been converted to smaller benzene rings while the distortions continue to manifest as
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larger rings. Additionally, we see evidence of low energy states on the left side of the
molecule, meaning that we might have a radical at that position [140].

Figure 88: Pre and post-pulse images of isolated molecule with simplified chemical structure of precursor
molecule. (a) - (c) Pre-pulse images. (a) Low bias constant current image. (b) High bias constant current
image showing pulsable bump with green star and already existing distortions. (c) Pre-pulse constant
height image. (d)- (f) Post-pulse images. (d) Low bias constant current image. (e) High bias constant
current image showing the pulsable bump disappearing. (f) Post-pulse constant height image with CO tip.
Image parameters: (a), (d): V=0.1V,1=100 pA. (b), (e): V=2V,1=100 pA. (c), (f): V=-1 mV. All images
size: 5 nm x 2.5 nm. Pulse parameters: Constant height pulse, V=2.5V, 1 =400 pA.

8.4.3 Electronic properties of new tetradecacene precursors

Performing STS on the molecule described above, we find that the spectrum shows
broad peaks (Figure 89a). We performed an incremental bias sweep and found that
the brightest conductance maps were recorded at resonances found at-0.3 Vand 1.6V.
These maps have been shown in Figure 89b. We see quite clearly that above Fermi
energy, there are localized states at three points along the molecule, each
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corresponding to the three distortions we found on this molecule (shown in the inset
of Figure 89a). Below Fermi energy, we do not observe such strong localizations,
however, we do notice that the conjugation is broken.

dl/dV (a.u.)

b -0.3V 1.6V

Figure 89: STS and dI/dV maps one molecule with three distortions. (a) Constant height STS recorded at
positions marked in the inset. (b) Constant current dI/dV maps showing broken conjugation at positios
of distorted rings. Image parameters: Insetin (a): V=2V, 1=300 pA. (b) I =300 pA. All images 5 nm x 2.5
nm.

We tried the isolation and pulsing operations on multiple other molecules, an example
of which is shown in Figure 90. The left column are the pre-pulse images and the right
column, the post-pulse. The low bias CO-tip constant current image is the usual planar
and featureless in appearance (Figure 90a), while the high bias image shows three
pulsable bumps this time, marked with green stars in Figure 90b. These are also the
position where sequential constant height pulses are administered at 2.5 V for 5
seconds. We also observe loop-like features, in close proximity to the pulsable bumps.
Finally, the constant height CO-tip image in Figure 90c shows us through the aid of the
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simplified chemical structure that most of the enlarged rings correspond yet again to
epoxy groups in the precursor.

Post pulsing, the low bias constant current image shows a small but distinct change in
the molecular topography (Figure 90d). The high bias image (Figure 90e) again shows
us the distortions, this time two in number, and the disappearance of the three bright
protrusions or bumps, meaning that at least at the position marked by the three green
stars in Figure 90b, our pulsing was successful. We already know now from long
experience that the loop-like features are impossible to remove through pulses.

The CO-tip constant height image in Figure 90f shows us two things; some of the rings
are reduced in size as they responded to pulses, this is borne out in both constant
height and constant current images as discussed, and secondly, we observe low energy
states yet again, indicative of one or more radicals.

Figure 90: Pre and post-pulse images of isolated molecule with simplified chemical structure of precursor.
(a) - (c) Pre-pulse images. (a) Low bias constant current image. (b) High bias constant current image
showing pulsable bumps with green stars and already existing distortions. (c) Pre-pulse constant height
image. (d)- (f) Post-pulse images. (d) Low bias constant current image. (e) High bias constant current
image showing the pulsable bump disappearing. (f) Post-pulse constant height image with CO tip. Image

125



parameters: (a), (d): V=0.1V,1=100 pA. (b), (e): V=2V,1=100 pA. (c), (f): V=-1 mV. All images size: 5
nm x 2.5 nm. Pulse parameters: Constant height pulse, V = 2.5 V,1 =500 pA.

The electronic investigation of this molecule yielded a surprise. The STS curve shown
in Figure 91a was taken at the position of the red dot shown in the inset image and
shows the by now standard multiple broad peaks. However, a narrow spectrum taken
atthe position marked with the black dot, shows a symmetric step-like feature, centred
around the Fermi energy (Figure 91b). We would like to point out that this spectrum
was taken at the position of the low energy states visible in Figure 91d and Figure 91f.

For the first time, we observed experimental evidence of an open shell attribute in our
molecule, as evidenced by the symmetric peaks found after taking a second derivative
of the STS curve from Figure 91b, that has been shown in Figure 91c. The position of
the peak maximum/minimum is at +/- 42 mV, and these features are attributed to the
spin transition or flip, through inelastic excitation from the ground singlet state to the
excited triplet state. This phenomenon was recently reported by two different groups
that successfully synthesised tridecacene [133] [132]. However, they reported
contrasting singlet-triplet, as well as electronic gaps. Our singlet-triplet gap is quite
small, around 84 mV.

