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Abstract

The importance of organic chemistry in modern science and industry has lead to an emer-
gence of a variety of advanced techniques for the identification of organic molecules. The
most common of them are vibrational spectroscopies, diffraction techniques and nuclear
magnetic resonance spectroscopy (NMR). Resolving the molecular structures with these meth-
ods relies on the unique responses and interactions of the ensemble of the molecules to the
applied stimuli, such as electromagnetic radiation or particle beams. Another approach to the
structural determination relies on the real-space investigation and is offered by microscopy
techniques. One of them, scanning tunneling microscopy (STM) is capable of identification
of the organic structures by imaging explicitly single molecules at the nanoscale. Further
integration of non-contact atomic force microscopy (nc-AFM) with STM allows direct ob-
servation of the molecular structures with atomic resolution. This unique possibility can be
utilized to study chemistry with extraordinary precision at the scale of individual molecules.
In this thesis, a homebuilt combined STM/nc-AFM instrument is used to investigate three
distinct organic systems, focusing on the structure elucidation and chemical reactivity of
single organic molecules.

The first research project concerns the structural and electronic properties of a tetracenothio-
phene (TCT), adsorbed on the Cu(111) surface. The TCT molecule is a pentacene derivative
with a sulfur-containing thiophene group. The two pathways of an electric-field-driven desul-
furization reaction of this thiophene group are demonstrated: a two-step pathway and a direct
transition from the intact to the desulfurized state. The reaction is triggered by positioning the
STM tip above the thiophene moiety and ramping the bias voltage. In the two-step pathway,
the first step is induced only by the presence of the electric field. The second step can be
induced by applying the electric field and simultaneously injecting the electrons into the
system. With both high-resolution STM and nc-AFM imaging, we identify the two steps as the
subsequent splitting of the two C-S bonds of the thiophene group. As a result, the two carbon
atoms of the former thiophene group form covalent bonds to Cu surface atoms. After the
reaction, the desulfurized molecule is anchored to the substrate mechanically. The conduc-
tance measured through the molecule suspended between the tip and the sample electrodes
increases by ~50 % after the reaction. Due to the properties of the facile thiophene-copper



bonding, it is of interest as an anchoring technique in single-molecule electronics.

In the second project, the chemical reactions induced by hyperthermal collisions of Reichardt’s
Dye molecules with a metal surface are investigated. Collisions with hyperthermal kinetic
energies lead to a non-equilibrium process where the high energy of the molecules is dispersed
in a very short time. By controlling the kinetic energy of the incident organic molecules with
Electrospray lonization-Beam Deposition (ES-IBD), we accessed new, thermally inaccessible
states. We identified both thermally and kinetically created species of Reichardt’s Dye with
the STM/nc-AFM imaging and compared the results. Hyperthermal deposition of Reichardt’s
Dye indeed leads to the creation of new states that are inaccessible by thermal activation.
This approach to reaction kinetics can be applied to different systems to yield new molecular
species.

In the last chapter, we test the ability of STM/nc-AFM to identify the branched structures
of small carbohydrates. This class of molecules is representative of many biologically active
molecules that are difficult to analyze with traditional methods such as mass spectrometry and
nuclear magnetic resonance spectroscopy. The carbohydrates can exhibit a polymerized and
branched structure, often consisting of monosaccharides with identical mass and composition.
Therefore, the full identification of their structure, if possible at all, requires a series of precise
experiments, significantly increasing the material consumption. Carbohydrates, as well as
proteins and peptides, are often not available in required amounts. The real space approach
to investigating carbohydrates, including STM and nc-AFM, may provide information about
the branching aspect of carbohydrate structure at low material cost, thanks to the possibility
of structural identification performed on a single organic molecule. We analyzed a model
system consisting of linear pentamers and branched hexamers of mannose. The studies
of these linear carbohydrates lead to the identification of single monosaccharide units on
Cu(100) and Cu(111). We also identified and assigned folded structures encountered during
the experiments to single and double pentamers of mannose. Moreover, the imaging allowed
us to approximately localize the branching points in the branched hexamers of mannose. This
effort demonstrates the potential of using STM/nc-AFM as a complementary technique for
the structural identification of carbohydrates.
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Zusammenfassung

Die Bedeutung der organischen Chemie in der modernen Wissenschaft und Industrie hat dazu
gefiihrt, dass eine Vielzahl von fortschrittlichen Techniken zur Identifizierung von organischen
Molekiilen entwickelt wurde. Am haufigsten sind Schwingungsspektroskopie, Beugungstech-
niken und - Kernspinresonanzspektroskopie (NMR). Die Auflosung - molekularer Strukturen
mit diesen Methoden beruht auf den einzigartigen Reaktionen und Wechselwirkungen des
Ensembles der Molekiile auf die angewandten Reize, wie elektromagnetische Strahlung oder
Teilchenstrahlen. Ein weiterer Ansatz zur strukturellen Bestimmung basiert auf der Real-
raumuntersuchung und wird durch Mikroskopietechniken angeboten. Eine- von ihnen, die
Rastertunnelmikroskopie (RTM), ist in der Lage, die organischen Strukturen zu identifizieren,
indem sie explizit einzelne Molekiile im Nanometerbereich abbildet. Die zusétzliche Integrati-
on der beriihrungslosen Rasterkraftmikroskopie (nc-AFM) mit RTM erméglicht die direkte
Beobachtung der Molekiilstrukturen mit atomarer Auflésung. Diese einzigartige Moglichkeit
kann genutzt werden, um die Chemie mit auBergewdhnlicher Prazision im Ma@stab einzelner
Molekiile zu untersuchen. In dieser Arbeit wird ein selbstgebautes kombiniertes RTM/nc-
AFM-Instrument verwendet, um drei verschiedene organische Systeme zu untersuchen, die
sich auf die Strukturauflésung und chemische Reaktivitdt einzelner organischer Molekiile
konzentrieren.

Das erste Forschungsprojekt befasst sich mit den strukturellen und elektronischen Eigenschaf-
ten von Tetracenothiophen (TCT), adsorbiert Cu(111). TCT ist ein Pentacenderivat mit einer
schwefelhaltigen Thiophengruppe. Zwei Wege einer, durch ein elektrisches Feld kontrollier-
ten, Entschwefelungsreaktion dieser Thiophengruppe werden demonstriert: ein zweistufiger
Weg und ein direkter Ubergang vom intakten zum entschwefelten Zustand. Die Reaktion
wird ausgeldst, indem die STM-Spitze iiber dem Thiophenteil positioniert und die Biasspan-
nung erhoht wird. Im zweistufigen Weg ist das elektrische Feld alleine nur fiir den ersten
Schritt verantwortlich. Der zweite Schritt kann durch Anlegen des elektrischen Feldes und
gleichzeitige Injektionder Elektronen in das System eingeleitet werden. Sowohl bei der hoch-
auflosenden STM- als auch bei der nc-AFM-Bildgebung identifizieren wir die beiden Schritte
als die aufeinanderfolgende Trennung der beiden C-S-Bindungen der Thiophengruppe. Die
beiden Kohlenstoffatome der ehemaligen Thiophengruppe gehen kovalente Bindungen zu
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Cu-Oberflichenatomen ein. Nach der Reaktion wird das entschwefelte Molekiil mechanisch
auf dem Substrat verankert. Der Leitwert, gemessen durch das zwischen der Spitzen- und
derProbenelektrode schwebende Molekiil, steigt nach der Reaktion um ~ 50 %. Aufgrund der
Eigenschaften der einfachen Thiophen-Kupfer-Bindung ist sie als Verankerungstechnik in der
Einzelmolekiilelektronik von Interesse.

Im zweiten Projekt werden die chemischen Reaktionen untersucht, die durch hyperthermale
Kollisionen von Reichardts Farbstoffmolekiilen mit einer Metalloberfldche hervorgerufen
werden. Kollisionen mit hyperthermischen kinetischen Energien fithren zu einem Nichtgleich-
gewichtsprozess, bei dem die hohe Energie der Molekiile in sehr kurzer Zeit verteilt wird.
Durch die Steuerung der kinetischen Energie der einfallenden organischen Molekiile mit
Electrospray Ionization-Beam Deposition (ES-IBD) haben wir neue, thermisch unzugéngliche
Zustédnde erreicht. Wir identifizierten sowohl thermisch als auch kinetisch erzeugte Arten von
Reichardts Farbstoff mit der STM/nc-AFM-Bildgebung und verglichen die Ergebnisse. Die
hyperthermale Deposition von Reichardts Farbstoff fithrt in der Tat zur Entstehung neuer
Zustidnde, die durch thermische Aktivierung nicht zugédnglich sind. Dieser Ansatz zur Erfor-
schung der Reaktionskinetik kann auf verschiedene Systeme angewendet werden, um neue
molekulare Spezies zu erhalten.

Im letzten Kapitel testen wir die Fdhigkeit von STM/nc-AFM, die verzweigten Strukturen
von kleinen Kohlenhydraten zu identifizieren. Diese Molekiilklasse ist reprdsentativ fiir viele
biologisch aktive Molekiile, die mit herkommlichen Methoden wie der Massenspektrome-
trie und der Kernspinresonanzspektroskopie schwer zu analysieren sind. Die Kohlenhydrate
konnen eine polymerisierte und verzweigte Struktur aufweisen, die oft aus Monosacchari-
den mit identischer Masse und Zusammensetzung besteht.Daher erfordert die vollstdndige
Identifizierung ihrer Struktur, wenn sie tiberhaupt moglich ist, eine Reihe von prizisen Expe-
rimenten, die den Materialverbrauch deutlich erhéhen. Kohlenhydrate sowie Proteine und
Peptide sind oft nicht in ausreichender Menge verfiigbar. Der Realraumansatz zur Untersu-
chung von Kohlenhydraten, einschlieflich STM und nc-AFM, kann Informationen iiber den
Verzweigungsaspekt der Kohlenhydratstruktur bei niedrigen Materialkosten liefern, dank der
Moglichkeit der strukturellen Identifizierung an einem einzigen organischen Molekiil. Wir ana-
lysierten ein Modellsystem, bestehend aus linearen Pentameren und verzweigten Hexameren
von Mannose. Die Studien dieser linearen Kohlenhydrate fithren zur Identifizierung einzelner
Monosaccharideinheiten auf Cu(100) und Cu(111). Wir identifizierten und ordneten auch ge-
faltete Strukturen zu, die wihrend der Experimente bei einzelnen und doppelten Pentameren
von Mannose auftraten. Dariiber hinaus erméglichte uns die Bildgebung eine anndhernde
Lokalisierung der Verzweigungspunkte. Diese Arbeit zeigt das Potenzial der Verwendung von
STM/nc-AFM als ergidnzende Technik fiir die strukturelle Identifizierung von Kohlenhydraten.
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|§ Introduction

The structural identification of organic molecules has been a significant challenge since the
early days of modern chemistry. At first, chemical analysis was performed qualitatively by
mixing the analyte with various reagents that react selectively with atoms or functional groups,
resulting in the formation of distinct products. This approach allows for the determination of
specific features present in the analyte. For example, an addition of ammonia can be used
to detect copper(Il) ions, as together they form complexes of a characteristic blue color [1].
The field of analytical chemistry, first focusing on inorganic compounds and small organic
molecules, in time progressed towards more advanced structures, including biologically
relevant systems [2]. Nevertheless, the basic qualitative approach was not capable of facing
advanced challenges like solving the structure of DNA, which took almost 100 years after the
initial discovery of DNA and was accomplished with X-ray crystallography [3]. Thus, classical
methods, such as the aforementioned qualitative analysis, had to be replaced with advanced,
instrumentalized approaches that rely on the interaction of the analyte with electromagnetic
radiation, non-destructive probing and advanced mathematical analysis. These techniques
are now routinely used in many fields, including biochemistry [4], organic electronics [5] and
food industry [6].

Most widely used instrumental methods of structural analysis of organic molecules include vi-
brational spectroscopies, diffraction techniques and nuclear magnetic resonance spectroscopy
(NMR). Vibrational spectroscopies, such as infrared (IR) and Raman spectroscopies, rely on
the inelastic scattering of electromagnetic radiation on the electron cloud of the specimen
[7]. The majority of the interaction of photons with the investigated systems occurs through
elastic (Rayleigh) scattering, where the adsorbed and emitted photons have the same energy.
A small part of photons undergoes the inelastic scattering and they lose or gain an amount of
the energy related to the spacing of vibrational and rotational energy levels [7], [8]. A spectrum
can be recorded that carries information about the whole set of vibrational levels of the system,
allowing for a determination of the specimen’s structure. Moreover, vibrational spectroscopies
can be used to identify analyzed substance with high certainty by comparison with existing
entries in the database, as the vibrational spectrum is unique for each system.

Diffraction techniques profit from the wave-particle duality of photons [9], electrons [10] and
neutrons [11], which, in form of a beam, diffract on the crystalline structure of the sample.



Chapter 1. Introduction

The intensity and angles of the diffracted beams carry information about the crystallographic
structure of the system. The diffraction patterns can be both used to identify the specimen
by comparison with the existing entries in the database and to elucidate a three-dimensional
structure of the system: positions of the atoms, their type and connectivity [12]. The major
requirement of all diffraction techniques is the crystallinity of the sample, however not all
organic molecules can be crystallized. A notable example of organic structure determination
with diffraction techniques is the aforementioned example of X-ray crystallography studies of
the DNA structure [3].

A possibility to elucidate the structure of organic molecules regardless of their ability to
crystallize is provided by NMR. Atom nuclei with non-zero spin exhibits degenerated spin
states (for example +1/2 and -1/2 for a hydrogen proton). In presence of strong, constant
magnetic field the spins are orienting themselves parallel or anti-parallel to the direction of
the external field, which leads to an energy difference AE between two degenerated states. An
additional, significantly weaker electromagnetic radiation is inflicted on the sample and if its
frequency matches AE, the radiation will be absorbed and the spin will flip [13]. Afterward,
it returns to the original state and emits radiation of the frequency corresponding to AE,
which is recorded in NMR. The frequency of this signal not only depends on the type of
probed nuclei but also on its electronic environment, as surrounding electrons also react to
the applied magnetic field and can shield the nuclei. Therefore, the NMR signal also carries
information about the connectivity of the atom, as well as surrounding atoms and functional
groups, so it can be used to determine the structure of an investigated molecule [14]. Such
a determination usually requires subsequent NMR measurements that focus at different
components of organic molecules [15]-[17], such as hydrogen protons or '3C atoms [18]. The
amount of the analyte required for such a procedure increases with the size of the molecule
and full structural identification might not be possible, especially for biomolecules that exhibit
long, polymerized structure and are available only in limited quantities [19]-[21].

An approach alternative to a variety of spectroscopic and diffraction methods is offered by
microscopic techniques. Instead of acquisition and analysis of convoluted patterns, spec-
tra or spectroscopic "fingerprints" associated with specific structural features, microscopy
techniques acquire real space images of investigated objects, starting at macroscale entities
and finishing at single organic molecules and atoms. The spatial resolution of basic types of
optical microscopy, which rely on the interaction of the imaged object with far-field photons
of visible light, is limited by the Abbe diffraction limit (theoretically 250 nm for photons with
500 nm wavelength) [22]. Although this is sufficient for the observation of single cells [23], it
is still far from the resolution required for the observation of single organic molecules (nm
and sub-nm regime). The diffraction limit can be surpassed with more sophisticated types
of optical microscopy, like stimulated emission depletion [24] or near-field scanning optical
microscopy [25]. With these techniques, the resolution can be further improved to ~20 nm,
which allows for the direct observation of the inside of cells [26], while still being unable to
probe in real space the inner structure of single organic molecules. Electron microscopy is
based on the interaction of the investigated object with far-field electrons in the form of the



incident electron beam. The resolution of scanning electron microscopy (SEM), ~1 nm [27], is
nearly sufficient to image molecular structures. The transmission electron microscopy (TEM)
can resolve the features below 1 A [28] for inorganic systems, which, for example, can be used
to image single atoms of crystalline structures [29]. The usability of TEM for imaging of organic
systems is limited, as increasing the resolution of TEM requires higher electron beam energy
that will damage or destroy organic molecules before single bonds and atoms can be resolved
[30]. The structure of biologically relevant organic molecules such as proteins can be identified
with transmission electron cryomicroscopy (CryoTEM). In this technique, the molecules and
particles are immobilized in vitreous ice that doesn't diffract the electron beam as strongly
as crystalline ice and keeps the specimen in a state close to its native state (in contrary to
high vacuum in the standard TEM column) [31]. The identification of structure requires
the acquisition of a huge number of projection images of identical molecules acquired with
small, non-damaging electron doses. The molecules are suspended in amorphous ice film in
random orientations and by using advanced software, the images can be aligned, averaged
and combined into a three-dimensional structural model of the molecule [32]. Despite the
superior capabilities of TEM and its subtypes, direct observation of the structure of single
organic molecules with atomic precision is yet to be achieved with TEM. The technique, which
already attained this goal, is scanning tunneling microscopy (STM) and its combination with
non-contact atomic force microscopy (nc-AFM).

Since its invention in 1981 [33], STM has become established as one of the most powerful
tools in fundamental surface science [34]. It utilizes the quantum tunneling effect occurring
between the sample and tip electrodes to probe the local density of states (LDOS) of the
investigated system. STM operates in sub-nm range, as the tunneling effect is laterally confined
in a small area defined by the last atoms of the tip apex. STM can be used to map the spatial
distribution of LDOS and yields atomic-scale images of surfaces and surface adsorbates,
including organic molecules. Moreover, it offers the possibility of performing atomically
precise manipulations of adsorbates, either by utilizing the electric field and tunneling current
or by interaction with the tip electrode. The experiments performed with STM in sub-nm scale
often reveal the quantum nature of physical phenomena, such as conductance quantization
[35] or single spin magnetism [36]. Further development of STM, including lowering the
operational temperatures to mK range [37], [38], introducing magnetic fields [39], [40] and
coupling the tip-sample junction with an optical readout [41], [42] expanded already broad
possibilities of this technique.

STM can be used to identify the chemical structures on the basis of their appearance in the
real space imaging [43]. As it probes LDOS, it is capable of recording high-resolution images of
molecular orbitals such as surface modified HOMO and LUMO. The elucidation of molecular
structures is possible by mapping the orbitals and comparing the experimental results with
the simulations. Direct observation and identification of organic structures can be achieved
with STM techniques that rely on modifying the STM tip apex with semi-fixed molecules and
particles, like CO and H;. Terminating a tip with a particle with an additional degree of freedom
introduces the possibility of dynamically changing the junction geometry in response to short-
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range forces. These changes are detectable in the conductance signal, so terminations with an
additional degree of freedom act simultaneously as a force detector and transducer [44]-[47].
As localized electrons yield stronger repulsive potential than the electrons delocalized in
orbitals, they are detected in "force-conductance" STM images as features of higher intensity.
Therefore, with this type of imaging, looking through the electron cloud, directly into the
chemical structure of organic molecules, is possible in real space. This approach is further
refined with utmost precision and control by nc-AFM, where the short range forces can be
detected directly, without mixing of the mechanical and electrical signals [48]. The ability
of combined STM/nc-AFM devices to perform direct structural identification of organic
molecules is relevant for both fundamental science and industry. One of the examples of
application of the STM/nc-AFM imaging with submolecular precision is presented by Schuler
etal. [49] (Fig. 1.1). In their research, they identified the chemical structures of a variety of
heavy oil molecules encountered during oil processing, providing information relevant to the
oil industry and geology. The potential applicability of STM/nc-AFM in the non-fundamental
studies can possibly bring the attention of scientists from various fields to the field of scanning
probe microscopy (SPM).

cha\r‘ B2.1
PAH

chain chain

Figure 1.1 Structures of organic molecules encountered in the oil processing resolved by nc-AFM (Schuler et al.
(49D).

In this thesis, we use the STM/nc-AFM manipulation and imaging techniques to identify
the chemical structures of various organic molecules in three distinct projects. In the first
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two chapters, the concepts and working principles of both STM and nc-AFM are introduced,
together with examples of available manipulation and imaging techniques realized by these
instruments. Furthermore, in the second chapter, a practical realization of a combined
STM/nc-AFM device is described. In the first research project, we use STM/nc-AFM to fol-
low an on-surface desulfurization reaction of a thiophene moiety embedded in an organic
molecule. We reveal a new reaction mechanism, which allows controlled dissociation of
single bonds in the thiophene group, leading to strong bonding between the molecule and an
underlying copper substrate. In the second project, we utilize the STM/nc-AFM imaging to
identify new, stable conformations of the Reichardt’s Dye molecule obtained by hyperthermal
depositions realized with the electrospray ionization-beam deposition technique (ES-IBD). In
the last chapter, we present the preliminary results of an investigation of carbohydrates on
metal surfaces. In this project, we aim to obtain, with the help of the STM/nc-AFM imaging,
information about the branching of oligosaccharides. If the ability to localize the branching
points is proven and if the number of monosaccharide units in each branch can be determined,
STM/nc-AFM may become a complementary structural analysis technique in glycomics and
biochemistry.






¥4 Scanning tunneling microscopy
- theoretical and experimental
background

Scanning tunneling microscope (STM) was invented as an imaging tool of previously unprece-
dented resolution [33]. Its working principle is based on quantum tunneling effect, where
electrons can tunnel through a classically impenetrable potential barrier. The flux of the
tunneling electrons is exponentially dependent on the barrier width, which determines the
lateral confinement of the effect in the STM tip-sample junction. The high confinement of
the tunneling effect in the STM junction is the origin of the high resolution of this technique.
The STM tip is piezoelectrically controlled with sub-nm precision and allows one to probe the
local electronic properties of surfaces and surface adsorbates, including direct imaging of the
atomic structure [50]-[52]. Moreover, not only can the STM be used to probe the investigated
surface, but also to interact with it, which raises the possibility of performing precise atomic
manipulations [53]. The possibilities provided by STM allow for the elucidation of processes
like chemical reactions [54] or molecular movement [55], [56] at the atomic scale in real space,
significantly improving our understanding of physical phenomena in various areas of science.

In this chapter, the quantum tunneling effect will be introduced in the context of a basic
STM instrument. We will give the examples of manipulation techniques that represent the
possibilities of influencing the state of the adsorbates with the STM tip: lateral and vertical
manipulations, desorption, diffusion, switching, bond breaking and chemical reactions. The
effects of tip functionalizations on the spatial resolution of the STM imaging will be described,
including pentacene, hydrogen and CO tip terminations. Presented techniques allow resolving
both the electronic and atomic structure of adsorbed organic molecules, as will be shown in
the illustrated examples.

2.1 Quantum tunneling

According to classical physics, an object with an energy lower than the potential energy of a
barrier is not able to pass through that barrier. The probability of finding the object before the
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barrier is equal to 1, and equal to 0 in the barrier and beyond. If the object is sufficiently small
(for example an electron), its behavior is governed by the laws of quantum mechanics and the
barrier is penetrable through a process called quantum tunneling [57], as depicted in Fig. 2.1.

E Vv
o
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d
X
WI° : :
|, ||
X

Figure 2.1 Elastic quantum tunneling through a rectangular barrier. Top panel: the energy of a particle moving
towards a barrier. Bottom panel: probability of encountering the particle on both sides of the barrier.

Solving one dimensional Schrodinger equation for a potential barrier of width d and height V
yields the following relation between the wavefunctions of an electron on both sides of the
barrier:

wp=wa-e <, )

where 1 4 and g are the particle’s wave functions on the left (in front of) and right (behind)
of the barrier. « is the decay constant x = /2m(V — E)/h, where m is the mass of the particle
and 7 is the reduced Planck’s constant. According to this relation, the amplitude of the wave
function after tunneling through the barrier decays exponentially with the barrier width 4,
yielding a lower probability amplitude |y ], but having no influence on the energy of the
particle (E4 = Ep, elastic tunneling) [58].

The simplest experimental realization of a tunneling effect comprises two metal electrodes
separated by a vacuum gap, with a bias voltage applied between them, equivalent to a plate
capacitor with separation of the plates in the A - nm range. A flux of electrons, which is the
tunneling current, occurs across the plates and its value depends on the applied voltage,
available electronic states, separation of the electrodes and their size. If one of the plate
electrodes is replaced with a metal tip, then the tunneling current flows only through the small
part of the second electrode. Due to the exponential decay of the wave functions of electrodes,
the tunneling barrier becomes wider when laterally farther from the tip apex. This lateral
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2.2. STM working principle

confinement of the tunneling effect is the origin of the high spatial resolution of the STM
technique and it allows probing of the local electronic properties of the sample.

2.2 STM working principle

The STM was invented by Gerd Binnig and Heinrich Rohrer [33], who utilized the tunneling
effect to create an alternative to other microscopy techniques existing at that time. For the
invention, they were awarded a Nobel prize, which was shared with Ernst Ruska (for the
invention of the electron microscope) [59].

Instead of imaging certain areas of the sample simultaneously, as in methods that rely on the
interaction of the sample with far-field electrons (electron microscopy) or far-field photons
(optical microscopy), STM is used to locally probe the properties of investigated samples with
a tunneling effect spatially confined to the tip-sample junction. Therefore, the STM images
are acquired by raster scanning the surface (Fig. 2.2).

Z FEEDBACK CONTROL
XY POSITIONING ELECTRONICS

TUNNELING CURRENT

A 4
| RESULT

Fava e a2
NNV YT

ANV VYT
| | ! NNV VY IY Y Y
Z, XY, CURRENT, BIAS...

BIAS VOLTAGE

Figure 2.2 Schematic of the STM device, presenting crucial components of the device.

A piezoelectric scanner is used to control the tip displacement with sub-nm precision in the Z
axis, as well as in the XY plane. Properties of the surface and surface adsorbates are probed by
detecting the tunneling current that is present for small tip-sample distances if a bias voltage
is applied between the tip and the sample. The STM can be operated in two basic modes
[60]. In constant current mode, the constant value of the tunneling current is maintained by
adjusting the distance between the tip and sample. The set value of the current is ensured
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by a feedback loop that counteracts the changes in the current by applying a voltage to the
Z component of the scanner piezo. The current value, as well as the applied bias voltage
and feedback loop parameters, are determined by the user. As a result of constant current
imaging, a Z displacement image is acquired, which can be interpreted as a topography for
the surfaces of uniform density of states, e.g. without adsorbates and surface states. Apart
from the distance and the bias voltage, the value of the tunneling current and in turn the
Z displacement depends on the wave functions of both the tip and the sample [34], [60].
The images of non-uniform systems, such as metals with surface states [61], [62], organic
adsorbates on metals [63] or atomically thin insulating layers deposited on metal surfaces
[64], cannot be interpreted as an accurate topography, as the object with the same physical
height might appear differently due to a difference in electronic structure. Therefore, the tip
in constant current scanning mode follows the contour of the constant density of states that
arises from the convolution of the sample and the tip states [60].

In the second operation mode, constant height mode, the vertical position of the tip is not
changed during the data acquisition [60], [65]. The starting position of the tip is defined by
the user at a specific area of the sample. This technique yields images of the current as a
function of the lateral position of the tip for given vertical position of the tip and the bias
voltage. This operation mode can be used to probe the changes of LDOS at a fixed tip-sample
distance, rather than to follow a contour of the constant density of states. It is normally used
to investigate known areas and adsorbates, as without any Z feedback control the tip can
come to direct contact with the sample and crash [66]. Thus, the imaging of unknown areas
of samples should first be performed in constant current mode. Moreover, higher scanning
speeds are possible as the resolution of the technique is not additionally limited by the time
constants of the feedback loop [66].

The tunneling current I can be described with Tersoff and Hamman’s approximation [67], [68].
Assuming a monoatomic tip termination with s-wave character (radially symmetric electron
density), 0 K temperature, similar work function ¢ of the tip and the sample material, and
that the majority of the tunneling current flows through the single atom of the apex (due to
the exponential dependence on the tip-sample distance, equation 1), the following relation is
obtained:

2nelU

I ps(EF), @)

where U stands for the applied bias voltage and p(EF) is the LDOS at (Er) of the sample at
the position of the tip [60]. The first derivative of the current, d1/dU, also called differential
conductance, follows the relation:

dl 2me
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As the dI/dU depends linearly on p; and is independent of used bias voltage U, LDOS at
certain energy U can be measured directly. This relation is the base of scanning tunneling
spectroscopy (STS), which can be used to record a spectrum of the energy states of the system.

The approach developed by Tersoff and Hamman does not take into account the properties of
the tip. In reality, the tunneling current (so the resolution of the STM techniques), depends
also on the shape and the composition of the tip apex. An intentional tip modification may
lead to improved resolution of the imaging, which will be discussed in section 2.4. Conduct-
ing measurements of high quality requires a tip apex that fulfills the requirements of the
experiment and needs to be carefully prepared to acquire the desired feats.

2.3 STM manipulation techniques

One of the unique features of STM, as compared to other types of microscopy, is its ability to
influence the investigated system in a controlled, precise way. Although both far-field photons
and electrons do interact with the sample, they rarely lead to any changes in the imaged
systems and even if they occur, they usually have a destructive and uncontrolled character
[30], [69]. All of the stimuli possible to exert with the STM tip are localized and can be used
to induce local interaction. Three main "tools" are available for the STM manipulation in
standard setup: mechanical forces (repulsion and attraction), an electric field (as the tunneling
junction is capacitative) and tunneling electrons [53]. All three stimuli can be used to perform
manipulations, often in a combined manner.

The first group of manipulation techniques considered here comprises lateral manipulations,
also called "soft", as the manipulated object does not undergo any structural changes nor des-
orb from the surface [53]. They are used to change the position of the adsorbate or the adatom
on the surface, for example in order to assemble structures with atomic precision. Lateral
manipulations can be performed by approaching the tip closer to the adsorbate, where forces
between it and the tip are now sufficiently high to displace the adsorbate towards the desired
position. Lateral displacements can be attained with pulling, pushing and sliding, named
due to the similarity to classical concepts [53]. Prominent examples of structures obtained via
lateral manipulation include the letters IBM written with Xe atoms [70], a rewritable atomic
memory made with vacancies [71] and the quantum corral [72], [73] (Fig. 2.3).

The displacement of the adsorbate on the investigated surface may be carried out not only
through the means of lateral, but also vertical manipulations. The main feature of these
techniques is the formation of a stable contact of the adsorbate with the tip apex, which can
be utilized to pick the adsorbate from the surface. The process of a tip-adsorbate contact
formation may occur due to the higher affinity of the adsorbate to the tip, as in the case
of picking up single Xe atoms [74]-[77] or through the electron or the electric field assisted
processes, such as the pickup of a CO molecule from metal surfaces [78]-[80]. The adsorbate
might be lifted from the surface completely, moved on the tip apex to another lateral position
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Figure 2.3 Construction of a quantum corral structure using Ag adatoms on the Ag(111) surface. a) Construction
process in progress. b) Finished structure. Circular pattern is a confined standing wave of the Ag(111) surface
states (modified from Hla ez al. [73]).

and deposited back on the surface. The acquired effect is identical to lateral manipulations, but
its usability is much greater, as an object of interest can be moved across and around various
obstacles, such as surface steps or other, bigger adsorbates. One of the notable examples
of using vertical manipulation techniques is the movie "A Boy And His Atom", each frame
of which was composed of single CO molecules placed at desired positions [81]. Another
application of vertical manipulation originates in the suspension of an object between the tip
and sample electrodes, which occurs whenever the contact with the tip is maintained without
breaking the contact with the sample. It can be used to selectively pass the current through a
suspended object, for example in order to measure conductance through single molecules
[44], [82]-[84]. The transfer of adsorbate to the tip can be done with an intention to keep it at
the tip apex. Tip functionalizations can have a substantial effect on the achievable resolution
of STM imaging. One example of such an enhancement due to the tip functionalization is the
Xe pickup from Cu(211) [75]. The influence of various tip functionalizations on the resolution
will be discussed in section 2.4.

The possibilities of influencing adsorbates are not limited to "soft" manipulations. The state
of the adsorbate can also be modified in a variety of ways, ranging from the activation of
the desorption to inducing changes of the chemical structure [53]. An example is diffusion
activation. In comparison to the lateral displacement of an adsorbate, diffusion occurs in a
pseudo-random manner (on available pathways) and does not require any constant inter-
action with a tip. It does require a destabilization of the adsorbate in its original position or
geometry and can occur due to the population of the antibonding orbitals of the adsorbates
[85], [86] or due to the excitation of vibrational modes with tunneling electrons [87]-[89].
Another example is STM-induced desorption. Unlike in vertical manipulations, desorbed
atoms or molecules leave the surface without attaching to the tip apex. This type of process is
usually induced by the tunneling current, as in the case of hydrogen desorption from Si(111)
[90], [91]. Other examples include desorption of CO from Cu(111) [80], NH3 from Cu(111) [92]
and chlorobenzene from Si(111) [93]. The desorption of hydrogen can also be induced by a
mixed tunneling current - electric field effect [94]. In this case, the width of the energy barrier
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is reduced by the electric field. Together with the excitation caused by the electrons, it allows
for the tunneling desorption of hydrogen

[

Figure 2.4 STM images presenting each step of an on-surface Ullman reaction. a) Two intact iodobenzene
molecules adsorbed on a step edge of Cu(111). b) and ¢) Two C-I bonds dissociated. d) Removal of the I atom
from the step edge. e) Lateral manipulation of two benzene molecules. f) Two benzenes molecule joined into a
naphthalene molecule (Hla et al. [54]).

With STM, not only it is possible to affect the chemistry of an adsorbate with respect to the
surface, but also to induce internal structural changes of the molecules. If the change is
reversible on the same pathway it is called a switch [53]. The examples of switching include
cis-trans isomerization induced with an electric field [95], [96] or tunneling electrons [97], [98];
conformational switching induced with an electric field [99], direct electron injection [100],
[101] or electron injection via surface states [102]. The non-reversible changes of the internal
structure of an adsorbate include bond breaking and formation, i.e. the chemical reactions.
Local dissociation of single bonds with STM has been achieved for many molecules such as
O [103]-[106], H»S, D»S [107], H20 [108], (CH3S)2 [109] and for bigger molecules as well [110],
[111]. Apart from bond breaking, STM can also be used to form chemical bonds in a local and
controlled manner. Therefore, STM can image and identify the products of globally induced
chemical reactions (e.g. thermally induced [112]-[115]), but also follow the in-situ synthesis
of molecules and structures. The prime example of an on-surface chemical reaction realized
step-by-step with an STM is the synthesis of naphthalene from two iodobenzene molecules
(Ullman reaction), realized by Hla et al. [54]. This particular study perfectly illustrates the
capabilities of STM, as it utilizes different manipulation techniques in order to obtain a desired
molecular structure. In the first step, depicted in Fig. 2.4 a), the two iodobenzene molecules
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adsorbed at the step edge of Cu(111) are imaged. The tip is then positioned above one of
the molecules. The dissociation of the C-I bond is realized separately for both molecules by
injection of the tunneling electrons (images b) and c)). One of the I atoms is picked up with the
tip and dropped on the next terrace, as indicated by an arrow in the image d). This is followed
by a lateral manipulation of the benzene ring along the step edge towards the second benzene
ring, realized by the pulling movement, as depicted in e) and f). The formation of a chemical
bond between the two benzene rings can be activated by the injection of electrons with a 0.5V
bias. The bond formation has been confirmed by laterally pulling the benzene rings together,
whereas before the reaction they could be separated.

The spectrum of manipulations possible with an STM is of course much broader than the
short overview covered in this section. For more details the reader is referred to references
[53],[116],[117].

2.4 STM tip functionalizations and high resolution techniques

The initial experiments concerning manipulations of single Xe atoms on metal surfaces
revealed that the resolution of STM imaging techniques can be enhanced by modifying the
tip apex [75], [77]. Tip functionalizations are now a well-established part of the STM toolbox,
providing better resolution for imaging metal surfaces [75], thin insulating layers [118] and
organic structures [101],[119],[120]. In metals, the Fermi sea of electrons is equally distributed
along the structure and in insulators, the electrons are localized on atoms (like in the case
of thin layers of NaCl, where charged Cl™ ions are seen as bright protrusions in positive bias
voltages [118],[121]). The interpretation of high-resolution images of the organic structures
and single molecules has been challenging because the density of states is not associated with
molecular structure in a straightforward manner. Therefore, the high-resolution STM imaging
of molecules usually yields images corresponding to the surface-modified molecular orbitals.
In this section, the STM techniques allowing such imaging will be shown, as well as methods
that resolve molecular structure.

26 Ax 26 A 26 Ax26 A

Figure 2.5 a) Pentacene molecule adsorbed on Cu(111). b) The same molecule imaged with pentacene-
terminated tip (Lagoute et al. [63]).
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The simplest type of tip functionalization that leads to an improved resolution, are single
atom tip terminations, where the atom is of a different type than the tip composition. As
already mentioned, the first experiments were done with Xe atoms and lead to significant
improvement of the resolution for the imaging of the Cu(211) surface. Also, functionalization
with a single Cl atom leads to improved resolution of the NaCl(100) layer [118]. This effect has
been attributed to highly localized p-wave states of the chlorine terminated tip [118]. A similar
explanation can be applied to the Xe terminated tips.

The study utilizing pentacene terminated tips has proven that organic molecule termination
can also lead to an improved resolution. The pentacene molecule imaged on Cu(111) with
a pentacene-terminated tip reveals five distinct lobes that resemble the lowest unoccupied
molecular orbital (LUMO) of an isolated pentacene molecule (Fig. 2.5) [63]. Using the same
functionalization, pentacene molecules decoupled from the metal substrate have also been
imaged on NaCl(100) [122] (Fig. 2.6). Separation of the pentacene molecules from the metal
surface with this insulating layer allowed for direct imaging of individual molecular orbitals.
With a pentacene-terminated tip, near perfect agreement with theoretical calculations of the
isolated molecular orbitals was obtained, for both the HOMO and LUMO, at -2.4Vand 1.7V
respectively. Other examples of organic molecule tip terminations include structural deriva-
tives of pentacene (anthracenodithiophene) [101], [102], perylene [123] and Cg [124], [125].
Improved resolution can be attributed to changes of the character of the tip, as functionaliza-
tion with organic molecules leads to an extension of hybridized orbitals (e.g. sp, sp?, sp®) in
the Z axis [126]-[128].

HOMO LUMO

94— jome
| = -

HOMO Geometry LUMO

STM
Pentacene Tip Metal Tip

DFT

Free Molecule

Figure 2.6 Orbital resolution images of pentacene on NaCl(100) layer. The STM images presented in the left
column have been recorded at -2.4 V; in the right column at 1.7 V. The result of the DFT simulations of HOMO and
LUMO states of an isolated pentacene molecule are depicted in bottom row (Repp et al. [122]).
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Another approach to tip termination involves introducing additional degrees of freedom into
the tunneling junction [47]. One of the most prominent cases is scanning tunneling hydrogen
microscopy (STHM), which utilizes hydrogen terminated tips [44]. At cryogenic temperatures,
H, is the most abundant residue that accumulates at the cold parts of the STM, including the
sample and the tip. It can be removed by a limited warm-up of the instrument to around 50 K.
If the sample or the machine is kept cold for an extended period of time, the accumulation of
H, becomes high enough to cause spontaneous hydrogen tip functionalization, which can
lead to increased imaging resolution. It was found that bringing the hydrogen-terminated tip
close to the organic adsorbate (virtually to the Pauli repulsion regime) leads to a drastic change
of contrast, where the obtained topography does not resemble LDOS, but the molecular
structure of the adsorbate [46], as depicted in Fig. 2.7. The STHM imaging mechanism relies
on the response of the particle decorating the tip to short-range forces. Slight changes of the
particle’s position in relation to the tip (an alteration of the junction geometry) are translated
into changes of the conductance dI/dU signal. Therefore, H, simultaneously fulfills the role
of a force sensor and a force-conductance transducer [44]-[47]. As the signals originating
from the changes of the electronic structure and geometry of the H, molecule intertwine in
the conductance dl/dU channel, the technique provides molecular structure images only for
systems that do not have distinct states around the Fermi energy Er (i. e. the experiment has
to be carried out in the range of vibrational energies of Hy, namely -50 mV - +50 mV [47]).
Moreover, a high density of hydrogen on the surface can be perceived as contamination, as it
will render other experiments harder or even impossible to carry out (e.g. IETS experiment in
the energy range of the hydrogen features).

a)

Figure 2.7 a) PTCDA molecule image with STHM technique. b) Chemical structure of PTCDA (Temirov ef al.
(44]).

Among various tip terminations, the carbon monoxide (CO) molecule has proven to be one of
the most versatile. Due to its mechanical and electronic properties, it can be used to resolve
the orbital structure and structural backbone of organic molecules. The CO molecule adsorbed
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at the tip apex is always oriented with the carbon atom attached to the apex and semi-free
oxygen atom pointing out. This geometry yields horizontally oriented 7 orbitals extended in
the Z-axis (p-wave character) [119], [129]. Tunneling through 50 orbital and two degenerate =
orbitals results in mixed s-p tip character, which can lead to an additional improvement in the
imaging resolution for certain organic systems, like naphthalocyanine (Fig. 2.8), providing
resolution similar to pentacene-terminated tips for pentacene and its analogs [119]. The
mixed s-p tip imaging behavior has been analyzed in separate theoretical studies, confirming
the observed effects [126].

(a) Cu tip, / = const. (b) CO tip, / = const. | (c) CO tip, z = const.

PIR (HOMO)

NIR (LUMO)

Figure 2.8 Effect of a CO-terminated tip on the imaging resolution of naphthalocyanine on NaCI(100). a)
Constant current images of HOMO (-2.4 V) and LUMO (1.7 V) orbitals, acquired with a metal tip. b) Constant
current images acquired with a CO-terminated tip. ¢) Constant height images acquired with a CO-terminated tip.
(modified from Gross et al. [119]).

The mechanical properties of the CO molecule adsorbed at the tip apex are similar to proper-
ties of the Hy molecule and it introduces an additional degree of freedom into the tip-sample
junction. As already mentioned, it always adsorbs with the carbon atom stiffly attached to
the apex and the oxygen atom extending into the junction. As the oxygen atom of the CO
molecule is not stiffly attached to the tip, the whole molecule can vibrate in the hindered
translational mode. This property is utilized in the inelastic tunneling probe technique, which
allows imaging of the molecular structure [120], [130]. The CO molecule, adsorbed on the tip
apex (as well as on the surface), exhibits vibration at distinct energy. Upon infliction of a force
on the molecule, this energy is shifted. This effect can be utilized to detect the Pauli repulsion
from the features of highly localized repulsive potential, like the carbon atoms of organic
molecules. When the CO-terminated tip is close to those features, e.g. spectra 1,2,3,5,7,9
in Fig. 2.9 a), the Pauli repulsion results in dampening of the intrinsic vibration of the CO
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Figure 2.9 Principle of Inelastic Tunneling Probe imaging. a) Changes of the vibrational energies of the CO
molecule placed at the tip apex. Color of the graph corresponds to point on the map, where the tip was positioned
during the measurement. b) d?I/d?U map of cobalt phthalocyanine revealing its molecular structure (modified
from Chiang et al. [120]).

molecule. This leads to lower vibrational energy that can be followed by inelastic tunneling
spectroscopy. Mapping the changes of the vibrational energy of the CO molecule can result in
the acquisition of an image representing the backbone structure of an organic molecule (Fig.
2.9 b)). The measurement itself is time-consuming and requires extraordinary stability. As a
consequence, this technique might be difficult to implement in regular 4 K STM instruments
[120].

As the CO-terminated tip behaves similarly to the Ho-terminated tip, a technique comparable
to STHM can be realized with this tip termination, called bond resolving STM (BR-STM)
[112],[113]. Analogously to H,, CO can act as both a force sensor and transducer. The imaging
is performed in the same way as in STHM, by recording the conductance dI/dU channel.
BR-STM shares the same advantages and limitations as STHM (for example it will not yield
an image of the organic structure of the adsorbate if it exhibits electronic states around EF),
however, BR-STM does not require flooding the measurement chamber with any gas, making
the technique less invasive for both sample and the cryostat. Therefore, BR-STM is more
preferable, as it does not pose a risk of making the sample unusable for other experiments.

The CO tip functionalization has been proven to provide extraordinary imaging resolution
of organic molecules, for both imaging of orbitals and molecular structures. It has become
one of the most widely used tip terminations in the field of STM. An additional factor that
cemented its popularity, is its use in the Pauli repulsion imaging mode in the non-contact
atomic force microscopy (nc-AFM), which can be carried out in combined STM/nc-AFM
instruments. This technique allows imaging of the molecular backbone independently of their
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electronic structure, thus avoiding the issues of STHM and BR-STM. The concept, working
principles and experimental realizations of nc-AFM, combined STM/nc-AFM, and the Pauli
repulsion imaging will be described in the next chapter of this thesis.
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8] Non-contact atomic force microscopy
- theoretical background and device
realization

The applicability and possibilities of STM can be expanded by combining it with non-contact
atomic force microscopy (nc-AFM). At the time of the invention of STM, there was no tech-
nique, which allowed performing experiments on the surfaces of bulk insulators with a similar
precision [131]. Existing devices, like stylus profilometer [132] or the scanning capacitance
microscope [133] were able to obtain three-dimensional images of both conductive and in-
sulating surfaces. The images were recorded with a vertical resolution below 1 nm and a
lateral resolution above 100 nm, thus severely lacking the spatial precision of STM. In order
to address this issue, atomic force microscope (AFM) was developed by one of the original
inventors of STM [33], [131]. First AFM consisted of a diamond tip attached to the end of a
flexible cantilever moved by a three-dimensional piezoelectric motor. The tip was placed in the
proximity of the surface of the sample. A force arising from this proximity had a direct effect on
the deflection of the cantilever. On its other side, the STM tip was used to track the motion of
the cantilever with precision up to 10~* A. This setup was proven to image insulating surfaces
with an unprecedented resolution [134]. Further development of the technique allowed AFM
to achieve true atomic resolution, comparable with STM [135] as well as for combining it with
STM, where a single tip was used for both the STM and AFM experiments [136].

In this chapter the working principle of nc-AFM will be presented, as well as the practical
realization of a combined STM/nc-AFM instrument. Moreover, we describe in detail the Pauli
repulsion imaging technique that allows for the imaging of the atomic structure of organic
molecules with submolecular resolution.