This molecule, was quite mobile and therefore the constant current conductance maps
had to be recorded at relatively low current values (Figure 91d and Figure 91e). This
affected the resolution and intensity of features, but as discernible in Figure 91d, the
conjugation is yet again broken, and we see localized states at the position of the
distortions.
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Figure 91: STS and dI/dV maps molecule with two distortions. (a) Constant height STS recorded at
positions marked in the inset. (b) Narrower bias range of (a) showing a specific feature around zero bias.
(c) Second derivative of (b) showing the spin excitation at 42 mV, either side of zero bias. (d) - (e):
Constant current dI/dV maps showing broken conjugation at positions of distorted rings. Image
parameters: Inset in (a): V=2V, 1 =100 pA. (d) and (e): I =50 pA. All images 5 nm x 2.5 nm.
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8.5 Summary

The voltage pulse induced on-surface synthesis of the isoundecacene isomer was a
success and we were able to probe the structure and electronic properties of the
molecule, starting from the as-deposited precursor, intermediate species and the final
target molecule.

The same pulse-induced synthesis of tetradecacene starting from two different
precursors ran into similar roadblocks. We were able to unambiguously correlate the
distortions in the molecular structure to the breaking of conjugation, and never found
any molecule without at least one such distortion.

We were also able to demonstrate that these distortions existed on the molecules as
deposited and were not induced as a result of tip-based manipulations.

As discussed, trickier is the assignation of these distortions to any chemical species.
Since it corresponds relatively well to the epoxy groups in the precursor, it is perhaps
possible that the epoxies are undergoing an unwanted chemical conversion during
synthesis or deposition, into ketones or pyrillium moieties. These are, after all a highly
unstable and reactive class of molecules.

A way forward could be depositing these molecules in an atmosphere of atomic
Hydrogen, or even attempting post-annealing operations in the same atmosphere.
Hydrogen passivation is a well-known technique to protect dangling bonds at carbon
atoms [144, 150] and quench radical states [151], therefore ameliorating any effects
of uncontrolled epoxy to ketone conversions or other unexpected reactions.
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9 Summary and outlook

As rightly said, whatever has a beginning, must have an end and this chapter presents
a summary of the experimental work undertaken in this thesis.

Chapter 6 presented two different molecules, both interesting in their self-
organisation on an Au(111) surface, but as demonstrated not well-suited towards 2D-
COFs.

Chapter 7 demonstrated the successful use of tip-based manipulation techniques to
conformational change two donor-acceptor type molecules, in the first case by tuning
the planarity and in the other, reversibly switching conformations. For the first case of
the thianthrene based molecule, electronic investigations also revealed that the two
different kinds of self-assembles observed by virtue of the two different kinds of
planarites of the molecules within this self-assembly, also manifested as a difference
in the electronic properties as well. For the second case of the thiophene based
molecules, we were able to show that the electronic properties remain unchanged
across the two conformers.

Chapter 8 was exclusively dedicated to the on-surface synthesis of long acenes and
acene analogues. The undecacene analogue with non-benzoid moieties was
successfully synthesised via tip-induced dehydrogenation. By racking each step of the
reaction with SPM techniques, we could demonstrate the creation of the intermediate
and final reaction product and also understand how the electronic properties change
with the change in aromaticity. This chapter also presented the attempted synthesis of
tetradecacene from two different precursors, which although not entirely successful,
yielded interesting results showing a correlation between enlarged rings and an
interruption in conjugation. The chemical nature of this enlarged ring has also been
discussed and a few possibilities put forth.

As an outlook, focus should be put on the generation of tetradecacene, perhaps through
hydrogen passivation techniques as mention in Chapter 8. The electronic properties of
long acenes are extremely interesting and it would be ideal to continue this group’s
tradition of synthesizing the longest acenes.

When it comes to the successful created of 2D-COFs via bottom-up synthesis, much
more rational design and dialogue between collaborating groups would be beneficial.
This field of research is full of possibilities of designing novel materials and even when
not completely successful, we still learn more about the native nature of molecules on
surfaces, as illustrated by the homochirality of one of the molecules in Chapter 6.
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An interesting avenue for long range order in on-surface synthesis of 2D-monolayers
could be exploring metal-organic frameworks (2D-MOFs), as opposed to purely
covalently linked frameworks. This can be done in several ways, either by choosing
precursors with metal incorporation, co-deposition of metal atoms on to the substrate,
or even extraction of surface atoms, and adatom mediated linkages [152, 153] [154] .
This combines the bottom-up approach of 2D-COFs but with an increased modular
approach, since the metal atoms or ions can be changed, giving rise to multiple nano-
architectural options.
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