3.1 AFM, nc-AFM and combined STM/nc-AFM

From the first design of Binnig [131], AFM developed in two different directions: conventional,
industry-relevant AFM offering relatively easy operation based on the optical readout of the
cantilever deflection and nc-AFM offering higher precision measurement, in modern versions
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Figure 3.1 Two types of AFM. a) Scheme of AFM device with a laser deflection detection system. A laser beam
hits the mirror surface placed at the end of a silicon cantilever and a reflected beam reaches the quad photodiode.
The position of the reflected beam spot on the photodiode is dependent on the cantilever deflection, thus on the
forces acting on the tip. b) Scheme of nc-AFM. A resonance oscillation of the quartz tuning fork prong is induced
by a piezoelectric oscillator, which, due to the piezoelectric effect in quartz, generates charges, which are converted
to a voltage signal of a frequency corresponding to the resonant oscillation of the prong. Upon inflicting any force
on the tip, the spring constant of the prong (and therefore the resonance frequency) changes, which modifies the
frequency of the outgoing voltage signal.

based on the piezoelectric read out of the movement of the sensor prong. The scheme of a
basic design of the conventional AFM is depicted in Fig. 3.1 a). It consists of a silicon cantilever
attached to a three-dimensional piezoelectric motor. The interaction between the tip placed at
the end of the cantilever and the investigated surface results in the deflection of the cantilever
in static operation mode or change of the parameters of the oscillation of the cantilever (for
example oscillation amplitude) in dynamic mode. The deflection is detected by shining a
laser beam on a mirror surface at the top of a silicon cantilever and reading the position of
the reflected beam with a quadrant photodiode. With proper calibration, changes in the
position of the reflected beam can be directly related to the cantilever displacement [137].
Most common operation modes of conventional AFM are contact, non-contact and tapping
modes.

The easiest to realize is contact mode, where the tip is kept in contact with the sample during
scanning. The feedback loop maintains a constant deflection of the cantilever, thus, it follows
the topography of the surface [138]. Contact mode offers high speed of data acquisition and
theoretically provides the highest resolution out of all of the conventional AFM operation
modes, as the forces experienced while the tip is in contact with the sample are the strongest
and they change rapidly with the distance (Fig. 3.2). Practically, the influence of shear forces
acting on the tip often lowers the resolution of this mode. Moreover, contact mode is not
suitable for the investigation of fragile systems, as their atomic structure might be damaged by
direct interaction with the tip [66].

In non-contact mode, the tip is placed at a certain distance from the investigated surface, in the
attractive regime (usually over 1 nm from the surface) (Fig. 3.2) and the cantilever is oscillating
at its own resonance frequency. Changes in the topography, i.e. changes in the distance from
the tip to the surface, alter the resonant frequency or the vibration amplitude of the oscillating
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Figure 3.2 Lennard-Jones potential with marked regimes of operation of the AFM and nc-AFM modes. The
static non-contact mode is sensitive to Van der Waals forces, while the dynamic non-contact mode can also be
used to probe the Pauli repulsion.

cantilever. Keeping these parameters constant requires counteracting changes in topography,
what is realized with the Z feedback loop that keeps the average force constant and yields the
topography of the scanned surface. This mode avoids the issue of the shear forces, as well as it
does not risk damaging the sample, however, it is slower than contact mode [66]. Moreover,
the attractive forces are significantly weaker than the repulsive and maintaining the constant
attractive force may be challenging (Fig. 3.2). This limits the resolution of non-contact mode.
It can be improved by positioning the tip closer to the sample and oscillating the cantilever
with smaller amplitudes, although this requires cantilevers stiffer than the standard ones made
out of silicon [139].

In tapping mode, the cantilever vibrates with amplitude higher than the distance to the sample
and the tip maintains contact with the surface for a short time at each oscillation cycle. The
amplitude of the oscillation changes with the surface topography and the image is acquired
by minimizing these changes with the Z feedback loop adjusting the average position of
the cantilever [140]. Tapping mode shares the advantages of both contact and non-contact
modes, providing resolution close to the contact mode, avoiding the issues of shear forces
and minimizing potential destructive effects of moving the tip in persistent contact with the
sample [66].

Conventional AFM is not suitable to investigate fragile surface adsorbates, such as organic
molecules, as it often damages nanostructure of investigated systems [141]. Despite this
limitation, even the static modes are capable of imaging atomic structures of certain surfaces
under specific conditions [139], [142]. In comparison to STM, AFM does not require in-situ
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treatment of the tip apex (as its electronic state is relatively irrelevant for the experiment) nor
careful sample preparation. Thanks to the relative simplicity of operation and the possibility of
providing information at both the micro- and nanoscale, it has widespread use in both research
and industry. It has been utilized in biology, biochemistry and biomedicine [137], [143]-[147]
polymer chemistry [148], [149], microelectronics and industrial grade material science [150].

The second type of AFM, nc-AFM is dedicated only to the non-contact mode of operation. Its
basic design, also called qPlus sensor, is presented in Fig. 3.1 b). It differs from the conventional
AFM by the geometry, used materials and the detection system. The AFM cantilever is replaced
by a prong that is perpendicular to the sample and oscillates in its plane. Moreover, the prong
is made of quartz, which, compared to silicon, has a higher spring constant and stiffness,
rendering oscillation with smaller amplitudes possible to control and utilize [151]. As already
mentioned, oscillation with smaller amplitudes at shorter tip-sample distances (Fig. 3.2)
improves the resolution of non-contact mode. The construction of basic nc-AFM was based
on the quartz tuning fork used in Swatch wristwatches [139], due to their high-quality factors
(Q-factors), thus, low energy losses during the oscillation. Due to the properties of the quartz
prong, the resolution of nc-AFM is significantly higher than the resolution of the non-contact
mode of the silicon-based conventional AFM [139]. As quartz exhibits the piezoelectric
effect, the read-out system could be changed, from laser-based to purely electrical, where
the piezoelectrically generated charges are sensed with metal electrodes evaporated on both
sides of the prong. The working principle of nc-AFM is based on the fact that the infliction
of external forces on the oscillating prong leads to changes of the spring constant and the
resonant frequency. When unperturbed by external forces, the quartz prong with spring
constant kg vibrates at the resonance frequency fj, maintained by an external oscillation.
When the tip is placed in proximity to the sample, a force is inflicted, leading to a change of the
spring constant of the prong, and to a new, shifted resonance frequency. The oscillation of the
prong generates a piezoelectric current signal between the electrodes of the prong, which is
read out and converted to a voltage signal [151], [152]. The difference between the original and
the new resonance frequency, Af, carries information about the measured force. An oscillating
quartz prong with such a tip can be represented as a mass m, attached to a spring (kp). The
resonance frequency of such a system is thus:

1 [k
o2\l m’

fo (4)

Forces acting on the tip and the cantilever will alter the spring constant, resulting in a change

1 ko+ <Ak >
] T ©

where <Ak> stands for time average of Ak over a single oscillation cycle [153]. Taking into

of the resonance frequency to:
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account the approximations: < Ak >< ky, Af = f; — fo and Ak = %A f, allows deriving a
relation between the force and the frequency shift Af [60], [153]:

fo 2 4 A-(

“analy e

where A stands for the oscillation amplitude and z,,;, is the closest approach position of the

Af F(zmin+0), (6)

tip to the sample (z-A, where z is the average position during oscillation). Term { takes into
account the position of tip at time ¢ for the resonance frequency fy: { = A(1 + cos2n fyt)),
which is a substitution of variables that allows integrating the tip position over one oscillation
cycle. According to this relation, the existence of an attractive force between the tip and the
sample would result in a lower spring constant and a negative frequency shift. A repulsive
force would lead to the reversed effect, resulting in a higher spring constant and a positive
frequency shift (Fig. 3.3).

10 T v T T T T T T T T T T T
_-lé -
= 0.8-
£
\(_U/ 4
3 061
2
E- i
S 041
[
ko) ]
S 024
(@]
n J
O
OO T T T T T T T

Frequency shift (Hz)

Figure 3.3 Resonance curves of a tuning fork in the unperturbed state (middle curve) and under the influence
of an external force (light and dark blue). The force applied to the tip can lead to a positive (repulsive force) or
the negative (attractive force) frequency shift. 0 on the frequency shift coordinate corresponds to the original,
unperturbed resonance peak position.

The design of the nc-AFM depicted in Fig. 3.1 b) has been developed by Giessibl in 1996 [139].
Over time, the qPlus design has become a standard solution in nc-AFM. Compared to the
silicon cantilevers, the properties of the quartz-based qPlus sensors do not vary dramatically
with temperature, and in addition, cooling the quartz sensor increases its spring constant
[154], [155]. As there is no laser-based detection system, the qPlus sensor can be efficiently
cooled, which further improves the signal-to-noise ratio and the mechanical properties of
the sensor. All of these aspects are especially important for precise, nanoscale experiments
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at low temperatures [154]. Furthermore, its default resonance frequency of 32.768 kHz, is
high enough to avoid interaction with the vast majority of noise sources encountered in a
typical laboratory environment. Moreover, the length of the electrodes can be reduced without
significantly reducing the sensitivity of the sensor (e.g. reducing the length by 20 % reduces the
sensitivity only by 4 % [151]). Reducing the length of the oscillation read-out electrode on the
prong allows contacting the tip electrically in a circuit separated from the nc-AFM one. This
introduces a possibility of using the nc-AFM tip as a tunneling tip, thus, permitting integration
of nc-AFM and STM in one device.

Contrary to the first model of the qPlus sen-
sor using Swatch watch tuning forks, the

modern successor, here manufactured by D I_i
Omicron, is specifically designed for STM/nc-

AFM combined devices (Fig. 3.4). In this ver-
sion, the immobilized prong is completely

AFM-

removed and replaced by a flat slab of quartz
used for mounting the sensor at the head of —__ ———ESEEEE :
the instrument. Three electrodes are inte- — — I ‘ ?
grated into the prong: two for the nc-AFM | ‘.—T
outgoing signal and one for the STM tip. The 1 mm e

two nc-AFM electrodes can be accessed from - «1
both sides (Fig. 3.4 b) and ¢)), so that inte- = -

gration of the sensor into instruments with — —
different STM/nc-AFM head geometries can : — —y @
be done. At the end of the prong, a gold pad

is present with enough space to glue the tip J
to it. A -

As the oscillation amplitude during standard Figure 3.4 a) Scheme of the Omicron gPlus sensor with

operation is often in the sub-A regime, the marked electrodes and its distribution along the sensor.
electric signal carrying the oscillation infor- The nc-AFM electrodes are presented in blue and green,
the STM electrode in red. b) and c) Pictures of an Omi-
cron qPlus sensor from the front and the back. The STM
amplified and processed [152]. During bend- electrode is accessible only from the front side.

mation is extremely small and needs to be

ing of the quartz prong, charges are piezo-

electrically generated at the prong surfaces, read out by the electrodes and amplified by the
current-voltage amplifiers in two separate electrical channels (Fig. 3.5). In this approach,
the uncorrelated noise increases by a factor of v/2, but since the signal is now also twice as
large, effective signal-to-noise ratio increases by v/2. Two separate deflecting signals are later
differentially amplified in the instrumentation amplifier so that the correlated noises can
be completely canceled out [152]. In order to achieve maximum amplification, the current-
voltage amplifiers have to be placed as close as possible to the qPlus sensor. In all combined
STM/nc-AFM devices, the tunneling current is processed in a circuit that is separated from
nc-AFM.
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STM-AFM TIP

STM CIRCUIT ) '

Figure 3.5 The nc-AFM signal amplification circuit. Signals from the electrodes are amplified by two current-
voltage amplifiers (108V/A), followed by an instrumentation (differential) amplifier (102~%) and a bandpass
filter.

3.2 4 KSTM/nc-AFM setup design

The design of the ultra-high vacuum (UHV) 4 K STM/nc-AFM used to carry out experiments
presented in this thesis is based on the UHV 4 K STM previously constructed in the Nanoscale
Science Department of the Max Planck Institute for Solid State Research (MPI FKF) by D.P.
Rosenblatt [156], which itself was based on the STM head design by C. Ast [157]. This section
will focus on the design changes necessary to implement the nc-AFM option.

The combined STM/nc-AFM device enables both STM and nc-AFM measurements at 4 K un-
der UHV conditions. The set-up can be divided into three main parts, namely the preparation
chamber, the load-lock chamber and the STM/nc-AFM measurement chamber (Fig. 3.6). The
preparation chamber operates in the 107'° mbar range. It is used for sample preparation,
which includes sputtering/annealing and the evaporation of volatile organic molecules onto
clean surfaces. The chamber also contains a manipulator, which serves as a transfer system
that allows for the sample and the gPlus sensor transfers between the chambers.

The load-lock chamber functions as a connection between the UHV of the preparation cham-
ber and the ambient conditions and it can be used to introduce new samples, as well as new
gPlus sensors. The load-lock chamber also provides a docking station for vacuum and cryo-
vacuum suitcases. The vacuum suitcases are transportable chambers, which can maintain
UHYV without external support for a limited time. They can be used to transfer samples without
exposing them to non-UHV conditions. Usually, they are attached to an opened load-lock,
which is then pumped to HV or UHV. Upon reaching a satisfactory vacuum, the valve separat-
ing the suitcase and preparation chamber can be opened, allowing for the sample transfer.
The use of the vacuum and cryo-vacuum suitcases will be described in details in Chapters 5
and 6.
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Figure 3.6 3D drawing of the 4 K STM/nc-AFM. Main parts of the machine are marked by colors: blue - measure-
ment chamber; green - preparation chamber; pink - loadlock chamber.

In order to provide clean and stable conditions for the experiments, the STM/nc-AFM device
in the measurement chamber is mounted to a liquid helium - liquid nitrogen bath cryostat.
With holding times of 6 days for the 20 L helium vessel and 4 days for the 15 L nitrogen vessel,
it allows for over 3 days of unperturbed measurements. The STM/nc-AFM head is attached to
the bottom of the cryostat. Furthermore, to ensure thermal stability, the STM/nc-AFM head is
surrounded by radiation shields. The vacuum in the measurement chamber is maintained by
an ion pump, carbon trap and the cryostat itself, providing the operating pressure of 107!
mbar. The chamber is also equipped with a parking carousel with storage positions for samples
and qPlus sensors. The additional feature of the chamber is a dosing system, which allows
dosing gases directly onto the cold surface at the center of the STM/nc-AFM head.

In order to be suitable for STM/nc-AFM operation, the head has been modified from the
original design (Fig. 3.7 a)). Inside a piezo tube, four additional electrical connections are now
present. In the previous design, only a slot for the main plug of the STM tip shuttle (similar to
the one presented at Fig. 3.7 b)) was present, providing the tunneling contact. The additional
electric connections are used to contact the nc-AFM sensor. These electrodes are attached to
the gPlus sensor assembly via gold spring loaded contacts in the qPlus shuttle. The oscillation
of the qPlus sensor is driven by applying an AC voltage signal matching the resonant frequency
of the sensor to the Z component of the scanner tube and no additional oscillator is needed.
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Figure 3.7 3D drawings of the 4 K STM/nc-AFM head and the gPlus sensor transfer shuttle. a) Inside view of
the enclosed STM/nc-AFM head. Main parts of the head are marked by the colors: blue - piezoelectric slipstick
approach system from Attocube; gold - scanner piezo; turquoise - qPlus sensor shuttle; green and red - sample
holder half-plates holding the sample; purple - optical access used for controlled in-situ gPlus sensor exchange;
orange - access for the in-situ dosing. b) The qPlus sensor shuttle. The shuttle consists of: the qPlus assembly seen
on top; the main plug which is inserted into scanner piezo tube visible at a); the bayonet mechanism serving as a
lock during transfers; four spring-loaded contacts (not visible in the image, except their upper counterpart at the
gPlus sensor assembly itself) and a ruby sphere, which fulfills a role of a positioner during insertion of the shuttle
into the piezo tube (visible in a) as a red feature above the turquoise qPlus shuttle).

According to the design presented in the previous section, the outgoing AFM electrodes are
contacted to a preamplifier roughly 30 cm away from the sensor and attached to the liquid
nitrogen cryostat shield. Optical access to the head is available, which is used for controlled
in-situ exchange of qPlus sensors.

The qPlus sensor assembly (Fig. 3.8) is prepared in the following way:

1. A metal base plate is fabricated, with four holes for contacts and two countersunk holes
for mounting screws, a).

2. Four spring loaded gold contacts glued inside insulating ceramics are inserted and glued
into the holes of the metal base plate, b).

3. The sapphire support is glued on top of the base plate, c).

4. The qPlus sensor is glued to the support in two stages, d). First, two patches of glue are
applied to temporarily hold the sensor in a proper, vertical position. Additional glue is
applied along the bottom edge of the sensor to ensure long term structural stability.
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a) b)
c) d)
e) ~ i f)

Figure 3.8 Step by step assembly process of the gPlus sensor shuttle. The elements added in subsequent steps
marked with blue arrows.

30

. A small patch of conductive epoxy EPO-TEK E4110 s placed with a needle tip on the

gold pad at the end of the qPlus prong, visible in d).

. With the help of a three-dimensional positioner controlled by micrometer screws, the

assembly is moved into close vicinity of a prepared glass slide, where 99.95%, 25 ym
platinum wire is cut into tips with length around 0.5 mm using clean laboratory scalpel
blades.

. One of the tips is pushed to the edge of the slide, close to the prong in such a way, that

with one end it resides on the glass slide and with the second it hangs in the air.

. The prong is moved upwards, contacting the hanging side of the tip, e).

. The assembly is left for 2 hours, to start the curing process of the conductive epoxy,

making the epoxy semi-solid. After this time, it is transferred to the oven for high-
temperature curing (100°C, 1 hour).
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10. 50um thick gold wires (6) are bonded between the pads on the qPlus sensor and the top
side of the spring loaded contacts, e).

11. The assembly is attached to the shuttle with two molybdenum screws, f).

For all of the gluing process (except the tip attachment), EPO-TEK H77 electrically insulating,
heat conducting epoxy was used and after each step, the curing procedure of 1 hour at 150°C
was done.

3.3 4 KSTM/nc-AFM noise and performance optimization

Figure 3.9 Photo of the 4 K STM/nc-AFM instrument in the Precision Lab of the Max Planck Institute for Solid
State Research

The 4 KSTM/nc-AFM was originally assembled in the main building of the Max Planck Institute
for Solid State Research and the first tests were performed in place. They included the check
of the basic functions of STM and nc-AFM such as basic imaging of metal surfaces with step
recognition, without atomic resolution and surface reconstruction imaging [158]. Furthermore,
tests of sample cleaning procedures and the cryostat cooling were performed. Upon proving
that all the basic functions of the instrument are working, it was moved to the Precision Lab
(Fig. 3.9). In its specialized, low noise environment, where the equipment is highly isolated
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(electrically, electromagnetically, mechanically and acoustically), a significant improvement of
the machine’s performance was immediately observed. The first spectrum (Fourier transform
of tunneling current signal, Fig. 3.10), acquired with 100 mV 100 pA setpoint, revealed +11 pm
oscillation in Z axis in the tip-sample junction. Although switching the lab environment to the
Precision Lab improved the signal-to-noise ratio of the STM mode, additional fine-tuning of
the device was necessary to perform the high precision nc-AFM measurements. Measured
spectra revealed a number of noise features with defined frequencies that degrade the STM
and nc-AFM performance, mainly in the low-frequency regime, below 150 Hz. These issues
were resolved as follows:

* 1.9 Hz - the eigenfrequency of the concrete laboratory damping, appeared due to the
deregulation of the sensors used for keeping the floor of the room in one, stable plane.
Fixed by the recalibration of the aforementioned sensors.

* 7.8 Hz - the eigenfrequency of CuBe springs holding the STM/nc-AFM head. The noise
could be eliminated by putting the head into the stiff position, however, this enhanced
the reception of every other noise, therefore they had to be eliminated before dealing
with this issue.

* 14 Hz, 28 Hz, 30 Hz, 57 Hz - the eigenfrequencies of cryostat and chambers. Due to
the heavy mass, the machine can oscillate in the set of its own resonance frequencies
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Figure 3.10 Noise spectrum of the tunneling current in the 0-1000 Hz range, recorded with a disabled STM Z
axis feedback. The peak at the 0 Hz position is an artifact of the mathematical analysis of the signal, whose height
depends on the total height of the peaks in the signal. The inset shows the low-frequency noise peaks between
0-150 Hz. Setpoint: 100 pA, 100 mV.
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for a long time after being excited. The issue was solved by changing the mechanical
properties of the system by:

- removing the active dampers from under the machine (with working laboratory
damping they were obsolete) and replacing them with solid metal cylinders for
better contact with the concrete mass of laboratory dampers;

- adding 400 kg of lead, resulting in even better coupling to the concrete block, as
well as lowering the center of the mass of the machine;

- adding a frame and crossbars, making the chamber stiffer and preventing self-
oscillations.

* 115 Hz - frequency of the pumping systems outside of the laboratory. Connecting of
the damped and the undamped parts of the laboratory resulted in the transport of the
mechanical vibration omitting the damping system. Thick water cooling tubes were
found to be responsible for this effect, cross-connecting the aforementioned parts. The
rearrangement of the tubes eliminated the problem.

¢ 550-600 Hz - the mechanical noise of an unidentified source, not associated with the
device or the lab itself and encountered on very few occasions.

After elimination of the noise sources, the STM/nc-AFM head was put into a stiff contact
with the cryostat, which in turn revealed the broad range of mechanical noises that originate
from boiling of the liquid nitrogen in the cryostat. This effect can be eliminated by pumping.
Upon lowering of the pressure in the nitrogen cryostat, the boiling point of the nitrogen falls
following the Clausius-Clapeyron equation [159]. Upon reaching pressures of around 100 mbar
the nitrogen starts solidifying. The boiling is then replaced by sublimation, which is virtually
noiseless. The nitrogen pumping system using a high power scroll pump was assembled and
placed in a separate pumping room in order to prevent mechanical noise. It is able to pump
liquid nitrogen below 100 mbar and solidify the whole reservoir. After the noise minimization,
the mechanical stability of +400 fm was achieved, fully utilizing the low noise environment
of the Precision Lab and allowing even the most demanding nc-AFM measurements to be
performed (Fig. 3.11). Next, the electric noise appearing at multiplications of 50 Hz was dealt
with. The so-called ground loop noise originates from the unintentional loops in the circuitry
of the machine. The grounding was rearranged into a star layout, with the central point at the
Femto tunneling current amplifier. As a result, the amplitude of the ground loops noise was
reduced by an order of magnitude (Fig. 3.12).

After achieving the desired stability and signal-to-noise ratio, performance tests of the STM
mode were done. First, an atomically resolved image of Cu(111) was acquired with hydrogen-
assisted STM (described in section 1.3) and is depicted in Fig. 3.13. It proves that the STM
mode of our 4 K STM/nc-AFM device is capable of imaging atomic structures with high
precision. Secondly, an atomically resolved image of a NaCl(100) monolayer (Fig. 3.14) was
acquired using a CO terminated tip. Two Na vacancies in the NaCl lattice have been imaged,
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Figure 3.11 Improved noise spectrum of the tunneling current in the 0-1000 Hz range, recorded with the STM Z
axis feedback disabled. All of the peaks associated with mechanical noise are eliminated or minimized to negligible
values. Setpoint: 100 pA, 100 mV.
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Figure 3.12 Final noise spectrum of the tunneling current in the 0-1000 Hz range, recorded with the STM Z axis
feedback enabled. Peaks associated with ground loops are minimized by an order of magnitude. Setpoint: 100 pA,
100 mV.
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showing a decrease in the corrugation of the surrounding Cl™ ions [118], [121]. Data from both
the Cu(111) and NaCl(100) images were used to calibrate the piezo scanner. Both experiments
confirmed the readiness of the STM mode.

Figure 3.13 Constant current image of a Cu(111) surface revealing its atomic structure. The ripples on the image
correspond to standing wave of surface electrons arising from scattering at surface defects (atomic steps, adatoms,
adsorbates) [160], also called the Friedel oscillations. The image has not been filtered. Set point: 100 mV, 10 pA.
Scale bar 2 nm.

Figure 3.14 Constant current image of a NaCl(100) surface, revealing its atomic structure. Bright protrusions
correspond to Cl~ ions, low intensity features to Na™ ions [118], [121]. Two features with the lowest intensity are
associated with Na vacancies. The image has not been filtered. Setpoint: 1V, 100 pA.

Along with the improvement in the STM performance, nc-AFM tests were carried out. The
validation of the nc-AFM gPlus sensor consists of measurements of the resonance curves
without any other object in close proximity. At the start, a resonance frequency of the qPlus
sensor has to be found. For the unperturbed sensors, it is equal to 32.768 kHz and drops
when the tip is attached to the prong [155]. For the sensors used in this work, the placement
of the tips shifts the resonance position to values around 30 kHz. The resonance curves are
attained by sweeping the driving oscillation frequency around the resonance of the qPlus
sensor and recording the amplitude of the prong oscillation (Fig. 3.15). Simultaneously, the
amplitude signal is analyzed to determine its phase difference with respect to the driving
voltage. The main parameter that describes the performance of an oscillator is the Q-factor,
which describes the energy loss in each cycle of a resonant oscillator and it is calculated
by dividing the value of the resonance frequency by the full width at half maximum of the
resonance curve. The higher the Q-factor, the more sensitive the measurements are. On
the other hand, too high Q-factor results in slow sensor reaction to the force fluctuations.
The dissipation of energy stored in the oscillation movement will be too slow, thus, the time
to detect a change in the force will be longer, slowing down the overall measurement [161].
This is undesirable, so for standard operation of nc-AFM, the Q-factor should be kept in the
10000 - 100000 range, which guarantees experimentally feasible sensitivity and time of the
measurement.

The first resonance curves were obtained in the main building of the Institute. Due to the
presence of mechanical and electromagnetic noise (the ends of the electrodes of the qPlus
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sensors are open and act as antennas), the performance of the sensor was unsatisfactory (Fig.
3.15). After moving the device to the low noise environment of the Precision Laboratory, an
immediate increase of the Q-factor from 5000 to 18500 was observed. Upon further cooling
to 4 K, the Q-factor further increased to ~40000, due to the higher stiffness of quartz at low
temperatures [162].

Next, a scanning test of the nc-AFM was

separated frequency regimes. Standard STM

10 g——————————————
& 1.Q~5000 _'\P"r':LFSKOZ ?_‘::?'“gﬁﬁ performed. Simultaneous operation of an
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7 Qs18500 Precision Lab, 4k STM and nc-AFM is possible due to their
Q~37500
52
45

works in the range of 0-1 kHz, while the
gPlus sensor prong oscillates at around 30
kHz. The only influence of the prong oscil-
lation in the STM mode should be visible as

Amplitude (a.u.)

1 an offset in the tunneling current. This is
1 L, 4+  + + + + N~1 because, in one current integration cycle, a

few oscillation cycles of an nc-AFM happen,
which are averaged over time. The prong

o oscillates around one position (the STM set
z point), with the same amplitude in both di-
3 rections. Due to the exponential behavior of
g the tunneling current, bending of the prong

into the direction of the sample increases the
current more than bending in the opposite

: direction decreases it, leading to an average

N
o
o

Il Il
T

? B Freq- :J en Cyoshift (1 Hz) offset in the tunneling current. The first test
of the simultaneous operation of STM and
Figure 3.15 C(.)mparison .Of resonance curves of the | . A M has shown that the influence of the
gPlus sensor in different environments.
oscillation was different than expected. Two
noise spectra are depicted in Fig 3.16, one with the prong oscillation disabled and one with the
30 pm oscillation. The 30 pm oscillation increased the signal baseline and induced additional
noise peaks in the 1-400 Hz range. The nature of these peaks was purely mechanical and
they were present in the data acquisition range of both nc-AFM and STM modes (nc-AFM
is operating at ~30 kHz, but it has the same time regime of scanning or recording spectra
as STM). It rendered both operation modes unable to distinguish a feature smaller than the
average metal surface step size, ~200 pm. Shifting the driving oscillation frequency off the
resonance position was disabling the effect, which indicated that it is not associated strictly

with the rapid movement of the scanner piezo, but with the oscillation of the qPlus prong.

The oscillation of the scanner that is negligible with respect to STM is inducing the oscillation
of the quartz prong with an amplitude three orders of magnitude higher. It was found, that
this, in turn, was strong enough to induce resonant shaking of other elements of the assembly
despite different resonance frequencies. The source of the noise was identified as the vibration

36



3.3. 4 KSTM/nc-AFM noise and performance optimization

I v T T T T T T T T T
— ] — Tunneling current A
g, 1p 4 — Tunneling current with resonant TF oscillation _
N ] 3
I ] ]
p 1 -
< ] _
> ] _
c
S 1004 ‘m ]
© ] ]
b 1 E
o ) -
m 1 -
o
g ] | ]
: A
g 10f—: }"M ”‘ l” ) “‘H‘ ‘ r l‘ L | \I‘“ | “| o o ‘ Iy I —:
o ] ]
! ! ' v T T

I 1 I I
400 600 800 1000

Frequency (Hz)

I
0 200

Figure 3.16 Two noise spectra in 0-1 kHz range representing the influence of the running nc-AFM on the current
noise, recorded with the STM feedback switched off. With the 30 pm oscillation, increased baseline and additional
noise peaks are present in the 1-400 Hz range. Setpoint: 100 pA, 100 mV.

of gold wires connecting the gold pads on the qPlus quartz slab to the spring loaded contacts
at the gPlus transfer shuttle. As a solution, the wires were embedded in H77 epoxy, whose
highly stiff, amorphous structure acquired through curing, should prevent the vibrations.

Embedding the wires in the epoxy is realized on completed qPlus assembly. It is carried out
in steps, as the epoxy changes its volume during the curing and if the wires are completely
covered with semi-liquid epoxy before curing, fragile contacts between wires and electrodes
can break. The process starts with an application of a layer below the wires and curing it at
150 °C. The wires are usually completely submerged with five applications of the epoxy. The
result of the process is presented in Fig. 3.17.

a) b)
—
il
e ————

Figure 3.17 a) The gPlus assembly before attaching tip and bonding the wires. b) The gPlus assembly after
attaching the tip, bonding the wires and embedding them in H77 insulating epoxy. A tip can be seen on the left
side.
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Figure 3.18 The embedding of the gPlus assembly
resulted in an increase of the Q-factor to 100000. The
dependence of the phase of the signal on the frequency
shift is much steeper around 09, which corresponds to
higher sensitivity of the sensor.

Embedding the qPlus assembly in epoxy re-
sulted in doubling of the Q-factor (Fig. 3.18).
The steepness of the phase signal around 0°
increased, confirming the higher sensitivity
of the embedded sensor. During the measure-
ment, the frequency shift, carrying the force
information, is obtained by tracking 0° phase
with the frequency shift feedback. The higher
the influence of the force on the phase of
the incoming signal (the steeper the relation
around 0°), the smaller the force changes that
can be detected by following the frequency
shift. Embedding of the wires of the qPlus
assembly solved the problem of the nc-AFM
induced noise. Simultaneous STM/nc-AFM
imaging has been performed as proof (Fig.
3.19). The atomic structure of NaCl was im-
aged, revealing the positions of Cl™ ions in
both the nc-AFM frequency shift (Fig. 3.19 a))
and STM constant height imaging (Fig. 3.19
b)). During the image acquisition, the bias
of STM has varied between 0 and 10 mV. The
changes had no influence on the frequency
shift channel, proving that the STM and the
nc-AFM modes are successfully decoupled
and advanced nc-AFM techniques, like the
Pauli repulsion imaging, can be performed.
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Figure 3.19 a) Simultaneous constant height imaging with STM and nc-AFM. Setpoint: 100 pA, 10 mV. a) The
nc-AFM frequency shift image of the NaCl surface, revealing the positions of the C1~ ions. b) The STM current
image with varying bias. Changing the bias voltage, including 0 V (negligible tunneling current), has no influence

on the nc-AFM measurement.
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3.4 Paulirepulsion imaging

In addition to its original use (the imaging of insulating materials with atomic precision), the
nc-AFM technique excelled in the imaging of organic molecules with submolecular resolution
independently of their electronic states [48]. In the regular working regime (up to 1 nm separa-
tion between the tip and the sample), nc-AFM detects attractive potential that originates from
Van der Waals forces. Moving the tip closer to the sample changes the interaction character to
arepulsive one, as described by the Lennard-Jones potential (Fig. 3.20). The reason for this re-
pulsive potential at close distances between two objects is the fermionic exchange interaction,
also called Pauli repulsion as it originates from the Pauli exclusion principle. The interaction
between two objects will be stronger if the associated electron density is higher, which can
be exploited in nc-AFM [163]. Furthermore, repulsive interaction depends strongly on the
distance, therefore small changes in distance or density of the electrons lead to remarkable
changes in the force, which can be detected with nc-AFM. Considering this interaction for
organic molecules, it should be the strongest for regions with a highly localized potential, like
atoms and ridges between nearest atoms. Following this logic, placing the nc-AFM probe
close enough to the investigated organic molecule should allow differentiation between the
molecular backbone and the molecular orbitals. In this thesis, the technique utilizing this
approach will be referenced to as the Pauli repulsion imaging.

In order to achieve images of molecular struc-
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which leads to a lowered resolution or unin-
tentional changes of the junction geometry,
either on the tip or the adsorbate side. At

tral atoms or molecules. For metal surfaces the minimum
of interaction is usually placed at 2-3 A distance from the
surface [164].

a proper operating distance, the interaction
with the surface lying below the organic ad-
sorbate may still have an attractive character
(orange area in Fig. 3.20), leading to a significant contrast between the features of the molecu-
lar backbone and the rest of the image. This means that for the high contrast Pauli repulsion
imaging, the interactions with the adsorbate and the underlying surface should take place on
the opposite side of the minimum of Lennard-Jones potential. Such a placement of the tip
would result in an image, where the structure is clearly distinct from the rest of the surface
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with features of the molecular backbone easily distinguished [48]. This strategy provides the
starting distance conditions for the Pauli repulsion imaging.

The second requirement of the Pauli repulsion imaging is the on-surface stability of the
investigated organic molecule. Following Newton’s third law, the same force detected by the
sensor will be inflicted on the investigated adsorbate [165]. If the molecule upon infliction of
this force becomes mobile on the surface, it may be removed completely or at least change its
geometry in the tip-sample junction. Furthermore, an alteration of the tip itself is possible.
If only a certain part of the molecule is mobile, while the rest remains stable it will result in
an inability to resolve the mobile part with the Pauli repulsion imaging. It is recommended
that one avoids those parts while imaging the rest of the structure, as they also may induce
changes to the tip apex, for example, remove the actual tip termination.

The third condition for the high contrast Pauli repulsion imaging arises from the proximity of
the tip and the adsorbate. As the tip stays in the 1-2 A distance to the molecule during this type
of imaging, it renders the junctions consisting of pure metal tips unstable [166]. It results in
either pick up of the molecule or uncontrolled crashes into the molecule/underlying surface,
which heavily modify the tip apex. Therefore, a tip passivation with atoms or molecules is
necessary for achieving tip-adsorbate separations in the Pauli repulsion regime [166], [167].
A wide array of tip terminations has been proposed, including Xe atoms [48], [168]-[170],
Cl atoms [48], [168], [170], Br atoms [48], [168], [170], I atoms [168], O, [171], CuO [171],
pentacene [48], CHy [172] and others, yielding results of different quality. Among them, the
most established for the Pauli repulsion imaging is the CO termination [48], [163], [167], [169],
[173]-[186].

The CO termination exhibits some favorable properties that allowed it to become a standard
solution in the Pauli repulsion imaging. First of all, the tip apex functionalized with CO is
more inert than a metal one and the Pauli repulsion regime is reachable without altering the
junction [187]. Secondly, it always adsorbs on the apex with the C atom attached to the tip
metal atoms and the O atom pointing down. In this geometry, the O atom is flexible. It relaxes
laterally in close proximity to localized potentials, which results in tilting of the CO molecule
and more abrupt changes of associated frequency shifts [169], [183]. In close vicinity of those
features, even small differences in the position of the tip can cause significant changes in
the magnitude and the direction of the relaxations of the CO molecule (Fig. 3.21) [183], [188].
It results in more pronounced frequency shifts and better resolution of the Pauli repulsion
imaging, as compared with rigid tips and tip terminations.

Another reason for preferring CO terminated tips is the relative ease of functionalization. For
less reactive surfaces like Au(111) or Ag(111), the CO molecule can be picked up directly from
the metal surface. For more reactive ones like Cu(111), it is still possible, but each pickup
attempt has a small chance of success. In order to make the CO functionalization available
on demand for different types of surfaces, NaCl can be deposited onto the surface, forming
clean, single or multilayer islands [64], [113]. The CO molecules are deposited on the sample

40



3.4. Pauli repulsion imaging

SCAN DIRECTION

A\ 4

R R R R RN

v

SAMFA

X (A)
1Hz

0 Hz

Figure 3.21 a) The behavior of the CO molecule at the tip apex during the Pauli repulsion imaging of a single
C-C bond feature. The oxygen atom of the CO molecule is partly mobile and the C-O bond is flexible, resulting in
its tilting in the close proximity of a localized potential. b) Slice of a frequency shift image of a feature between two
carbon atoms connected with a covalent bond, corresponding to the line profile from a).

at cryogenic temperatures ensuring that they stay on the NaCl islands (at higher temperatures
they would be mobile on this low reactive layer and desorb). Pickup from these islands is
straightforward as the CO molecules have low binding energy to NaCl and the functionalization
process only requires approaching the tip to the molecule. Then, the CO molecule desorbs
due to the local potential of the tip, rotates, and attaches to the apex [189]. This technique
can be used in combination with the majority of surfaces, including all of the most common
metals in the scanning probe microscopy field (gold, silver, copper).

An example of the CO termination procedure is presented in Fig. 3.22. Before the pickup,
the tip has to be treated in order to acquire a sharp apex with a pure metal composition.
Such a tip results in the appearance of CO on the NaCl layer as a negative intensity feature,
with an apparent depth below -100 pm (for arbitrary 1 V bias). Due to this contrast, CO on
the NaCl can be used as a benchmark to validate the quality of the tip before the pickup
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Figure 3.22 STM constant current image (20 pA, 1 V) before and after the CO pickup from the NaCl monolayer.
The scanning is stopped upon reaching the CO molecule (1) with a sharp metal tip (bottom part of the image).
Afterward, the CO molecule is picked and the scan is continued with the same parameters, revealing improved

resolution of the NaCl layer and a different appearance of the next CO molecule (2), which now is a bright
protrusion that distorts the appearance of the NaCl atomic lattice below it.

procedure. Clean metal tips usually do not resolve the atomic structure of the NaCl layer for
relatively large distances (i.e. 20 pA, 1 V setpoint). In order to carry out the pickup procedure,
the tip is stabilized above the targeted CO molecule. The bias is gradually lowered to 50
mV (with enabled STM feedback), what is followed by a gradual increase of the tunneling
current set point, until the moment when an abrupt change of the Z position is observed,
indicating the pickup. If the CO molecule is attached symmetrically to the last atom of the
apex, the resolution of the NaCl layers is dramatically increased, revealing its atomic structure.
Moreover, the topographic appearance of another CO molecule present on the NaCl layers
changes, becoming a bright, "lens-like" protrusion, that elongates the appearance of the
underlying Cl atoms [166].
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Figure 3.23 Comparison of the CO topographic appearance on Cu(111) before and after CO tip functionalization.
Images were recorded in constant current mode, setpoint: 100 pA, 100 mV). a) Appearance of the CO molecule
with the metal tip. b) Appearance of the CO molecule with a CO terminated tip. ¢) Appearance of the CO molecule
with a non-symmetric CO tip termination.

Another validation of the CO functionalization quality can be done by imaging the CO molecule
adsorbed on Cu(111) (Fig. 3.23). Before the CO pickup, when the tip apex composition is
metallic, CO appears as low intensity, uniform, symmetric feature. After the pickup, CO takes
on a "sombrero-like" appearance, where a bright protrusion is surrounded by a low-intensity
halo. Any asymmetries of the CO adsorption on the tip apex would be visible as asymmetric
distortions in the "sombrero-like" appearance, for example, a bright protrusion at the border
of the low-intensity halo (Fig. 3.23 c)).
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With a properly CO-functionalized tip, a high-resolution image of the molecular backbone
can be obtained in the following way. First of all, the tip has to be stable in both Z axis, as well
as in the lateral XY plane. The drift in Z might result in tip crashing (if in the direction of the
sample) or losing the sensitivity during the image acquisition (if out of the sample). Drift in
the lateral plane would result in the distortion of the image, either squeezing or elongating
the features in the direction of the drift. With both the phase and amplitude feedbacks of
nc-AFM enabled, the tip is positioned above the highest topographic point of the investigated
molecule (leftmost benzene ring in the case in Fig. 3.24) with a bias voltage of 10 mV and
chosen current value. Three different tunneling current set points were used in the example:
a) 100 pA, b) 150 pA, c) 230 pA. After the stabilization, the STM Z-feedback is switched off and
the bias voltage is reduced to 1 mV, in order to minimize the electrostatic and tunneling effects
during image acquisition. The images are recorded with the scanning speed kept below 0.5
nm/s. The top image was recorded with the tip too far from the molecule, resulting in low
intensity and resolution of the features of the molecular backbone. The bottom image, on the
other hand, was recorded with the tip placed too close to the molecule and the interaction
was too strong, resulting in a distorted appearance of the backbone. The middle image was
recorded with the distance between the tip apex and the molecule fulfilling the conditions
described at the beginning of this section, resulting in a non-distorted, sharp image, proving
the capabilities of the 4 K STM/nc-AFM. This image and the investigated structure will be
analyzed in detail in Chapter 4.

)

Figure 3.24 Set of Pauli repulsion images of the reacted tetracenothiophene molecule on a Cu(111) surface.
Starting set points: a) 100 pA, 10 mv; b) 150 pA, 10 mV; ¢) 230 pA, 10 mV. Scale bar 2 A.
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The ability to perform the Pauli repulsion imaging is the final goal of the development of the
combined STM/nc-AFM instrument and the realization of this technique marks its readiness.
The Pauli repulsion imaging was used to identify the chemical structures in the projects
presented in the following chapters of this thesis.
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On-surface reactions of thiophene
functional groups’

STM can be used to induce and study chemical reactions with nanoscale precision. Other
techniques that allow for the elucidation of the chemical processes, such as IR spectroscopy,
MS and NMR, share a limitation, as they measure huge numbers of the same processes in an
ensemble. With STM, a different approach is possible, where the chemical processes can be
accessed on a level of a single molecule. Furthermore, the chemical reactions can not only be
induced on a single object but also in steps, which allow direct following the reaction pathways.
Thus, this approach can be used to control and study sequences of the bond breaking and
formation in single organic molecules with utmost precision. One of the prime examples
of such a possibility is an STM-induced on-surface Ullman reaction [54], first presented in
Chapter 2. A vast number of chemical reactions have been studied at the nanoscale with the
help of STM [53], [54]. Among the fields which can potentially profit from the information
obtained through the STM-induced processes are on-surface catalysis [163], [190], [191] and
molecular electronics [192], [193]. In this chapter, an on-surface desulfurization reaction of a
single sulfur-containing functional group embedded in a pentacene analog will be explored.

Pentacene, a molecule consisting of five benzene rings, is one of the most commonly in-
vestigated systems with STM [63], [194]-[200]. It has a simple and well-defined structure
with flat adsorption geometry, where a m-conjugated system adsorbs parallel to the surface
[63],[201], [202]. Moreover, it has good mechanical and chemical stability. It can be thermally
evaporated and usually does not cluster upon the adsorption. Because of these properties,
pentacene has often been used as a test system for the STM and nc-AFM imaging techniques
with functionalized tips, including the organic molecule tip termination imaging [63], the
p-wave tip imaging [119] and the Pauli repulsion imaging [48].

Replacing one benzene ring of a pentacene molecule with a sulfur-containing group (which is
a more reactive moiety), creates a system that retains the stability and simplicity of the original
pentacene structure, but introduces new possibilities in terms of chemical and physical
properties. Here, we focus on a tetracenothiophene (TCT) molecule, where one of the benzene

I This chapter is based on publications 3 and 4 from the publication list.
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rings of a pentacene molecule has been replaced with a sulfur-containing thiophene group.
Chemistry of sulfur-containing groups, especially desulfurization reactions, bears significant
importance in the sulfur cycles of biology [203]-[205], as well as in the fuel industry [206],
[207], as sulfur has to be removed from natural fuels before they can be used. Especially, the
heterogeneous catalysis for the desulfurization of diesel oil is of extreme importance and still
poses a challenge to chemistry [208], [209]. Studying the desulfurization of a thiophene group
directly on the surface of metals might prompt a better understanding of the catalytic effects
of the metal surfaces and potentially lead to more efficient fuel processing methods.

In this chapter, we introduce two ways of inducing an on-surface desulfurization reaction of a
thiophene group embedded in the TCT molecule. The first approach, realized by elevating the
temperature of the Cu(111) substrate, forces all of the molecules into a desulfurized state. In
the second approach, the thiophene units are addressed individually with an STM tip. The
two elementary steps of the reaction are induced using the electric field and the tunneling
electron injection. With the help of the high-resolution imaging, we identified these steps as a
subsequent splitting of the two C-S bonds of the thiophene group. As a result of the reaction, a
desulfurized molecule is obtained, which is anchored to the Cu(111) surface atoms. A 50 %
increase of the electrical conductance measured through the molecule is obtained after the
reaction.

4.1 Tetracenothiophene on Cu(111)

The TCT molecule consists of four benzene rings (tetracene part) and one thiophene group,
which replaces the first benzene group of a pentacene molecule (Fig. 4.1).

b)

a)
OO QO

Figure 4.1 a) TCT structure. b) Pentacene structure.

We use the Cu(111) surface as a substrate. It is cleaned by repeated Ar* sputtering (1.3 kV, 10-40
min) followed by annealing (1 minute at 800 K). The TCT molecules synthesized as described
in [210] were then thermally evaporated onto the precooled Cu(111) surface (200 K) until
coverage of below half a monolayer was reached. The Knudsen cell containing the molecules
was heated up to 500 K and evaporation was carried out after stabilizing the temperature
for 30 minutes, ensuring proper thermalization of the cell and its contents. Afterward, the
sample was moved to STM. The TCT molecules adsorb along the three [101] axes of Cu(111)
and do not cluster (Fig. 4.2 a)). A single TCT molecule shows the topographic appearance of
an asymmetric dumbbell, with the brighter lobe corresponding to the thiophene end (Fig. 4.2
b)).
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4.1. Tetracenothiophene on Cu(111)

Figure 4.2 Constant current images of the TCT on Cu(111), recorded with metal tip. Set point: 100 pA, 100 mV. a)
Overview image of Cu(111) with adsorbed TCT. The molecules follow the crystallographic axes of the surface and
do not cluster. b) Zoom of the area indicated in a). TCT shows the appearance of an asymmetric dumbbell.
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Figure 4.3 a) Constant current image of two TCT molecules, of which the left one is intact and the right one is a
species encountered after the evaporation on the substrates at the elevated temperatures. Recorded with a metal

tip. Set point: 100 pA, 100 mV. b) Line profiles marked at a).

The molecular conformation of TCT adsorbed on
the surface is strongly influenced by the tempera-
ture of the sample during the deposition. Above
270 K, a second state of the molecule is observed
(Fig. 4.3 a)). It has a different topographic appear-
ance: one of the lobes is gone and is replaced by a
narrow, curved feature with a low-intensity spot
on its side. The other lobe remains unchanged,
having the same size and height (Fig. 4.3 b)) as
the feature at the tetracene side of an intact TCT
molecule. Taking into account previously reported
reactions of thiophene groups with copper [211],
as well as the thermally induced reactions on dif-
ferent metal surfaces [114], it can be assumed that
the thiophene ring embedded in the TCT molecule
undergoes structural changes upon adsorption on

100 t t t —

40+ i +

Modified specie occurrence (%)

[
0 t t t t t
280 290 300 310 320

Sample temperature (K)

Figure 4.4 Percentage of the modified TCT
molecules on the surface as a function of the tem-
perature of the sample during the evaporation.

Cu(111) at elevated temperatures. Furthermore, the stability of pentacene on Cu(111) suggests
that the tetracene side of the molecule stays intact. The ratio of pristine TCT and the modified
species on the surface can be tuned by changing the temperature of the sample during the
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evaporation. Below 270 K not a single modified species is observed and above 330 K nearly all
TCT molecules are modified (Fig. 4.4).

4.2 Electric field driven local reaction

In contrast to thermal activation, the modified state of the TCT molecule can also be attained
locally. In order to induce the reaction of a single TCT molecule, the STM tip is precisely
positioned above the thiophene group, as indicated with the blue circle in Fig. 4.5 a) and a
short voltage pulse is applied. It creates a strong electric field in the tip-sample junction and
injects electrons into the system (Fig. 4.5 b)). The final state of the molecule, equivalent to the
final state achieved with thermally induced reaction, can be attained in two reaction pathways,
differing by the action of the applied stimuli.

a) b) stimulus c)

1.0nm
(|

Figure 4.5 a) The intact TCT molecule. Tip position during the bias ramp marked with the blue circle. b) Stimuli
present in the STM junction during the bias ramp. ¢) The TCT molecule after the locally induced reaction.

One of the pathways, labeled as R, prompts the molecule from the initial state 1 directly into
the final state 2 (Fig. 4.6 a), purple arrow). In the second pathway, a two-step reaction through
an intermediate state 1i is followed. The two steps are labeled as RI and RII (Fig. 4.6 a), blue
arrows). The intermediate state 1i is obtained by applying a voltage pulse above 5.5V at the 2
nm tip-sample relative distance (RI). Similarly to the initial state, the intermediate state has
the topographic appearance of a dumbbell. Furthermore, a low-intensity feature is visible
slightly off the center axis of the molecule (Fig. 4.6 b)), reminding similar feature visible next
to TCT in the final state. The tetracene side of the TCT molecule in the intermediate state
appears to be intact (Fig. 4.6 c)). The state 1i can be further reacted to the final state 2 through
the second reaction step RIL. It is realized by applying a voltage pulse between 1.5 and 4.5
V. The exact value of the bias depends on the relative tip-sample distance in the 0 - 1.25 nm
range, where 0 is defined by stabilizing the tip at 100 pA, 100 mV setpoint and approaching by
220 pm. This position corresponds to a tunnel resistance of 16.5 + 1.2 MQ.

Different relative tip-sample distances, at which the reactions RI and RII occur, indicate that RI
and RII differ by the importance of the electric field and the electron injection. At sufficiently
large tip-sample distances, such as required for RI, the tunneling current is negligible and,
thus, the electric field is the dominating stimulus during a bias pulse. Lowering this distance
increases the tunneling current so that the electrons can be injected into the system. The
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Figure 4.6 a) Constant current images of initial, intermediate and final states with arrows indicating the reaction
pathways. Setpoint: 100 pA, 100 mV. b) TCT in the intermediate state. ¢) Line profile of the molecule depicted in
b), compared with line profiles of the initial and final states.

steps RI and RII can be associated with these two different regimes. We have found an exact
experimental procedure to trigger the RI step. First, an image of TCT in state 1 is acquired and
the tip is positioned above a thiophene moiety at the 0 relative tip-sample distance, as defined
above. Afterward, the tip is retracted by 2.2 nm and a short (minimum 100 us) pulse of 6 V is
applied. During such a voltage pulse, the tunneling current value is negligible as it is in the
noise level of the current amplifier, 300 fA. Therefore, it is confirmed that the electric field is
the dominant, possibly sole stimulus of RI.

As already mentioned, the step RII can be activated with a voltage pulse in a shorter distance
regime. The experimental procedure is similar to RI, with an exception of shorter tip-sample
distance. In this regime, the tunneling current is not negligible and we are able to detect the
current changes associated with the induction of the reaction step RII. We have recorded I(V)
curves of the bias ramps at different relative distances from the 0 - 1.25 nm range (Fig. 4.7 a)).
The step-like features in the I(V) traces indicate the transition from the state 1i to the final
state 2, what is confirmed by the STM images acquired after the bias ramps. The tunneling
current and the bias voltage threshold values, at which the reaction RII occurs, are marked
with (Ig, Vg). The summary of the Vg values shows, that Vg follows a linear dependence on the
tip-sample relative distance (Fig. 4.7 b), solid circles), which is a hallmark of an electric-field-
driven process [96], [99]. This dependence has a slope of 2.27 + 0.07 V/nm and it represents
the value of the electric field necessary to activate the reaction RII, which, as compared to
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Figure 4.7 a) Tunneling current recorded during the reaction inducing bias sweeps. b) Dependence of the
threshold voltage of the reaction steps RI and RII on the tip-sample relative distance. The linear dependence is
characteristic of an electric field driven effect. The threshold field was calculated from the linear regression. c)
Extrapolated threshold voltages of the reaction to the intermediate state in the distances, where the tunneling
current is negligible.
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RI, requires an additional injection of electrons into the molecular system. Therefore, the
reaction step RI is an example of pure electric field effect in the STM, while the step RII is
a mixed electric field - electron injection process [212]. The parameters, which we used to
trigger the RI step are plotted in Fig. 4.7) c). These values follow the exact linear dependence
observed for RII. It implies that both the steps RI and RII require the same critical value of the
electric field.

If the voltage pulse in the short tip-sample distances regime is applied on TCT in the initial
state 1, it can be directly transited into the final state 2 (pathway R). The (I, Vg) values
obtained from the I(V) traces recorded during the bias ramps triggering the reaction R have
been plotted in Fig. 4.7 b) as empty squares. Vy follows the same dependence as in the
case of RII, which means that a critical field of the same value is required to trigger reaction
through the pathway R and the threshold electric field required for R, RI and RII is identical.
Taking into the account that the product of both the pathways R and RI + RII is equivalent
and inducing the reaction R fulfills the electric field requirement of RI and RII, as well as the
electron injection requirement of RII, we conclude that R =RI + RII.

Every state of the TCT molecule was stable at 4 K and every reaction was irreversible. Moreover,
all of the states were only accessible with positive polarity of the electric field from the surface
to the tip apex. The electric field value, 2.27 + 0.07 Vnm™!, was obtained by treating the tip-
sample gap as a simple plate capacitor. In the STM tip-sample gap, the highest electric field is
present directly below the apex of a metallic tip (thus at this position the electric field reaches
the threshold values the fastest) and its value at this certain position can be approximated
with plate capacitor model [213]. A proof of the correctness of this assumption is in the linear
behavior of the threshold voltage Vi with respect to the tip-sample relative distance.

4.3 Identification of the reaction product

The STM imaging performed with a metallic tip, even atomically sharp, does not provide a
resolution high enough to identify the newly acquired molecular structure. Considering the
thiophene’s chemistry on the metal surfaces, it can be assumed that the reaction includes a
scission of the C-S bonds [114], [214]-[217], however a full structural identification with higher
spatial resolution is necessary. Thus, we decided to perform imaging with a TCT terminated
tip. First, the molecule in each state was imaged with a metallic tip (Fig. 4.8 a)). In the next
step, the tip was functionalized with an intact TCT molecule, picked up from the Cu(111)
surface by positioning the tip above the thiophene group and approaching it with a constant
voltage of 100 mV. At a certain distance, a drastic increase in current is observed, indicating
a jump-to-contact. Afterward, the tip is retracted, lifting the molecule off the surface. The
imaging with the TCT-functionalized tip allows resolving the spatial distribution of density of
states corresponding to the surface-modified molecular orbitals. As the molecule does not
always adsorb on the tip apex in the same geometry, the resolution of the images may vary.

Each investigated molecule is imaged in constant height mode, with the STM Z-feedback
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Figure 4.8 Comparison of acquired high resolution orbital images with simulations. a) The initial, intermediate
and final states (final obtained by both RI + RII and R). Images acquired with metal tip, set point: 100 pA, 100
mV. b) High resolution orbital images recorded with the TCT functionalized tip in constant height mode. Tip
stabilized above the topographically highest parts of the molecule at setpoints: 100 pa, -1 V for the initial one; for
the rest 100 pA, 100 mV. ¢) Appearances in the Tersoff-Hamman approximation obtained from DFT simulations. d)
Ball-and-stick model of the molecular structures corresponding to the simulated images.

disabled after positioning the tip above the topographically highest part of the molecule (Fig.
4.8 b)). The images reveal lobe-like parallel features, characteristic for the shape of LUMO of
a flat, m-conjugated molecules consisting of benzene rings [119], [218], [219]. Moreover, it is
also confirmed that the final states acquired through different processes RI + RII, R, as well as
through the thermally induced reaction, show identical structures. The high-resolution images
that reveal the orbital shape were compared with on-surface DFT simulations, performed in
collaboration with Andres Arnau and Rémy Petuya. The simulation results are depicted in Fig.
4.8 c) along with the corresponding molecular structures (Fig. 4.8 d)). TCT in the initial state
resembles LUMO obtained by DFT for the adsorbed molecule (Fig. 4.8 ¢)). Due to the strong
hybridization and charge transfer to the molecule, the energy of the LUMO is shifted close to
the Fermi level (EF), as observed before for other pentacene analogs [101]. The simulated STM
images are in qualitative agreement with the experimentally obtained high-resolution images
of the initial, intermediate and final states, thus they confirm the structural changes at the
thiophene side. Moreover, the low-intensity feature appearing in the vicinity of the molecule
is reproduced in simulations. The comparison of the acquired images with the calculated
appearances of the surface-modified LUMO allows us to assume that the reaction consists
of the subsequent breaking of the two C-S bonds and splitting of the S atom away from the
molecule. Moreover, an opening of the C-S bonds suggests the formation of C-Cu bonds with
Cu(111) surface atoms, as the molecule in the final state cannot be vertically manipulated
from the surface anymore.
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A comparison of the high-resolution images with DFT simulations confirmed the initial
assumptions of the structural changes of the molecule. To further investigate the reaction and
to achieve a full understanding of the acquired molecular conformations, the nc-AFM Pauli
repulsion frequency shift images of the initial and final states were acquired and compared
with the simulated images (Fig. 4.9). The imaging has been performed as described in section
3.4, with the same scanning parameters as the image b) in Fig. 3.24. The simulated frequency
shift images are calculated with probe particle model [188], [220] on the basis of molecular
geometries acquired by DFT by Pingo Mutombo, Pavel Jelinek, Andres Arnau and Rémy
Petuya. We compare the image of the initial state (Fig. 4.9 a)) with the simulation of the intact
conformation of TCT (Fig. 4.9 b) and c)) and the image of the final state (Fig. 4.9 d)) with the
simulation of TCT, where the thiophene ring has been opened by breaking a single C-S bond
(Fig. 4.9 e) and f)).

a) Initial d) Final

Figure 4.9 Comparison of Pauli repulsion images with simulations (probe particle model). Scale bar 2 A. a) The
initial state of the molecule, frequency shift image recorded with both phase and amplitude feedback enabled and
CO terminated tip. Set point: 150 pA, 10 mV. The bias voltage during image acquisition: 1 mV. b) The image of the
potential of the initial state of the TCT molecule, simulated with the probe particle model on the basis of the DFT
obtained geometry. ¢) Model structure corresponding to b) d) The final state of the molecule, image parameters
identical to a). e) Potential image of the final state of the TCT molecule, obtained using the same techniques as b).
f) Model structure corresponding to e).
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Chapter 4. On-surface reactions of thiophene functional groups

In the Pauli repulsion image, the initial conformation of TCT resembles that of the molecule
in the gas phase. Both terminals are slightly lifted from the surface, which is characteristic
for pentacene and its analogs adsorbed on metal surfaces [48], [101]. We found near perfect
agreement between the experimental data and the probe particle simulation of the initial state
of the TCT, which again confirms that the molecules land intact on Cu(111).

In the image of the final state of TCT, a change is observed at the side of thiophene moiety
after the reaction. The tetracene part, as previously assumed, stays chemically intact and the
reaction concerns only the thiophene functional group. The feature labeled as 1 in Fig. 4.9
d), e) and f), arises from the H atom attached to the first C atom of the alkyl chain (that had
previously formed one of the sides of the thiophene group). As the H-C bond points upwards,
the H atom is uplifted and gives rise to a high-intensity feature, what is resolved in both the
experiment and probe particle simulations. The rest of the alkyl chain (2 in Fig. 4.9 f)) is not
resolvable in both the experiment and simulations because the second C atom is bonded to
the Cu(111) surface, making the rest of the chain point downwards. The agreement between
the theory and the experiment concerning the appearance of the alkyl chain confirms the
scission of one of the C-S bonds and the opening of the thiophene group.

Comparing the experimental and simulated images reveals a disagreement in the position
of the S atom (3). In the simulated potential map (Fig. 4.9 e)), where one of the C-S bonds
is retained, the length of the ridge feature between the S atom and the closest C atom (4) is
~1.7 A. This value is in agreement with both the experimental and theoretical literature data
concerning the length of covalent C-S bonds (~1.85 A) [221], [222]. A slight difference occurs
most probably due to the fact that the structure is not ideally flat and its parts might be slightly
tilted in the Z axis, what shortens the appearance of the feature in the two-dimensional image.
The length of the corresponding feature measured at the experimental image (Fig. 4.9 d)), ~2.3
A, is ~25 % bigger than the literature value. Therefore, the experimentally observed feature
is too long to correspond to the C-S covalent bond. As the reaction can be carried through
the two-step pathway, the most probable interpretation of this process involves separate
dissociation of both C-S bonds, one after the another. Hence, it can be assumed, that the S
atom is split apart from the molecule and, as suggested by the length of the feature 3-4 in the
Pauli repulsion image, resides at the nearest hollow site of the top atomic layer of the Cu(111)
surface.

Aridge between the features 3 and 4 may originate from the properties of the CO-functionalized
tip used for the Pauli repulsion imaging and its observation does not need to indicate the
existence of a chemical bond between the C and S atoms. In the Pauli repulsion imaging, the
potential can be detected and summed from two or more atoms in close proximity. This may
give rise to a feature of high intensity directly between them, where the sum of the potential is
the highest, even if there is no direct chemical bond. In other systems, similar features were
also misinterpreted, for example as corresponding to hydrogen bonding [182], [188], [220].
Another bond-like feature appears on both experimental (~2.8 A) and simulated (~2.9 A)
data, between the S atom (3) and the feature associated with the upstanding C-H bond (1).
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Those values are over 50 % higher then the length of covalent C-S bonds, thus again they
cannot correspond to a direct chemical bond. Therefore, rigid, bond-like features can ap-
pear on the frequency shift images even in the absence of a direct chemical bond and their
intensity depends, among other factors, on the distance between the two sources of potential
[188], [220].

In summary, the nc-AFM imaging confirmed the opening of the thiophene group. Although the
theory does not reproduce the experiment in all the details, it is strongly suggested that the S
atom is split apart from the molecule and positioned at the nearest hollow site of Cu(111) after
the reaction. Two covalent C-Cu bonds to the Cu(111) surface are formed as a consequence
of the opening of the thiophene moiety. The rest of the molecule, the tetracene part, is not
chemically altered.

4.4 Mechanism of the two-step reaction

With the resolved structure of the TCT molecule in the final state and the reaction inducing
stimuli identified, the following mechanism is concluded with the help of theoretical calcu-
lations. The adsorption of thiophene moieties on the surfaces of different metals tends to
lower the activation barrier of the desulfurization process. It has been proven already that this
reaction can be induced thermally [114], [214], [215]. Upon adsorption of the TCT molecule
on the Cu(111) surface, an electron transfer from the metal to the molecule occurs, which
corresponds to populating the LUMO by one additional electron, as depicted in Fig. 4.10
a). This state of the molecular orbital is called a surface-modified LUMO (Fig. 4.10 b) upper
panel).

The first step of the reaction, RI, is induced by the electric field above 2 V nm™!, oriented
from the sample towards the tip. An applied electric field disturbs the energy position of the
surface-modified LUMO, which may further lower the energy barrier of the desulfurization
reaction. Moreover, the electric field interacts with the intrinsic dipole of the thiophene group.
The S atom is positively charged (0.2 e) and two neighboring C atoms are charged negatively
(-0.16 e and -0.29 e). Under the influence of the field, the forces act on the charged atoms,
pulling the S atom upwards, towards the tip and repelling the C atoms towards the sample.
The C-S bonds are elongated, up to the moment when one of them breaks, removing one of
the constraints from the S atom and rendering the molecule into an intermediate state (Fig.
4.10 c)). The remaining C-S bond is much more flexible after breaking of the first one and the
charge is redistributed (Fig. 4.10 d)). The energy barrier of 0.9 eV for RI was calculated and is
in agreement with the different theoretical predictions of the influence of the electric fields on
the C-S bonds [223], as well as with the experimental findings concerning the different electric
field driven processes [94], [96], [99], [224]-[227].

The second step of the reaction, RII can be induced with the electric field of the same polarity,
with an addition of the injection of tunneling electrons. The influence of the electric field is
similar to the reaction RI - the charge redistribution of the system lowers the energy barrier
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Figure 4.10 The effect of the electric field on the two-step reaction mechanism a) Simulated induced electron
density of TCT on Cu(111). Upon adsorption, an electron transfer from the metal surface to the molecule occurs,
modifying the LUMO. b) Simulated orbitals of the intact TCT molecule: surface modified LUMO (upper panel) and
HOMO (bottom panel). ¢) Simulated induced charge density of the intermediate state of the TCT molecule. d)
Calculated orbitals of the intermediate state: surface modified LUMO (upper panel) and HOMO (bottom panel).
e) Energetic pathway of the two-step desulfurization reaction of the TCT molecule. The total energies of each
molecular state are expressed with respect to the initial state. Left inset: overlapped structures before (light gray)
and after (dark gray) the RI reaction. Right inset: overlapped structures before (light gray) and after (dark gray)
the RII reaction. The S atom is split from the molecule. Bond scissions and changes of positions are marked with
dotted lines. Blue and black lines correspond to the electric field and tunneling electrons, respectively. Green
arrows indicate forces acting on the system due to the presence of the electric field.

of the process. The tunneling electrons are injected into the orbital of the intermediate state
(Fig. 4.10 d), upper panel). Due to the additional population of the antibonding orbital, the
probability of the scission reaction of the second C-S bond is increased, resulting in splitting
the S atom from the molecule. Another option involves the coupling of the tunneling electrons
to the vibrational states of the molecule and breaking of the bond. Within this model the
reaction R = RI + RII is exothermic by 0.89 eV (Fig. 4.10 e)).
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4.5. Changes of the electrical conductance

4.5 Changes of the electrical conductance

The changes of the TCT structure, both concerning the molecule itself and the nature of the
contact to the surface, have a significant influence on the properties of the molecule. The
mechanical anchoring of TCT to the Cu(111) surface atoms drastically improves. Before the
reaction, the molecule can be picked up from the surface. After the reaction, the molecule
cannot be lifted from the surface, nor laterally manipulated.

a) b)
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Figure 4.11 Methodology of a conductance measurement through a single TCT molecule. a) An intact TCT
molecule is imaged and the tip is stabilized with 100 pA, 100 mV set point above the thiophene group, as indicated
by the blue circle. b) Schematic representation of a single molecule suspended between the tip and the sample.
¢) Changes of conductance during the measurement. The recorded tunneling current is divided by the used
bias voltage and expressed in units of the conductance quantum. Values G; and G, associated respectively with
formation and breaking of the tip-molecule contact, represent the conductance of the suspended molecule and are
obtained by subtraction of the tunneling current value before the change, subtracting it from the overall current
value directly after the change and dividing by used bias voltage.

Another property affected by the structural changes in its electrical conductance, measured
through a single molecule suspended between the STM tip apex and the sample. The tech-
nique is the STM controlled equivalent of a mechanically controlled break junction (BJ)
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[228]-[230] and is well established in the SPM field [124], [231]-[234]. Compared to the classic
BJ technique, the STM version does not offer the same acquisition speed but instead provides
a higher precision of the measurement. The molecule can be localized and characterized with
atomic precision and the contact with the tip can be created at the chosen position of a single
molecule. Due to this capability, a single molecular junction with the desired geometry can be
fabricated.
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Figure 4.12 Conductance of the initial and final states of the TCT molecule as a function of the approach distance.
The values have been averaged for each distance (+5 pm). Z-axis corresponds to the distance approached towards
the sample, at which contact formation/break occurred. In the 0-400 pm range a linear behavior of the molecular
conductance was observed for both initial and final states.

An experimental approach to the measurement of the conductance of a single not reacted
TCT molecule is presented in Fig. 4.11. The tip is stabilized above the tetracene end of the
molecule (indicated by a blue circle in Fig. 4.11 a)), with set point 100 pA, 100 mV. The STM
feedback is switched off and the tip is moved towards the molecule by 400 pm. During the
approach, the molecule snaps to the tip apex and is suspended between it and the surface (Fig.
4.11 b)). During this procedure, the current in the junction is recorded and upon formation of
the contact, a drastic increase of its value is detected (giving rise to the change of conductance
marked as G; in Fig. 4.11 c)). The tip is afterward withdrawn from the molecule in the same
controlled manner. If the bonding of the end group to the metal surface is stronger than the
bonding of the contacted group to the tip apex, the molecule will lose contact and return the
surface, which is again visible in the recorded current as a drop in its value (corresponding
to the conductance change G; in Fig. 4.11 c)). The changes in the current arise from the
forming and breaking of additional conductance channels between the molecule and the tip
electrode. After subtraction of the values of the tunneling current at the moment of contact
formation/breaking, the current flowing through the single molecule is obtained. The values

58



4.5. Changes of the electrical conductance

of those abrupt changes can be divided by the bias voltage and expressed in units of the
conductance quantum Gy = 77.5 uS, yielding the value of the conductance measured through
the intact TCT molecule. An identical methodology is used for the TCT molecule in the final
state.

The conductance change associated with contact formation and breaking depends on the
geometry of the junction i.e. at which point during the approach/retraction the contact
is formed/broken [82]. This distance cannot be directly controlled and the conductance
measurements through the TCT molecules, both in the initial and final state, were repeated
for multiple molecules. The result of those measurements is depicted in Fig. 4.12. The
measured values were averaged for the distances at which the conductance change occurred
(bin size +5 pm). On average, the conductance of the molecule in the final state is higher
than in the initial state and for both molecules, the dependence can be approximated with a
linear fit. Direct interpretation of this behavior is not trivial, as forming a contact at different
distances not only changes the length of the suspended molecule, but also the length of the
part remaining on the surface and thus the hybridization and character of the interaction with
the Cu(111) substrate. Therefore it cannot be interpreted as a simple extension of the length of
the suspended molecule. However, it can be seen as a clear indication of a significant increase
in electrical conductance measured through the molecule in the final state.

The values of the conductance measured

through a single intact and reacted TCT ) IR . initial
molecule can be compared more directly in 0.251 final -
the narrow approach distance range of 50 0.20 .
pm. In this range, the highest number of

conductance values was obtained, hinting of % 0151 4 o o : . . . 1
a most preferable distance for the contact o1 o-° . ** * |
formation for both states of the molecule ]

(Fig. 4.13) that yields a comparable junction 0.05+ . ’ T
geometry for both states. Moreover, in this 0.00 '_ -
range (significantly smaller than the length 320 325 330 335 340 345 350 355 360 365
of the whole molecule), the differences of Z (pm)

the geometry of the molecular structure sus- Figure 4.13 Distribution of conductance values for the
pended between the electrodes have Only a 320 -360 pm approach range for both initial and final
states. Data points are not binned and not averaged.
Z axis defined as in Fig. 4.12. In the range of 320-360
be assumed that the distribution of the mea- pm, the highest number of measurements was acquired,
sured conductance values can be attributed hinting a most preferable position, at which the contact
formation occurs for both states of TCT. Each conduc-
tance value has been obtained from the measurement of
of the tetracene termination on the tip apex. adifferent molecule.

small influence on the conductance. It can

to small differences in adsorption geometry

Conductance values depicted in Fig. 4.13 have been summarized in the form of histograms,
fitted by Gaussian functions (Fig. 4.14). For the analyzed range, the conductance for the final
state is ~50 % higher than the conductance through the intact molecule (Fig. 4.14 a)). We
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Figure 4.14 Comparison of the conductance for two states of TCT and pentacene. a) Conductance histograms
of initial and final states of TCT. b) Conductance histogram for the pentacene molecular junction. The errors of the
histograms’ peak positions are standard deviations of Gaussian fits. Schematic representations of the molecular
junctions during the conductance measurements are depicted in the insets. The numbers of the measurements
for each position have been normalized to the total number of measurements for each species.

also performed measurements for pentacene molecules that reveal values lower than that
of both states of TCT (Fig. 4.14 b)). The conductance measured in the STM-BJ technique
is determined by three factors: the tip-molecule interaction, the internal resistance of the
molecule and the molecule-sample interaction. As the moiety contacted by the tip is the
same for both pentacene and two states of the TCT, it undergoes the same variations of the
adsorption geometry at the tip apex. Therefore, the differences in conductance values for
TCT in the initial and final states can be attributed to the modification of LDOS within the
molecule and the changes of the interaction of the broken thiophene ring with the Cu(111)
surface.

The simulated partial charge densities of each type of the molecule, obtained by integration of
the energy around Ep, are depicted in Fig. 4.15 a). The distribution of the charge is similar
for all of the molecules at the center and the acene termination. Qualitative differences are
reported for the thiophene side. The desulfurization reaction results in an increase of the
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Figure 4.15 Electronic properties of pentacene and two states of TCT. a) Partial charge densities. b) Parts of the
analyzed molecule used for projected density of states calculations. c) Projected density of states for the molecular
parts marked in b).

overlap of the wave functions of the underlying Cu(111) surface and the desulfurized TCT
molecule at the former thiophene group. This indicates the decrease in the TCT-Cu(111)
contact resistance.

In order to understand the effect of the desulfurization reaction on the electronic structure of
the molecule, the projected density of states (PDOS) of three types of molecules was simulated
in collaboration with Andres Arnau and Rémy Petuya (Fig. 4.15 c)). PDOS was summed over
atoms in three different parts of the structures, as presented in Fig. 4.15 b). A significant
enhancement of PDOS close to Ef is observed at the thiophene side (side 2) of desulfurized
TCT, as compared to the intact molecule. Furthermore, smaller enhancement of PDOS near
Er isreported at side 1 and center of the TCT molecule in the final state. This suggests that
the reaction lowers the internal resistance of the TCT molecule itself. Hence, the increase of
the conductance measured through the TCT molecule in the final state appears due to both
lower contact resistance with Cu(111) and increased transmission of the molecule itself. On
the base of experimental findings and theoretical predictions, it can be speculated that any
specific transport calculations would yield similar results.
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4.6 Conclusions

In this chapter, an on-surface desulfurization reaction of the thiophene group embedded in
the TCT molecule was presented. The two steps of the local desulfurization reaction can be
distinguished by first applying a voltage pulse at large tip-sample distances. The first step is
activated only by an electric field stimulus and triggers the TCT molecule into an intermediate
state. The second step of the reaction is realized by applying a voltage pulse at shorter tip-
sample distances, both creating the electric field in the tip-sample junction and injecting
the electrons into the system. The direct reaction from the initial to the final state can be
induced by applying a voltage pulse at short sample distances, similarly to the second step of
the two-step pathway. Therefore, the direct reaction from the initial to final states involves
combined stimuli of an electric field and an injection of electrons and it fills the requirements
of both reaction steps of the two-step pathway at the same time. It was concluded that both
the direct and the two-step reaction pathways are equivalent and yield the same reaction
product.

The high-resolution STM and nc-AFM images revealed that the reaction results in breaking
of the thiophene group, splitting of the S atom from the TCT molecule and forming of two
covalent C-Cu bonds to the Cu(111) surface. The induced change of the molecular structure
resulted in an improved mechanical anchoring of the molecule to the surface, as well as in a
50 % increase in the electrical conductance measured through the molecule. The desulfur-
ization of the thiophene group can also be induced on a global scale by elevating the Cu(111)
sample temperature to 330 K. Both global and local scale approaches result in mechanical and
electrical anchoring of the TCT molecule. Taking into account that the thiophene functional
group can be attached to a wide array of organic structures [235]-[239], a thiophene-Cu(111)
system might be an alternative to thiol-Au electrode anchoring in the field of single-molecule
electronics [240].
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Hyperthermal reactions of Reichardt’s
Dye

The on-surface chemical reactions of organic molecules can be induced in local and global
scales. In the previous chapter, two different approaches to desulfurization reaction were
presented. The local one involved addressing single molecules with the STM tip and the global
one involved an elevation of the temperature of the sample. The catalytic effect of metal
support combined with the thermal energy of the surface resulted in spontaneous activation
of the process on the whole substrate. Although thermal activation by the elevation of the
sample temperature is the most common approach to on-surface chemistry [112], [241], other
options are also available. One of the possibilities is to utilize the kinetic energy of the incident
particle [242], e.g. in a controlled collision process of a gas phase molecule with the surface. In
the regime of low kinetic energies, below 1 eV, the molecules land in a non-destructive manner
[243]. In this case, the state of the resulting adsorbate depends on its intrinsic properties:
chemical reactivity, bond stability, mechanical flexibility, and the properties of the surface:
temperature, reactivity, catalytic behavior [244]. At high kinetic energies, more than 1 keV,
the collision of atomic ions can no longer be described as an interaction only with the outer
atoms of the surface, as the impact results in the penetration of more than one atomic layer
of the substrate. A collision of molecular ions at this energy results in the destruction of the
molecule or scattering without adsorption.

The events where ionized molecules collide with an energy in the intermediate regime (1-1000
eV) may induce selective bond breaking and on-surface reactions as the energy is high enough
to surpass the activation energies [243]. Upon landing of the molecule, the energy needs to be
dissipated in a short time, resulting in a non-equilibrium thermal process [245]. In addition,
the energies of the hyperthermal processes are far larger than the available thermal energies
provided by the surface (e.g. ~0.026 eV for 300 K). The distribution of the kinetic energy is not
even and depends on the geometry of the molecules during the collision event [245]. Therefore,
landing with high kinetic energy may surpass the reaction barriers not accessible through the
on-surface induced thermal reactions and classic thermal equilibrium chemistry, leading to
the acquisition of new structures and conformations of organic molecules [243], [246], [247].
Exploring this possibility is the main goal of the study presented in this chapter.
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Molecular ion beams can be controlled and targeted, with desired kinetic energies, at metal
surfaces using the electrospray ion beam deposition (ES-IBD) technique. It is capable of
performing the soft (without alteration of the molecular structure) and reactive landing of
both volatile and nonvolatile molecules, including large species. As the spectroscopic chemical
analysis of the molecules on strongly adsorbing surfaces is challenging, the preferable way of
analysis of the products of these reactions is to investigate them directly on the surfaces in
real space. With this approach, realized by the SPM techniques, information about structure,
morphology, abundance and chemistry of the resulting species can be obtained.

In this chapter, we present a study of the reactive landing of Reichardt’s Dye (RD). The main
goal is to explore the ability of the non-equilibrium process to unlock new reactions and
reaction pathways. We intend to check, if the hyperthermal collision of RD with the Cu(100)
surface yields species unobtainable by the means of thermal activation of RD adsorbed in the
intact form on the same surface. First, we utilize ES-IBD to obtain the intact RD on Cu(100) and
analyze its morphology. The thermal activation is carried out by annealing the substrate with
soft-landed RD. The reaction products are identified with high-resolution STM and the Pauli
repulsion nc-AFM imaging. In the next step, we perform ES-IBD reactive landing of RD on
Cu(100) and investigate the obtained species again with combined STM/nc-AFM. The results
presented in this chapter concerning the comparison of the structures obtained through both
approaches indicate the existence of thermally unobtainable species after the hyperthermal
collision, thus, they confirm the unique opportunities provided by ES-IBD reactive landing.

5.1 Electrosprayion beam deposition (ES-IBD)

The standard approach to an in-vacuum deposition of organic molecules is in-situ thermal
sublimation (evaporation) and condensation at the targeted surface. Upon heating to suffi-
ciently high temperature, volatile molecules enter the gas phase and are emitted from the
evaporator cells. The molecules travel towards the surface directly, as in the vacuum they do
not undergo collisions with the background gas and the mean free path is on the order of
the size of the vacuum chamber itself. This relatively simple technique has been used for the
deposition of the TCT molecules described in Chapter 4.

The thermal sublimation deposition technique is easy to implement, but it is also limited. One
of the main drawbacks is that the thermal evaporation of fragile molecules cannot be carried
out, as they will undergo fragmentation before reaching the sublimation temperature. This
is observed for the majority of macromolecules, including those with biological importance,
e.g. proteins and carbohydrates. Moreover, alternative deposition techniques based on
solution processing, like spin coating or drop casting, lack the cleanliness and coverage
control crucial for the single-molecule experiments. ES-IBD overcomes limitations of both
thermal sublimation and solution-based methods, as it provides control over the type and
quantity of the deposited substance, and is compatible with a wide range of organic molecules
[248], [249].
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5.1.1 Electrospray Ionization
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Figure 5.1 Electrospraying from a capillary. A Taylor cone formes at the opening of a capillary. A jet of accelerated
ion clusters is formed, which shrinks and desolvates during the flight (after Rinke [250]).

In the ES-IBD technique, molecules are handled in the gas phase as intact molecular ions.
They are obtained with the means of electrospray ionization (Fig. 5.1) [251]. It utilizes an
emitter capillary with an opening of below 100 ym, into which the solution of molecules is
fed. A high voltage is applied to the capillary and a Taylor cone is formed at its opening [252],
from which small, highly charged droplets are emitted. The solvent is evaporated from the
droplets, which eventually reach their Rayleigh limit. As the surface tension holding droplets
together becomes weaker, the Coulomb repulsion becomes stronger and Coulomb explosions
occur, quenching the smallest droplets [253]. This leads the system to a point, where the
generation of completely desolvated ions is advantageous to reduce the repulsive forces. They
reach it without fragmentation because the generation of the gas phase ions depends on
the electric fields rather than thermal excitation. Electrospraying is usually performed in
ambient conditions, but can also be carried out in a vacuum. The acquired ion cloud of intact
molecular ions can be analyzed, e.g. with mass spectrometry, or further processed to perform
deposition.

5.1.2 Experimental realization

The ion cloud is introduced, in form of a beam, into the vacuum chamber and travels through 2
mm apertures in six differentially pumped vacuum stages, at the end reaching UHV conditions
(Fig. 5.2). During the flight, it is collimated and focused by ion optics. The beam passes through
a mass selecting quadrupole, which allows bandpass m/z (mass to charge ratio) filtering [254].
The resulting composition of the beam is analyzed with a time-of-flight mass spectrometer
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Figure 5.2 Schematic drawing of an ES-IBD technique. Starting vacuum of 10_3 mbar is pumped down to UHV
10_1¢ mbar in 6 differentially pumped stages.

(TOE-MS). The mass selecting quadrupole can be adjusted to pass only the desired molecule
and charge state, ensuring a pure beam, which can be deposited on the surface. The high purity
is especially required for the samples investigated by STM, as the on-surface identification of
different species present in the non-uniform beam may be challenging.

5.1.3 Softlanding and reactive landing

The energy of the molecular ions colliding with the surface can be controlled with a voltage
applied directly before arrival at the sample (U.; in Fig. 5.2). An electric field is needed to
slow down the beam in order to perform a soft landing, where the state of the adsorbate is
not affected by the collision. The polarity of the applied field depends on the charge state of
the molecule, e.g. positive bias at the sample if the molecules are in positive charge state. For
reactive landing, the energy of traveling ions can be further increased (if it is not high enough
already), by applying a field of reversed polarity (e.g. negative bias at the sample for positive
charge states). The kinetic energy of the ions is measured with a retarding grid detector placed
before the sample.

5.1.4 Vacuum suitcase

After the deposition, the sample with the desired adsorbates can be transferred to the STM/nc-
AFM. In order to transfer it without breaking the UHV and thus contaminating the surface, a
vacuum suitcase is used, manufactured by Ferrovac (Fig. 5.3). It consist of a small chamber (1)
equipped with a hand UHV valve (2) and is pumped by a lightweight NexTorr ion pump (3, in
red), reaching pressure in the low 1071 mbar regime. The sample is held in the chamber at
the end of a horizontal manipulator (4). In addition, a copper cooling shield is present, which
can be cooled from the top with liquid nitrogen (5). It prevents radiative heating of the sample
and allows for transport at temperatures around 100 K. As the depositions described in this
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chapter were carried out on a sample kept at room temperature, it did not require cooling of
the suitcase (for details of the cold-transfer process, see Chapter 6, Section 6.5).

Figure 5.3 3D image of a vacuum suitcase, provided by Ferrovac. 1 - suitcase chamber; 2 - UHV hand valve; 3
Nextorr ion pump; 4 - horizontal manipulator; 5 liquid nitrogen crostat.

The transfer procedure starts with attaching a closed and pumped suitcase to a load-lock
chamber. The load-lock is then pumped. Upon reaching the HV or UHV conditions, the valve
separating load-lock from the ES-IBD preparation chamber is opened, followed by opening
the valve between the suitcase and the load-lock 2. The sample is picked up from the ES-IBD
manipulator with the suitcase manipulator 4, which is then retracted back into the suitcase
chamber. Both valves are then closed, the load-lock chamber is again vented and the suitcase
can be transported to the STM/nc-AFM. There, the whole process is reversed and the sample
is moved from the suitcase into the STM/nc-AFM preparation chamber.

5.2 Reichardt’s Dye - model system and sample preparation

As a model system for the investigation of the effects of hyperthermal deposition, we use
Reichardt’s Dye (RD) molecule (Fig. 5.4). Its structure is composed of phenyl rings, with an
exception of the central pyridine ring. Moreover, one of the phenyl rings is functionalized
with an O atom. Already in the gas phase, RD has an intrinsic electric dipole (+0.2 e~ at the N
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and O atoms), while the molecule as a whole stays neutral. This dipole is of potential interest
for the reactive landing, as it may influence the surface-molecule interaction, including the
reactivity. The simulated conformation of RD (Avogadro software, Fig. 5.4 b), c) and d)) reveals
that the molecule is not planar in the gas phase and is twisted at the middle C-N bond. This
suggests partly planar adsorption of the molecule on metal surface with part of the structure
tilted out of the plane. Each of the functional groups of RD is labeled (Fig. 5.4 a)) and they will
be referred by the respective labels.

B O

Figure 5.4 a) Chemical structure of Reichardt’s Dye. Local charges are present at N and O atoms already in the
gas phase, giving a rise to an intrinsic dipole. Each parts of the structure will be further referenced as indicated at
the graph, i.e. three middle moieties as M1, M2, M3, two on the left as L1, L2 and two on the right as R1, R2. b), ¢)
and d) Gas phase conformation, top view, side view, back view.

The RD molecules are deposited by ES-IBD from a 0.1 mM solution, with a 3:1 mixture of
ethanol and H,O used as the solvent, onto the Cu(100) surface (with predeposited NaCl
islands) in a positive +1 ion mode. A proton is attached to the O atom of the RD molecule,
leading to an effective positive charge at the N atom. This state of RD during the ES-IBD is
confirmed with TOF mass spectrometry. The composition of the beam is controlled with the
mass filtering quadrupole, ensuring high cleanliness. The deposition is carried out at 1071°
mbar. For the soft landing, the kinetic energy of the RD beam is tuned to not exceed 5 eV upon
the collision. The hyperthermal landing is carried out in an almost identical manner, without
applying the U, retarding voltage, which is responsible for lowering the kinetic energy of the
ions, and the molecules collide with the Cu(100) surface with the kinetic energy of ~30 eV per
ion.

For both soft and reactive landing of the RD molecules on the Cu(100) surface, the sample is
transferred to the 4 K STM/nc-AFM in the vacuum suitcase. During the transfer, the sample
spends ~2 hours in 107!° mbar and, when it is moved through the load-lock, ~1 min in 1072
mbar. In the preparation chamber of the 4 K STM/nc-AFM, it is briefly warmed up to 50 °C, in
order to desorb the possible contaminants, adsorbed during the procedure. After that warm
up, the sample is inserted into STM in the cryostat.
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5.3 Softlanding of RD

The overview image of the sample after the soft landing is depicted in Fig. 5.5 a). The coverage
is approximately 10 % and the majority of the RD molecules have the same topographic
appearance (Fig. 5.5 b)). They are symmetric with respect to the long axis of the molecule, with
one, central feature (1), two protrusions at the opposite end of the molecule (3) and two middle
features of highest intensity (2). The topographic heights (Fig. 5.5 c¢)) indicate that feature
1 corresponds to M1 adsorbed in flat manner and features 3 to L2 and R2, also adsorbed in

planar geometry. Following these assumptions, the protrusions 2 correspond to L1 and R1
tilted upwards. The inability to adsorb in an entirely flat geometry was already indicated by
the conformation of the molecule in the gas phase. The most favorable adsorption geometry
of the intact RD molecule on the Cu(100) has been calculated theoretically in collaboration
with Andrea Floris, Martina Stella and Allesandro De Vita (Fig. 5.6).

7 3
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Figure 5.5 Intact RD molecules on Cu(100)C. a) Overview image. b) Single molecule with three types of distinct
features. STM parameters: constant current mode, 10 pA, 1V, metal tip. c) Line profile corresponding to line in b).

According to the calculations, the L1 and R1 phenyl rings are twisted out of the plane of the
backbone and are not parallel to the surface, as seen as the bright feature 2 in the STM topog-
raphy. The other aromatic groups adsorb parallel to the surface, which is in the agreement
with the interpretation of the topographic appearance. Moreover, the calculations indicate
that the RD molecules are coordinated to Cu(100) by the O atom. A similar mechanism has
been already observed for a molecule with similar motifs [255].
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d &

Figure 5.6 Optmized geometry of the RD molecule on Cu(100).

As an additional confirmation, we performed nc-AFM Pauli repulsion imaging. The result is
presented in Fig. 5.7. The image corresponds to the top part of the topography shown in Fig.
5.6 a). As the molecule is not planar in its adsorption geometry, the nc-AFM frequency shift
image was recorded with the STM current feedback enabled. In this mode, the tip follows
the contour of a constant density of states, while simultaneously recording the frequency
shift. The image confirms that feature 1 is corresponding to planar M1. Upon reaching feature
2, CO at the tip apex is destabilized, leading to a tip change which disrupts the image. This
occurs due to the interaction with a part of the molecule which is not fulfilling the stability
requirement of the Pauli repulsion imaging (see Section 3.4). This part is flexible and therefore
capable of strong, dynamic interaction with the CO molecule adsorbed at the tip apex. As a
result, an artifact in the image was produced (2 in Fig. 5.7). The CO molecule was knocked
off from the tip apex and the image acquisition was stopped. This observation is also in
agreement with the interpretation of high intensity features 2 as upstanding phenyl rings, not

stabilized by direct interaction with the underlying Cu(100) surface.

Figure 5.7 Constant current Pauli repulsion image of intact RD molecule on Cu(100). Planar phenyl ring is
imaged (1, after which the CO molecule at the tip apex get destabilized by interaction with upstanding phenyl
rings, which leads to artifact 2).

In summary, we can assume that the conformation of an intact RD molecule is mostly planar,
with the phenyl rings L1 and R1 tilted upwards. We denote this species as a.
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5.4 Reactions induced thermally

In the next step, we thermally induce the reaction of soft landed RD and investigate the
obtained structures. The Cu(100) sample with the intact molecules is annealed at ~100 °C
for 10 minutes. As a result, two new molecular species are observed (Fig. 5.8) together with a
significant decrease in the presence of the intact RD, indicating a chemical reaction of the RD
molecules. As both of the new species appear smaller and have a lower topographic height,
we can assume decomposition of the original structure.

Figure 5.8 Products of thermally induced reaction. a) A triangular structure with maximum apparent height
of ~100 pm, the shape indicates that it corresponds to relaxed upper fragment of the a species. b) 8 structure,
with maximum apparent height of ~100 pm. The notch at the bottom part of the image may correspond to similar
notch in the lower fragment of the a species. STM parameters of both images: constant current mode, 10 pA, 1V,
metal tip.

The species A (Fig. 5.8 a)) has a triangular appearance with a height of ~100 pm and is
symmetric, similarly to the a species. A small depression is noticeable at the lower part of the
structure. On the basis of its topographic appearance, one can assume that it corresponds to
the upper fragment of RD. This assumption has been confirmed by the constant height Pauli
repulsion imaging (Fig. 5.9).

a)

c)

Figure 5.9 Pauli repulsion imaging of the A species. a) STM topography. b) Constant height frequency shift
image. Three outer phenyl rings are resolved, with partly visible middle, N-modified ring. ¢) The assumed chemical
structure, with the N atom coordinating the molecule to the Cu(100) surface.
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In the constant height frequency shift image (Fig. 5.9 b)), three phenyl rings (M1, L1, R1) are
clearly resolved. Moreover, a part of the M2 pyridine is also distinguishable. At the supposed
position of the N atom of the M2 pyridine, a depression is observed. It may appear due to the
coordination of the N atom, now with one open bond, to Cu(100). The N atom might be pulled
towards the surface by chemisorption or strong physisorption, and thus, during constant
height Pauli repulsion imaging, it may be farther from the tip. At higher distances between
the object and the tip, a less repulsive potential is detected, explaining the inability to resolve
the part of M2 that is closer to the surface (see Section 3.4 Chapter 3). This is additionally
confirmed by the contrast of the frequency shift at L1 and R1, which are clearly pointing
upwards at the outer side and downwards at the sides where the bonds to M2 are present.
Hence, A is identified as an upper fragment of a split at the C-N bond between M2 and M3.

ote

2 3A

Figure 5.10 Pauli repulsion imaging of the 5 species. a) STM topography, with corresponding part of the RD
molecule. b) Constant height frequency shift image 1. Two phenyl rings are resolved, of which one is distorted. The
M3 group is ruptured into a semi-free carbon chain. On the right an interpretation of the structure is presented. c)
Constant height frequency shift image 2, representing different adsorption of the ruptured phenyl group.

72



5.4. Reactions induced thermally

A better understanding of the structure of the  species was also obtained with the help of the
Pauli repulsion imaging technique (Fig. 5.10). The frequency shift images (Fig. 5.10 b) and c))
revealed that  part is related with the bottom part of the intact RD molecule, although the
structure is altered by the fragmentation reaction. Two intact phenyl groups, L2 and R2, are
resolved, one slightly distorted (L2 in b), R2 in c¢)). The new conformation of this moiety is
not easy to interpret, however, we may assume that this change is associated with structural
modification of the M3 phenyl group. It appears that one of the C-C bonds of M3 is broken,
opening the group and leading to a creation of a flexible alkyl chain, i.e. an "unfolded" M3
ring. A semi-free alkyl chain should have more than one possible adsorption geometry on
the surface. This can be confirmed by resolving more than one conformation of the broken
phenyl ring, each with the same topographic appearance in the images obtained with the STM
scanning mode (Fig. 5.10 a)). The interpretations of the obtained frequency shift images are
presented next to them in Fig. 5.10 b) (semi-folded alkyl chain) and c) (straighten alkyl chain).
A detailed understanding of the chemical structure of f would require additional theoretical
support, in particular, if we wish to reveal the mechanism of the rupture of M3 and account
for all possible isomers. Despite this, the analysis of the frequency shift images confirms that
B originates from the bottom fragment of a with an open M3 phenyl ring.

a A B

Figure 5.11 Products A and g of the thermal decomposition of a.

With all products of the thermally induced reaction identified, we can summarize the process
(Fig. 5.11). The C-N bond between M2 and M3 breaks, which results in two fragments - A and
B. This may occur due to the fact that the C-N bond outside of phenyl group is one of the
weakest in the RD structure (where breaking one of the 5 outer, unmodified phenyl groups
would require higher thermal energies or presence of the highly catalytic factors) [256]-[258].
What is not yet understood is the effect of the local charging of the N atom on the stability
of the bond. We can speculate that the interaction of the charged atom with the underlying
surface is stronger, leading to elongation of surrounding bonds, among them the C-N bond,
and lowering the energy barrier for the dissociation. Another, purely speculative possibility, is
that a local charge in close vicinity to the C-N bond influences the distribution of the electrons
participating in the bond, also lowering the energy barrier for bond breaking. Nevertheless, it
is reasonable to assume, that even without the possible catalytic effect of this charging, the
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aforementioned C-N bond would still be dissociated before the rupture of the phenyl and
pyridine rings.

After the reaction, the two phenyl groups L1 and R1 of a, now part of A, are no longer spher-
ically hindered and change their adsorption geometry to planar. After that, we are able to
resolve them with the Pauli repulsion imaging technique, in contrast to the experiments of the
intact molecule (Fig. 5.7).

The M3 phenyl ring of the  fragment underwent additional structural changes, attributed to
the rupture of the ring at one of the ortho C atoms, with respect to the bottommost C atom. As
aresult, the broken phenyl group becomes an alkyl chain with additional degrees of freedom,
allowing for a range of adsorption geometries, of which, two examples are given in Fig. 5.10.
We can speculate that the dissociation of one of the inner bonds of this particular phenyl
ring is possible due to the disruption of the electron delocalization resonance by the attached
functional groups [128].

5.5 Reactions induced by hyperthermal collisions

After the hyperthermal collision of the RD molecules with Cu(100), four species are present:
intact a (all of which would have been decomposed after sufficiently long thermal annealing),
fragments A and f, as well as a new species, which, because of its resemblance to the intact

molecule, was labeled as a’ (Fig. 5.12).

Figure 5.12 New species of the RD acquired through the hyperthermal landing. a The intact species a and new
species a’. STM image parameters: constant current, metal tip, 10 pA, 1 V. b) @ with the shape contour. ¢) a’ with
the shape contour. d) Overlap of the shape contours indicating the topographic differences.

Comparison between constant current topographies of @ and a’ conformations of RD (ac-
quired within the same image, Fig. 5.12 a)), revealed that the majority of the structure of «
is not affected. The appearance of a’ follows both the topographic height and the shape of
a. The only difference is the disappearance of one of the tilted phenyl rings (L1/R2). The
corresponding feature in a’, marked 4, exhibits a topographic height of ~100 pm (in the range
of planar phenyl rings) and a shape which is extending over the contour of the a species (Fig.
5.12 d)). This is a strong indication that a structural or conformational change has occurred at
one of the tilted phenyl rings without alteration of the rest of the structure. The Pauli repulsion
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imaging revealed that the modified part of the structure is not entirely stable on the surface
and vibrates in the XY plane when a repulsive force is applied. This renders it impossible to
resolve with nc-AFM high-resolution techniques. The constant current imaging performed
after the unsuccessful try of the Pauli repulsion imaging revealed that the topographic ap-
pearance of 4 has changed (Fig. 5.13 b)). It became more parallel to the rest of the structure,
while previously it was sticking out in a perpendicular conformation. The comparison of the

contour of these conformations indicates that the change concerns only the modified phenyl
ring (Fig. 5.13 c)). Moreover, both versions of a’ are observable on the surface directly after
reactive landing.

a) N B )

Figure 5.13 Tip induced modification of the a’ conformation. The conformation depicted in the image a) was
modified into the conformation depicted in the image b) during the nc-AFM measurements, due to the close
proximity of the tip to the adsorbate. STM image parameters: 10 pA, 1 V. ¢) Comparison of the contours indicating
that the change occurs only at the modified phenyl group.

In order to deduce the difference between the a and a’ species, a few facts have to be consid-
ered. Overlay of their contours (Fig. 5.12) and interpretation of the topographic appearance of
a allows us to assume that feature 4 is associated with L1 or R1. In the intact conformation,
they are tilted upwards, as indicated by the simulations and the experiment (Fig. 5.6). Fur-
thermore, no other geometry of unaltered RD has been observed. This suggests, that 4in a’
appears due to the structural modification of a certain part of a rather than a purely confor-
mational change, although the latter option cannot be decisively excluded. By its topographic
height it resembles the M1, L2 and R2 phenyl rings adsorbed in a planar manner. Moreover,
4 is semi-flexible in the XY plane and it can be switched between two different geometries,
leading to two conformations of a’ (Fig. 5.13). This allows us to speculate that part of the
structure corresponding to 4 has no stable adsorption sites in close vicinity. If L1 or R1 were
broken into a semi-free alkyl chain, it would be more probable for them to achieve a stable
adsorption geometry on Cu(100), even in close vicinity to the rest of the molecule. Therefore, it
would be possible to image the structure of 4 with the Pauli repulsion imaging, like in the case
of modified M3 in the f species. Therefore, we propose a structure, which involves breaking
one of the inner C-N bonds of the M2 pyridine group (Fig. 5.14). This structural change would
possibly render one of the upstanding phenyl rings able to change its adsorption geometry,
yet without providing full on-surface stability as in the case of opening this specific group into
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an alkyl chain. Molecular dynamics simulations of a collision process of an RD ion with the
kinetic energy of 30 eV, done in collaboration with Kelvin Anggara, indicate that it is indeed
possible to break one of the inner bonds of the pyridine group M2 without damaging any other
part of the RD molecule. Although this interpretation of the @’ structure contains uncertainties
(e.g. charge state of the N atom after the potential rupture, the interaction of atoms with now
open bonds with the surface), it embodies significant differences between «’ and previously
observed species.

2 sor 2

=

=
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Figure 5.14 Proposed structure of the a’ species. a) STM image of a’. b) Proposed chemical structure.

5.6 Conclusions

In this chapter, we presented a proof-of-concept study of chemical reactions realized by the
hyperthermal collision. Utilizing ES-IBD we deposited the Reichardt’s Dye molecules, first via
soft landing. As the STM/nc-AFM studies revealed, thermally activated reactions of the soft
landed molecules involve scission of the middle C-N bond (Fig. 5.15) and splitting of the intact
molecule into two fragments, @ and B. In the next step, a reactive landing was performed,
where the molecules of the same type collide with the Cu(100) at 30 eV kinetic energy. The
two aforementioned fragments were also created with hyperthermal reactions, as well as a
new species a’, not obtainable through thermal activation. We concluded the structure as the
modified RD molecule, which has one of the inner C-N bonds broken at the middle pyridine
group. Dissociation of this bond results in the change of the geometry of one of the non-planar
(in the intact molecules on the surface) phenyl rings.

The STM/nc-AFM investigation of the on-surface reaction products, assisted by the DFT
and molecular dynamics simulations, allowed identification of the differences between the
obtained species. Still, some of the questions are open, and certain details of the structures
have yet to be resolved (like charge states of the N and O atoms on the surface, the interaction
of the atoms with open bonds to the surface and geometries of the adsorption). Further
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investigation, as well as theoretical analysis and simulations, are necessary to elucidate the
structure and geometry of the reacted species. Nevertheless, the STM/nc-AFM analysis proves
that the reactive landing opens the novel, non-equilibrium reaction pathways (Fig. 5.15).
Therefore, as we control the collision energy in the ES-IBD process, we can influence surface-
adsorbate interaction and chemistry. The STM/nc-AFM technique has proven to be a powerful
tool to investigate the products of the reactive landing, providing unique insight into the
molecular structure.
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Figure 5.15 Schematic energy diagram representing the differences between thermal and hyperthermal acti-
vation of the Reichardt’s Dye molecules. Annealing of the sample results in the fragmentation of the structure.
The hyperthermal landing, except inducing the same fragmentation on part of the molecules, additionally allows
crossing higher energy barriers and following different chemical reactions. This occurs due to the local and tempo-
ral dispersion of the kinetic energy into the thermal/vibrational form. As a result, new structures are observed,
unobtainable by means of thermally activated reactions.
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Carbohydrates on metal surfaces

The possibility of precise and controlled deposition of chargeable and soluble molecules
provided by ES-IBD drastically improves the applications of SPM techniques. The on-surface
studies of biologically relevant species and systems were previously limited by sample prepara-
tion. The majority of biomolecules are not volatile and, as mentioned in the previous chapter,
drop casting/spin coating does not yield a sample quality that enables investigation with
nanoscale precision. Nowadays, precise STM studies of larger biomolecules are conducted on
samples prepared with ES-IBD, including the investigation of amino acids [156], [259], peptides
[250], [259]-[261] and proteins [156], [250], [262]. Thanks to this possibility, the STM/nc-AFM
studies may contribute to the field of molecular biology and its subcategories: genomics,
proteomics and glycomics.
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glycome is not as well understood. One reason is that it is not hardcoded in the DNA, meaning
that the structure of synthesized carbohydrates depends not only on synthesizing genes and
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proteins but also on the microenvironment (e.g. temperature, pH) during the process [264].
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Moreover, the glycans are often covalently bond to other biomolecules, like lipids and proteins,
which modify their functionality. At least 50 % of all polypeptides are modified by glycans
[267], which means that glycomics also aims to understand the interaction of carbohydrates
with other molecules. This drastically widens and complicates the scope of the field (e.g. at
least 41 types of linkages between carbohydrates and proteins exist) [268]. Lastly, the complex-
ity of the inner structure of carbohydrates greatly exceeds amino acids. While single amino
acids always bind together in a linear manner (peptides), carbohydrates can form branched
sequences. Each monosaccharide contains up to 5 hydroxyl groups, which can be used to
form a glycosidic bond to other monosaccharide units [21]. These factors, combined with
a lack of advanced analysis techniques, are reasons behind the underdevelopment of the
glycomics in comparison to the fields of genomics and proteomics [20]. The analysis of the
inner structure of glycans still poses a significant challenge. Single features can be identified
by spectroscopic methods, but full identification is harder to achieve. It may be possible
to address the issue of branching by real space imaging techniques that directly access the
structures of the investigated systems. The identification of the branching geometry of the
oligosaccharide with a less material demanding method might reduce the overall time and
material cost requirements. Taking into account the current varieties of sample preparation by
ES-IBD and analysis with combined STM/nc-AFM, we decided to explore real-space imaging
of glycans.

In this chapter, we explore combined STM/nc-AFM as a technique to resolve the struc-
ture of model oligosaccharides, consisting of five and six mannose units (man5mer and
man6mer). The main experimental goal is to identify, in real space, the differences between
linear and branched mannose polymers, i.e. to identify the branching points. The carbohy-
drate molecules were deposited on metal surfaces with the ES-IBD technique. We observed
repeatable features in clusters of linear man5mers on Cu(100) and obtained more distributed,
less clustered structures, with low-temperature ES-IBD on Cu(111). We assume, that the most
often observed features correspond to double mannose entities. On the base of this assump-
tion, we can identify the structures of less clustered molecules. Moreover, the first experiments
with the branched man6mer yielded promising results. The observations and analysis of
both linear man5mer and branched man6mer molecules on metal surfaces encourage further
experiments, utilizing the STM and nc-AFM structural analysis to a full extent. Following these
results, the ES-IBD, together with combined STM/nc-AFM techniques, starts to appear as a
complementary tool in molecular biology.

6.1 Structural complexity of glycans

Similarly to proteins and genes, glycans are compounds consisting of smaller building blocks
called monosaccharides [269]. The basic example of such a building block is D-glucose
(L-carbohydrates will not be considered in this chapter, as the majority of carbohydrates
occurring in nature are d-enantiomers). Its chemical structure in the biologically relevant
pyranose cyclic form is depicted in Fig. 6.2. Two anomers of each carbohydrate exist, alpha and
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beta, different by the relative position of the -OH group at the first C atom position, marked
with an orange loop (Fig.6.2).

a-D-glucose B-D-glucose
OH OH
HO 0 HO 0
HO HO OH
OH OH
OH

Figure 6.2 Chair representation of the a and 8 D-glucose molecule anomers. The difference between structures
is marked with an orange loop.

Monosaccharides can form oligo- and polysaccharides through condensation and formation
of glycosidic bonds (Fig. 6.3). Any of the hydroxyl groups can be used to form the bond with
another monosaccharide, leading to theoretically 25 possible glycosidic bonds between two
basic building blocks of a glycan. Each of them has a stereocenter, which influences the
molecular properties [270]. Another level of complexity can be added when more than one
hydroxyl group of a single monosaccharide form a glycosidic bond. This leads to the possibility
of creating branched structures (Fig. 6.4).

a-D- glucose (1-4)-a-D-glucose
a-D-glucose a-D-glucose (a-maltose)

Ly by v g

Figure 6.3 Glycosidation reaction of two a-D-glucose molecules. The geometry of the bond depends on the
geometry of the -OH groups forming the bond.

a) b)

Figure 6.4 Branching of polysaccharides. a) Polysaccharide consisting of 4 monosaccharides connected in
linear manner. b) Polysaccharide with branching point at the third unit. The molecule has the identical mass and
composition as the linear polysaccharide from a).

The branching phenomenon extends the spectrum of possible carbohydrate structures and
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also renders the analysis of them significantly harder than the analysis of peptide-based
molecules (in which amino acids are always connecting in a linear manner [271]). Majority of
the monosaccharides are isomers (e.g. glucose, galactose, mannose, altrose, allose, talose),
therefore, glycans performing vastly different functions may have identical mass and sum
formula. Therefore, the identification of all of the structural features becomes more difficult
with both the number of branching points and the size of the molecule itself [271].

density

A

Amylose Amylopectin Glycogen

\ 4

accessibility

Figure 6.5 Linear (amylose) and branched polymers of glucose (amylopectin and glycogen). Units marked with
orange color are linked to the main chain by 1—6 glycosidic bonds.

The polymers of glucose are an example of how the properties and functionalities of glycans,
which consist of the same type of building block are influenced by branching (Fig. 6.5). Starch,
which functions as energy storage in plants, is a mixture of linear amylose and branched
amylopectin [272]. Amylose is a linear glucose polymer, where units are connected with 1—4
glycosidic bonds. Amylopectin is branched through additional 1—6 bonds occurring every
24-30 glucose units [273]. Even more branched form of poly-glucose exists, called glycogen,
where 1—6 bonds occur every 8 to 12 glucose units. This polysaccharide functions as energy
storage for animals. The more branched the poly-glucose is, the easier it is to degrade into a
processable form, as enzymes have more access points. On the other hand, linear amylose has
the highest density, allowing for the storage of more energy in a smaller volume. The mixture
of amylose and amylopectin is a source of long-term energy, allowing for sustained vegetation.
Glycogen is a source of easily accessible energy, although quickly depleting, as it is needed
for performing more dynamic life functions of animals. This example shows the influence of
branching on the relatively simple system of one type of monosaccharide and two types of
glycosidic bonds. In more structurally varied glycans, the influence might be even stronger
[264].
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Glycans are an extremely diverse group of organic molecules and even the smallest structural
differences may lead to altered chemistry and a different function in a living organism. This
short section is only a small window into the complexity of polycarbohydrates. Starting from a
wide selection of building blocks, through branching and various linkage types, to forming
a glycoconjugate, the complexity of glycans results in almost a million unique molecules
and conjugates [20]. Despite glycans fulfilling crucial roles in the development of drugs and
vaccinations, their structure has not yet been fully understood [21]. This means, that certain
analysis techniques, like standard MS, are not sufficient, and novel methods are needed
[20], [21], [271], [274], [275], including possible real-space imaging of branched glycans.

6.2 Methods in the structural analysis of glycans

Due to the complexity of glycans, standard analysis methods are often not able to distin-
guish between the different types of polysaccharides. As an example, MS, measuring the
mass-to-charge ratio, would recognize a- and B-maltose (Fig. 6.3) as the same molecular
species. Similarly, if one of the glucose molecules would be replaced with galactose, creating
alactose molecule, the mass-to-charge ratio also would be identical. The field of glycomics
inherently requires techniques able to distinguish molecular species not only on the base of
their composition, but also on the base of the relative geometry of the hydroxyl groups (to
identify building blocks), position of glycosidic bonds (to identify which groups are used to
form the linkage) and stereochemistry of the bond itself (to asses the final molecular geometry)
[271].

Typically, elucidating the complex structures of a glycan is obtained through the combined
use of NMR and MS. MS can be used to determine the size of the molecule, i.e. the number
of building blocks, while NMR can provide information about connectivity and geometry of
glycosidic bonds. The acquisition speed and high-resolution data produced by MS renders
it a perfect starting technique. Positions of the glycosidic bonds can be determined not
only with NMR but also by using MS coupled with selective chemical modifications of the
investigated molecules. Another possibility is to use tandem quadrupole time-of-flight mass
spectrometry (Q-TOF-MS) [16],[17],[276],[277]. The information of the bond’s stereochemistry
(as well as the other details already accessible by various MS techniques) can be acquired via
elaborate NMR experiments. The full pathway to complete identification of a structure of
a glycoprotein will not be described herein, as it is beyond the scope of this thesis. A basic
workflow, presenting the complexity of such a pathway;, is depicted in Fig. 6.6. For a better
description and understanding of the techniques and concepts presented in this scheme
see Marifio ef al. [19]. One of the inherent characteristics of this procedure, often involving
destructive techniques, is the requirement of a high amount of the analyte, typically more
than 1 mg [19], [271]. Considering that many of the investigated systems are directly obtained
from living organisms, acquisition of this amount might be problematic or even impossible,
limiting the applicability of the full structure determination procedure to purely synthetic
glycans or glycoconjugates.
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Monosaccharide profile Glycoform profiling Detailed glycan structural analysis

>- .a.Eu PAD, MECC HILIC, HPLC,
-J -M5 /N 5 WAX, RP
S/MS

Exoglycosidasa’) digestion
Glycan Released glycans Released labeled glycans
SR hydqu ympmte[n Ehcppe release (underivatized) (derivatized)

""“B labeling, ectin analysis HPLC-MS/M5S h." R, X-ray MALDI-ToF
RP-HPLC t._I:J rystallogr 5"!?"\,

MALDI-MS/ MS

CE(MS)

c|a| c acid 33|‘|.: structural Gly \.5\,'11 ion site 3D structure information, Compositional
profile characterization analysis novel glycan identification glycan analysis

'E

Figure 6.6 Diagram representing steps in procedure of the determination of a full structure of a glyconjugate
(Marifio et al. [19]).

The issue of the molecule’s availability can be circumvented with techniques that are sensitive
to all of the structural discrepancies. One of the techniques, allowing such an experiment, is
ion-mobility mass spectrometry (IM-MS) [271], [278]-[280]. In this technique, the molecular
ions are traveling under the influence of electric fields through a tube filled with a chemically
inert gas. The species collide with particles of the inert gas of different frequencies, thus,
changing the drift time through the tube. As aresult, species of the same mass and composition
can be distinguished without resorting to time-consuming and destructive techniques. The
drift time can be expressed as a collision cross section (CCS), which is rotationally averaged
and independent of the instrument parameters. An example of a structural investigation of
glycans using IM-MS is given by Hoffman et al. [271]. The method is capable of differentiating
between glycans that vary by the position of a single glycosidic bond, as well as between
molecules with a single exchanged a/f anomer. On the other hand, it was not proven to be
able to distinguish isomers with non-identical monosaccharide composition. Moreover, drift
times of molecules with more than one structural difference could be similar, which indicates
that the analysis of longer and possibly branched oligosaccharides will pose a significant
challenge.

The elucidation of the structure of longer, more branched and overall more complicated
glycans, cannot be achieved with a single method. The topic of glycan identification has
to be addressed with a set of complementary techniques aimed at certain aspects of the
structural complexity. They have to be supported by constantly updated and accessible
databases that allow for fast comparison of acquired results [21]. Potentially, the branching
aspect can be addressed by a combined STM/nc-AFM approach, assisted by ES-IBD. We
explore the possibility to analyze glycans in real space in cooperation with the group of prof.
Peter Seeberger from Max Planck Institute of Colloids and Interfaces in Potsdam [281]. Their
research is focusing at elucidation of the role of glycans in living organisms, identification
of their fine structural details, and synthesis of synthetic carbohydrates. With the help of
their expertise, we were able to select a proper carbohydrate model system and deposit
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chosen molecules onto the metal surfaces via ES-IBD. In Chapter 5 we have proven the
capability of resolving the structure of molecules prepared by ES-IBD. Here, we do not try to
identify the species in the smallest details, as part of the structural features of oligosaccharides
adsorbed on surfaces might be not accessible (e.g. geometry of a glycosidic bond). The main
goal is to identify the overall sequence and conformation of the molecule, i.e. number of
monosaccharide building blocks and positions of the branching points. In order to do that,
we compare two model systems consisting of the same monosaccharide units and differing
only by the branching in one of the species.

6.3 Oligomers of mannose as a model system

As a model system to test the capability of STM/nc-AFM as a tool to structurally analyze
glycans, we chose oligomers of mannose. The two investigated synthetic structures (man5mer
and man6mer) are depicted in Fig. 6.7.

Eo
- 22 A - 1 9A

Figure 6.7 Linear man5mer (a) and branched man6émer (b) structure.

The first structure consist of five a-mannose monosaccharide units, connected with 6—1
glycosidic bonds (Fig. 6.7 a)). One end of the molecule has an alkyl chain with a terminal
amine, aresidue of the synthesis process [271],[282]. The uniform composition should simplify
the identification of the basic structural features (as they should appear identical). The second
species includes two branching points (Fig. 6.7 b)). Four mannose units are again connected
linearly through 6—1 glycosidic bonds, but at the second and the third units, branching points
are present in the form of an additional 2—1 glycosidic bond to another ¢-mannose units.
Comparison between two species of the same, uniform composition, allows us to focus on
the branching. Analysis of both structures separately may possibly result in the identification
of the topographic features corresponding to monosaccharide building blocks and in the
localization of the branching points.

6.4 Linear pentamers on Cu(100)

The linear man5mer molecules are soft landed on Cu(100) using the ES-IBD in the negative -1
mode. The Cu(100) surface was chosen to minimize the diffusion of the molecules. Glycans,
due to the structural flexibility of both the glycosidic bonds and monosaccharide units, can
diffuse on the surface. Due to that, clustering may occur, complicating the analysis. The
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easiest to analyze are straight, planar and non-clustered structures, like in the case of the TCT
and RD molecules presented in Chapters 4 and 5.

Figure 6.8 Linear man5mer molecules on Cu(100) - overview image. The man5mer molecules are clustered into
structures often exceeding 10 nm size. Smaller clusters can be seen attached to both side of an atomic step edge.
Image parameters: constant current, 100 pA, 100 mV.

After the deposition, the sample is transferred to STM using a vacuum suitcase, as described in
Chapter 5. The overview image (Fig. 6.8) reveals that the structural properties of the man5mer
indeed lead to a diffusion process and the man5mer molecules are clustered into irregular
structures. Moreover, the diffusion leads to the adsorption of the man5mer onto both low and
high side of the atomic step edges. Despite the irregular character of the clusters, organized
assemblies are observed among them, of which, examples are given in Fig. 6.9. The assemblies
consist of a row of asymmetric protrusions smaller than 1 nm (A). Next to it, triangular features
are distinguishable (B), consisting of two symmetric, dumbbell shape protrusions and one
asymmetric. The same pattern, with varied length, is repeated in different clusters, leading
to an assumption that the observed protrusions are associated with the building blocks of
the man5mer molecule, i.e. mannose units or alkyl chains. The detailed analysis of observed
assemblies will be presented in section 6.6. In order to obtain single man5mer molecules,
allowing for possible better understanding of its topographical appearance, the clustering
effect has to be minimized. One possibility of addressing this issue is to lower the temperature
of the sample during the deposition, as lowering the thermal energy should minimize the
probability of crossing the energy barriers in the diffusion process.
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Figure 6.9 Clusters of man5mer on Cu(100) exhibiting semi-organized substructure. Near identical substructures
are observable in clusters of different size and characteristic. Image parameters: constant current, 100 pA, 100 mV.

6.5 Linear pentamers on Cu(111)

In order to address the clustering issue, we perform ES-IBD on the Cu(111) surface kept at ~150
K. Using the built-in cooling system of the ES-IBD device manipulator, the sample is cooled
down to around 150 K with LNj. After the deposition, it is transferred to the 4 K STM/nc-AFM
with a cryo-vacuum suitcase, which keeps the low temperature (also using LN»). Accordingly,
the manipulator of the 4 K STM/nc-AFM is cooled down with liquid nitrogen, keeping the
sample at similar temperatures during the last step of the transfer chain, after which it is put
into the cryostat. After the cold deposition/transfer procedure, the sample is covered with
amobile contaminant, forming semi-stable islands, as depicted in Fig. 6.10 a). In this state,
the man5mer molecules were not observable. It can be assumed that the contaminant is the
remnant of the transfer process, thus, the sample has to be heated sufficiently high to desorb it
from the surface. Therefore, it is warmed up to 220 K, as this temperature should result in the
desorption of the contaminant, but not yet induce strong diffusion of man5mer. As a result, a
surface with smaller, more distributed man5mer clusters is obtained (Fig. 6.10 b)).

Among different clusters, a few have sizes that may correspond to structures composed of one
or two man5mer molecules. The species depicted in Fig. 6.11 a), consist of two asymmetric
protrusions at the ends of a structure consisting of four smaller, symmetric protrusions. This
bears a resemblance to the two entities in triangular feature B observed in man5mer clusters
after the room-temperature deposition on Cu(100) (Fig. 6.9). Fig. 6.11 b) depicts a smaller
species, which is composed of two entities and two terminals, one of higher topographic
appearance, one of lower. In contrary to organized assemblies encountered on Cu(100), no
long-range structural repetition is observed. This leads to the assumption that non-clustered,
possibly single or double man5mer molecules, are observed with more available adsorption
geometries. Observed features will be analyzed in detail in the next section.
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b)

Figure 6.10 a) Contamination on the Cu(111) surface after the cold transfer. Mobile contaminants are forming
semi-stable islands which distort the tip apex during the scanning. b) Overview image of the man5mer molecules
on the Cu(111) surface after warming up to 220 K. Image parameters: constant current, 10 pA, 1 V.

Figure 6.11 a) and b) Examples of nonclustered man5mer molecules on Cu(111). Image parameters: constant
current, 10 pA, 1 V.

6.6 Analysis of the linear man5mer topography

In order to gain a better understanding of the man5mer topography, we measure the size of
repeatable features and compare them with the estimated sizes of monomers and dimers
of mannose. The sizes of the topographic features have been obtained by measuring and
averaging 5 examples of each feature. It yielded the error of +0.5 A for the planar dimensions
and +1 A for the height. The values obtained for the three most common features of the
Cu(100) clusters are depicted in Fig. 6.12. The symmetric feature 1 (7x3 A) forms a triangular
assembly with asymmetric 2 (9x3.5-4.5 A). The neighboring row consists of the asymmetric
features 3 (8x3-5A). The topographic height for the observed protrusions ranges from 9 A for
the lower parts, up to 13 A for the highest parts.
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Figure 6.12 Topographic size of the three types of features observed on Cu(100), each repeating itself in the
semi-organized rows. Image parameters: constant current, 100 pA, 100 mV.
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Figure 6.13 The analysis of the topographic features of the nonclustered man5mer molecules on Cu(111). a)
Investigated structure. Image parameters: constant current, 10 pA, 1 V. b) Measured size of the features observed
in a). ¢) and d) The size of mannose monomers and dimers in the gas phase.
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Adequate analysis has been performed for the non-clustered species presented in Fig. 6.11 a)
and are depicted in Fig. 6.13. The symmetric feature 1 (6x2.5 A) is appearing in the 2:1 ratio
with asymmetric 2 (7x2.5-4 A). Both the ratio of the appearance and the ratio of size between
1 and 2 indicate that they may correspond to the features 1 and 2 observed in the clusters on
Cu(100). Moreover, we estimate the size of the mannose monomers and dimers in the gas
phase (with Avogadro software), obtaining 3.5x3 A and (6.5x3A), respectively.

A comparison of the measured size of the topographic appearances of man5mer features with
the gas phase size estimation may hint which parts of the man5mer are observed directly. The
summary of these values is presented in Table 6.1. The estimated size for a single mannose
unit is too small to correspond to the most repeating features 1. On both Cu(100) and Cu(111),
they may be interpreted as mannose dimers, what is indicated by their sizes (light blue shading
in the table). Moreover, the smaller part of the asymmetric protrusion 2 is comparable with 1
on both surfaces, indicating that 2 comprises of one mannose unit and one other entity (most
probably an alkyl chain with an amine group). These interpretations are supported by the fact
that the features 1 and 2 appear in a 2:1 ratio, yielding five mannose units and one alkyl chain,
thus, a full man5mer molecule. The asymmetric entity 3 cannot be directly interpreted and
most likely corresponds to a different conformation of the parts of man5mer. It is stabilized
only in clusters and does not appear in isolated molecules.

Feature | 1Cu(100) | 2 Cu(100) | 3 Cu(100) | 1Cu(111) | 2Cu(111) [ man | 2-man

Length 7 9 8 6 7 3.5 6.5
Width 3 3.5-4.5 3-5 2.5 2.5-4.5 3 3
Height 10 9-12 13 12 12-15 - -

Table 6.1 Comparison of linear man5mer features. All dimensions are given in A. Light blue shading indicate
features possibly corresponding to mannose dimers.

The conclusions drawn from the analysis of the observed topographic features allow us to
assume that the structures depicted in Fig. 6.11 a) and b) correspond to two man5mer
molecules and one man5mer molecule, respectively (Fig. 6.14). In b) and d), the two mannose
dimers are located in the middle of the molecule, splitting the fifth mannose unit and the alkyl
chain into two separated topographic features.

The interpretation of the STM topographic images of the man5mer molecules adsorbed on
Cu(100) and Cu(111) is not definite and only indicates the positions of the building blocks
without providing fine details of the structure. In order to reveal these details, the support of
MD or DFT simulations is required. These techniques, due to the high flexibility of man5mer
(and of all glycans) structure, are far from trivial and also might not provide conclusive results.
Nevertheless, the topographic appearance of the basic building blocks of the on-surface
man5mer molecules was revealed and analyzed, significantly improving the understanding of
the conformation of the linear man5mer molecules on metal surfaces.
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Figure 6.14 a) and b) Examples of nonclustered man5mer molecules. ¢) and d) Interpretation of the structures
in a) and b). Orange rectangles correspond to the NHy terminated alkyl chain, blue circles to single mannose units.
Image parameters: constant current, 10 pA, 1 V.

6.7 Branched hexamers on Cu(111)

The man6mer molecules were deposited with ES-IBD onto the Cu(111) surface held at room
temperature. The molecules are clustered, however, not as strong as linear man5mer on
Cu(100), despite the fact that Cu(111) is less coordinating (Fig 6.15). This may indicate that
the two branching points render the man6mer structure less flexible, thus, weakening the
diffusion. A similar effect was mentioned in section 6.1; as less branched polymers of glucose
fold easier, this results in a higher density of their crystal forms.

Similarly to linear man5mer clusters on Cu(100), we have observed the organized assemblies
that were adjacent to disorganized clusters (Fig. 6.16 a)). The repeating substructure consist
of one topographically high protrusion A, Y-shaped uniform feature B and two round, low
intensity protrusions C (Fig. 6.16 b)). The topographic height and type of these features
resemble the structure of a single man5mer molecule depicted in Fig. 6.14 b) and d), i.e. one
round protrusion of high intensity, the middle of the molecule with uniform topography and a
feature of low intensity. In order to interpret the observed man6mer structure, we followed
results achieved in the analysis of the linear man5mer. As depicted in Fig. 6.16 c), we interpret
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Figure 6.15 Overview of branched man5mer molecules on Cu(111). Clustering is observed, although it is less
prominent than the clustering of linear man5mer molecules. Image parameters: constant current, 10 pA, 1 V.

the high-intensity lobe A as a folded alkyl chain, Y-shaped feature B as an assembly of four
mannose building blocks and protrusions C as two individual mannose units. According to
this interpretation, we can approximate the position of the branching points at the second
and third mannose units (counting from the amine group). This is the first strong indication
that we are indeed able to resolve the branched structure of glycans with STM.
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Figure 6.16 a) Substructure observed in man6mer clusters. b) Zoom of the structure depicted in a). ¢) Interpre-
tation of the structure in b). Orange rectangles correspond to the NH, terminated carbon chain, blue circles to
single mannose units. image parameters: constant current, 10 pA, 1 V.

The results presented in this section are preliminary and, as well as the results concerning
the linear man5mer glycans, are part of an ongoing project. The interpretations of the ob-
served topographic appearances are only propositions, which possibly indicate the structural
differences between linear and branched glycans. We expect that in the course of the next
experiments, we will be able to use the SPM techniques to localize the branching points with
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even higher certainty and perform precise quantitative analysis of the carbohydrate sequence,
i.e. the number of the building blocks in each branch. In the next steps, we intend to check if
the assemblies of different organized geometries are present along with the man6mer clusters,
as well as to obtain single branched man6mer molecules, utilizing the cold ES-IBD technique.
Furthermore, as the Pauli repulsion imaging has been already used to resolve the submolec-
ular structure of bigger molecules prepared with ES-IBD (Chapter 5), we plan to utilize this
technique to gain an even better understanding of the structural nuances of branched glycans.
We have obtained the first, proof-of-concept image of an irregular cluster of the branched
hexamers of mannose. Mannose units can be located in the observed structure, confirming
the possibility of the Pauli repulsion imaging of carbohydrates (blue circle in Fig. 6.17). The
same technique may also be applied to the linear pentamers.

Figure 6.17 Pauli repulsion imaging of an irregular cluster of branched hexamers of mannose. a) Constant
current STM image of an edge of a cluster, set point: 10 pA, 1 V. b) Frequency shift image of the area depicted in a),
with the same scale. Features resembling single monosaccharides are resolvable (an example is marked with a
blue circle).

6.8 Conclusions

In this chapter, we presented the first results of an ongoing project that aims to resolve
the branched structures of carbohydrates. The main goal of this research is to evaluate
combined STM/nc-AFM techniques (assisted by ES-IBD) as a complementary technique in
the structural analysis of glycans. The real-space imaging performed by the SPM methods may
provide information inaccessible (or accessible with high material cost) with MS and NMR.
This is especially promising for the investigation of the branched structures of this group of
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biologically relevant molecules. In order to test this capability, we focused on the linear and
branched polymers of mannose. We investigated both clustered and non-clustered linear
man5mer molecules. In both types of observed structures, we identified topographic building
blocks, which we assume to be mannose dimers, mannose-alkyl chain entities and, rarely,
single mannose units. The information about the topographic appearance of linear polymers
of mannose adsorbed on metal surfaces allowed us to begin the investigation of branched
man6mer molecules. In the obtained clusters, we observed repeating features, and on the
base of previously gained information, we were able to estimate the structure of the features
and possibly identify the branching points.

Despite the preliminary character of the results and the analysis, they have confirmed that
the combined STM/nc-AFM technique is a promising approach for the structural analysis of
glycans. Moreover, it emphasized the crucial role of the ES-IBD technique for the preparation
of samples yielding high-quality results. Based on these experiments, the project will be
continued, possibly bringing attention in the field of glycomics to the real-space imaging
approach.
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Development of combined STM/nc-AFM instrument

During the course of this thesis, we developed a combined STM/nc-AFM instrument operating
atliquid helium temperature and under UHV conditions. The performance of the machine has
been optimized, profiting from the low noise environment at the Precision Lab of Max Planck
Institute for Solid State Research. We obtained a vibration level below 1 pm that allows even the
most precise experiments, such as the Pauli repulsion imaging. The ability to image surfaces
with the atomic resolution was proven for both metallic surfaces and thin insulator layers.
Moreover, the instrument is now fully capable of performing simultaneous and decoupled
STM and nc-AFM measurements. The submolecular resolution nc-AFM images of pentacene
structural analogs were demonstrated as a proof of its capabilities.

The samples containing organic molecules, which were not volatile or stable during thermal
deposition, were prepared with ES-IBD and transported to the 4 K STM/nc-AFM via the
vacuum suitcase. In the long term, the low-temperature deposition could be integrated with
the 4 K STM/nc-AFM instrument with a mobile ES-IBD station designed for in-situ deposition
on the substrates located directly in the 4 K STM/nc-AFM. Using one of the existing tip-
sample junction access ports, a beam of the intact molecular ions could be guided into the
instrument’s head, where the sample is localized. The instrument is equipped with additional
wiring, which could be used for the integration of the ion optics necessary for guiding the
beam in the measurement chamber. The bigger challenge would be the construction of the
miniaturized and mobile ES-IBD station itself. Integration of these devices would allow for
deposition of bigger molecular species directly at the sample at ~ 10 K, thus, strongly limiting
the diffusion of surface adsorbates due to the low temperature of the substrate. Furthermore,
potential contamination problems occurring due to the transfer of the samples via the vacuum
suitcase and load-locks could be avoided with this approach.

On-surface desulfurization of thiophene functional groups

The removal of sulfur from organic compounds bears significant importance in the petroleum
industry. Especially, the field of heterogeneous catalysis of the raw fuels can profit from
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finding new desulfurization reaction pathways that utilize the catalytic properties of metal
surfaces. Here, the on-surface desulfurization reactions of thiophene moieties embedded in
the TCT molecules were investigated with STM and nc-AFM. TCT is a structural derivate of
pentacene and its tetracene part exhibits similar stability on metal surfaces, which allowed the
high-precision research concerning the chemistry of the thiophene group. We introduced two
different approaches for the on-surface desulfurization of TCT on Cu(111) surface: global and
local. In the global approach, we triggered the reaction with the elevation of the temperature
of the sample up to 330 K, forcing all of the TCT molecules on the sample into a desulfurized
state. In the second, local approach, we showed the possibility of addressing the individual
thiophene moieties with an STM tip. Utilizing the electric field as the driving stimulus, we
were able to follow the two elementary steps of the reaction. With the high-resolution STM
and submolecular nc-AFM imaging, we resolved the molecular structures of both intact
and reacted TCT molecules, confirming that global and local pathways result in the same
desulfurized species. Apart from the removal of the S atom, the reaction resulted in anchoring
of the molecules to the Cu(111) surface via direct C-S bonds. We have observed 50 % increase
in the electric conductance measured through the molecule after the reaction, as compared to
the intact TCT species.

The electric field driven reaction is of potential interest also outside the SPM field. The role of
the electric field in the chemistry of organic molecules is yet to be fully understood and has
been recently studied by other groups, where it was used to enhance the catalytical activity
during the chemical reactions [283]-[285]. In our study, the electric field is the main stimulus
to activate a desulfurization process. That suggests, that the role of the electric field in organic
chemistry might be even broader, appearing as a novel approach for future studies.

The other, equally interesting outcome of this study;, is the effect of the desulfurization reaction
on the electronic and mechanical properties of the TCT molecule and its interaction with the
underlying surface. The increase in mechanical stability and electric conductance suggests
that the Cu(111) - thiophene reactions can be used to anchor organic molecules to metal
electrodes for single-molecule electronics. The anchoring effect of thiophene groups has
previously been studied, although the anchoring occurred only through adsorption and
without modification of the inner chemical structure [286]. The formation of double covalent
bonds by disruption of the thiophene functional group without an alteration of the rest of
the structure brings a new perspective and provides an alternative technique to most widely
used gold-thiol anchoring [240], [287]. Similarly to the thiol group, the thiophene moiety can
be attached to any organic molecule in a controlled way [288], which emphasizes possible
universality of this technique. Moreover, as proven by our research, the reaction does not
affect the rest of the structure. Thus, the core molecules fulfilling the role of electronic circuit
elements might not be affected. Moreover, the full control of the process is acquired in the
range of easily accessible temperatures (below 250 K - no reaction, above 320 K - all thiophene
groups reacted).

We suggest a follow-up study of the desulfurization reaction that could be realized with
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classical break junction approach. Usually, in this technique, the molecules are delivered
to a junction consisting of two gold electrodes by flushing a molecular solution through it.
This often results in adsorption of more than one molecule in the junction, if all of them have
reactive anchoring groups. A test system for the thiophene desulfurization anchoring can
consist of planar, 7-conjugated molecules, terminated with two thiophene groups (Fig. 7.1). All
of the suspended molecules could be then bonded by the temperature elevation. Alternatively,
if bond formation in this system follows the same principle as in the STM experiments, the
reaction could be induced selectively with an electric field. With a sufficient electric field, a
single molecule placed at the narrowest point of the gap could be anchored. The rest of the
molecules could be later removed, resulting in a controlled formation of a stable, explicitly
single-molecule junction. The need for anchoring techniques different from the spontaneous
formation of thiol-gold bonds has been already expressed [240] and the thiophene-copper
system is one of the possible alternatives.
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_
. . H
desulfurization/ %
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_—
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Figure 7.1 Idea of using the desulfurization of the thiophene moiety as an anchoring technique for single-
molecule electronics. First, by flushing a molecular solution through the system, more than one molecule can
be placed at the junction. As the anchoring reaction can be driven with the electric field between the electrodes,
it is possible to induce only for the molecules suspended at the narrowest gap (as the field there would be the
highest). The non-anchored molecules could be removed afterward, leading to a controlled creation of a truly
single-molecule junction. The reaction can be also triggered thermally. In this case, both depicted molecules
would be firmly anchored to the electrodes.

Hyperthermal reactions of Reichardt’s Dye

Hyperthermal collisions of particles with surfaces offer an alternative approach to the on-
surface chemistry of organic molecules, overcoming the limitations of the thermally induced
processes. Upon collision, the kinetic energy of incident particles disperses in extremely short
times (ps range). If the kinetic energy is high enough, it can be exploited to acquire thermally
unobtainable states of organic molecules. We utilized ES-IBD to deposit the Reichardt’s Dye
(RD) molecules onto a Cu(100) surface, while simultaneously controlling their kinetic energy.
In order to explore the possibility of acquiring new states, we first studied the thermally
activated reactions carried out on the soft landed, intact molecules (kinetic energy below 5 eV).
The investigation was carried with STM and nc-AFM, allowing for structural identification
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on the surface after the collisions. Thermally activated RD molecules were fragmented into
two completely separated species. The fragmentation reaction involved breaking the middle
C-N bond, which is the weakest in the structure. With the hyperthermal approach (kinetic
energy ~30 eV), a new species was obtained, assumed to originate in the rupture of the middle
pyridine unit, without scission of the weakest C-N bond. After the hyperthermal collisions, we
found both intact and fragmented RD molecules, which suggests that the occurrence of the
new states also depends on the geometry of the molecule during the highly energetic collision.

The hyperthermal collision of RD with Cu(100) resulted in the creation of a new molecular
species, representing a novel approach to reaction kinetics. Our results show that high energy
collisions allow for the crossing of high reaction barriers without inducing reactions with
lower activation energy because we observed the breaking of the pyridine group of the RD
molecule without fragmentation of the whole structure. This proves the concept of using the
hyperthermal collisions as a way to acquire thermally inaccessible states in a non-equilibrium
manner. We expect that more hyperthermally induced reactions can be found. The high
precision, versatility and high output of the ES-IBD technique combined with control of the
kinetic energy of the incident particle could be used as a fabrication method for devices based
on functional molecules [289].

Carbohydrates on metal surfaces

Carbohydrates are biologically relevant molecules that exhibit structural complexity surpass-
ing those of amino acids, peptides and proteins. The field of glycomics that focuses on
identification, qualification and understanding of carbohydrates’ roles in living organisms is
underdeveloped as compared to proteomics and genomics, despite equal importance of all
of these fields. One of the aspects that complicates the structural analysis of carbohydrates,
slowing down the progress of glycomics, is their branching, as they can polymerize in a non-
linear manner. The identification of branched structures with standard methods like MS and
NMR is difficult and has a high material cost. Elucidation of carbohydrate structure, often
consisting of isomeric monosaccharide building blocks, requires a series of measurements
aiming at different aspects of their structure. Each of these measurements requires another
batch of the analyte, rapidly increasing the overall material cost, often to values inaccessible
for the majority of carbohydrates, i.e. above 1 mg. A potential alternative is offered by the real
space imaging approach that can be realized with the STM and nc-AFM techniques capable
of identifying the molecular structure by analyzing single molecules. In an on-going project,
we investigate, whether STM and nc-AFM imaging are capable of providing complementary
information concerning the numerical sequence of investigated molecules: localizations of
the branching points and the number of the monosaccharide building blocks in each branch.

In order to achieve this goal, we study linear and branched oligosaccharides separately and
compare the results. All of the samples were fabricated by ES-IBD soft landing. First, we
investigated both clustered and nonclustered linear pentamers of mannose on Cu(100) and
Cu(111). We identified the basic features in the topographic appearance of the investigated
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oligosaccharide as consisting of two mannose units. We were able to estimate the adsorption
geometry of the molecule up to the single building block level. Next, we moved to the hexamers
of mannose, with two branching points at the second and third units of the main branch.
Based on the information gained from the topographic investigation of linear oligosaccharides,
we located the two branching points in the branched structures on Cu(111). Although the
results are preliminary, they show the potential of the combination of STM/nc-AFM and
ES-IBD to become a complementary approach to the structural analysis of carbohydrates.

We plan to continue this project with the following experiments. First, we intend to further
experiment with the Pauli repulsion imaging and to apply this technique for both the branched
and linear molecules. Next experiments with branched oligosaccharides deposited in low
temperatures will be carried out, in order to acquire non-clustered branched molecules. Addi-
tionally, the system could be switched to oligosaccharides consisting of glucose units. They
exhibit hydrogen bonding between each glucose monosaccharide, reducing their flexibility
[290] and leading to a smaller number of available conformations on the surface, weaker
diffusion processes, and thus, less clustered structures.

In the far future, after completing the proof-of-concept study, we may extend the investigation
of carbohydrates handled by ES-IBD to blind tests. The goal would be to analyze "unknown"
oligosaccharides only on the basis of the mass spectrometry results (yielding information
about the total number of monosaccharide units) and the STM/nc-AFM imaging. If the
branching sequence could be directly identified with the real space imaging, it would serve
as a final proof that this set of methods could be used as a complementary approach for
identification of biologically relevant carbohydrates.
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