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Abstract

F
unctional molecular materials built-up by self-assembly on surfaces in ultra-
high vacuum (UHV) require rationally designed complex and appropriately
equipped elementary building blocks. Access to increasingly complex and large

precursor molecules with functional groups can offer interesting features as a result of
newly accessible properties. A well-established method to allow high-resolution scan-
ning probe microscopy (SPM) studies of such large and complex molecular structures
on surfaces with the necessary cleanliness and reasonable control over the coverage
is electrospray deposition (ESD). Thereby, molecular solution droplets are electrically
accelerated towards surfaces in UHV through a differential pumping setup.

In this thesis, SPM studies of large two-dimensional supramolecular islands on sur-
faces in UHV, formed by ESD of already large, complex and functionalized molecules,
are first performed to reveal specific responses to external stimuli and their tuning. In
a second step, solution synthesized nanoribbons are deposited by ESD to investigate
their novel and interesting structures and properties on even previously not accessible
surfaces in UHV.

First, the influence of the deposition method on adsorption properties and surface
morphology is evaluated in comparison to thermal evaporation in a model study with
non-contact atomic force microscopy (nc-AFM). Then, the thermal response of molecu-
lar networks due to alkyl chains is investigated for a large spoked wheel (SW) molecule
with nc-AFM at 300 K, scanning tunneling microscopy (STM) and CO functionalized
AFM at 5 K. In combination with molecular dynamics (MD) simulations this reveals
a mechanism of thermal expansion based on alkyl chain mobility. This mechanism is
applied to tune the thermal response of hexabenzocoronene (HBC) based molecules
equipped with different alkyl chain lengths. STM and nc-AFM imaging at 5 K, 77 K
and 300 K unveil an inverse correlation of chain length and thermal expansion coeffi-
cient, shorter chains result in a higher expansion.

In a second part of this thesis, two solution synthesized graphene nanoribbons
(GNRs) containing fragile moieties, alkyl chains, tert-butyl and methoxy edges, are
investigated. Nc-AFM studies at room temperature demonstrate a significant influ-
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ence of edge functionalization and structure. A planar and flat rigid structure is
observed for a methoxy functionalized ”cove”-type GNR, while a non-planar twisted
and significantly more flexible structure is observed for the three-dimensionally de-
signed fjord-GNR. Subsequent depositions of this GNR on non-metallic surfaces open
high-resolution studies to fragile GNRs even on previously inaccessible surfaces and
when annealing should be avoided.
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Zusammenfassung

F
unktionale Materialien, die durch Selbstanordnung von Molekülen auf Ober-
flächen im Ultrahochvakuum (UHV) gebildet werden, benötigen in geeigneter
Form designte molekulare Bausteine mit komplexen Strukturen und funktiona-

len Gruppen. Die Möglichkeit solche Moleküle auf Oberflächen aufzubringen, bietet
interessante neue Funktionen aufgrund ihrer möglichen neuen Eigenschaften. Eine fest
etablierte Methode solche Moleküle mit der für hochauflösenden Rastersondenmikro-
skopie (SPM) Untersuchungen erforderlichen Reinheit und Kontrolle auf Oberflächen
im UHV aufzubringen, ist die Elektrospray Deposition (ESD). Tröpfchen einer Mo-
leküllösung werden durch das Anlegen einer elektrischer Spannung durch ein differen-
zielles Pumpsystem in Richtung der Oberfläche im UHV beschleunigt.

In dieser Dissertation werden hochauflösende SPM Untersuchungen auf zweidimen-
sionalen supramolekularen Inseln, die auf Basis von großen, funktionalisierten Mo-
lekülen durch Aufbringen mit ESD gebildet wurden, durchgeführt. Dies zeigt spezifi-
sche Reaktionen auf externe Stimuli und erlaubt das Erkunden ihrer Regulierung. In ei-
nem zweiten Schritt wird die hochauflösende SPM Untersuchung von in Lösungsmittel
synthetisierten Graphene Nanoribbons durch das Aufbringen via ESD auch auf bis-
her unerreichten Oberflächen ermöglicht. Zunächst wird der Einfluss von ESD auf
die Adsorptionseigenschaften und Oberflächenmorphologie im Vergleich zur thermi-
schen Verdampfung mit der Untersuchung eines Modellmoleküls durch Nichtkontakt-
Rasterkraftmikroskopie (nc-AFM) beurteilt. Anschließend wird die thermische Reakti-
on molekularer Netzwerke ausgelöst durch Alkylketten für ein großes Speichenradmo-
lekül (SW) mithilfe von nc-AFM bei 300 K und Rastertunnelmikroskopie (STM) bei
5 K untersucht. Basierend auf Molekulardynamiksimulationen werden die Mobilität
und Fluktuationen der Alkylketten als zugrundeliegender Mechanismus erkannt.

Dieser Mechanismus wird dann zur Regulierung der thermischen Reaktion von Hexa-
benzocoronenemolekülen (HBC) durch Veränderung der Alkylkettenlänge verwendet.
STM und nc-AFM Untersuchungen bei 5 K, 77 K und 300 K offenbaren hier eine in-
versproportionale Korrelation zwischen Kettenlänge und thermischem Expansionskoef-
fizienten. Kürzere Ketten entsprechen einer größeren Expansion der Molekülnetzwerke.
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Im zweiten Teil der Arbeit werden in Lösung synthetisierte Graphene Nanoribbons
(GNR) mit fragilen Gruppen, wie Alkylketten oder tert-Butyl, untersucht. Nach dem
Aufbringen durch ESD zeigen nc-AFM Untersuchungen einen starken Einfluss der
Kantenstruktur und Funktionalität. Ein Methoxy-funktionalisiertes GNR zeigt dabei
eine planare und flache Struktur, während ein dreidimensional designtes fjord-GNR
eine verdrehte nicht-planare, deutlich flexiblere Struktur zeigt. Anschließende Deposi-
tionen auf nichtmetallischen Oberflächen eröffnen die Möglichkeit GNRs mit oder ohne
fragilen Gruppen auf bisher nicht zugänglichen Oberflächen und auch ohne Annealing
zu untersuchen.
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Introduction

F
unctional materials formed by molecules, polymers or their assemblies pro-
vide intriguing new opportunities in mechanical, optical, electronic or biological
applications [1–4]. For example novel approaches for sensors and non-linear

optics, the formation of artificial muscles or flexible biocompatible devices or highly-
stable materials for aerospace applications can be facilitated [5–10].

At the nanoscale the build-up of assemblies of rationally designed molecular struc-
tures can lead to such materials [1–3]. More complex and increasingly larger building
block molecules possibly including specific functional groups, facilitated by progresses
in synthetic chemistry, can allow the investigation of novel functions and material prop-
erties on surfaces [11–13]. Access to a large variety of such molecules can be afforded
by electrospray deposition (ESD).

It is well-established for large and complex molecules, especially for biological uses,
in mass spectrometry and more recently extended to many molecules for nanosciences
and surface science [14–22]. Based on the electrospray ionization method (ESI), a
droplet jet is accelerated by high voltage through a differential pumping setup towards
the surfaces in UHV [14–18]. With sufficient solubility of molecules ESD can offer
high cleanliness and reasonable control over molecular coverage for various molecules
ranging from small molecules to large and complex molecules, polymers or ribbons
[17–35]. The only limitation on possible depositions, thereby, is the solubility of the
species.

This work focuses on scanning probe microscopy (SPM) studies of the structures
and functional properties of two-dimensional (2D) supramolecular assemblies formed
by the deposition of already large and complex functional molecules and, in a second
step, on studying extended solution synthesized graphene nanoribbons accessed via
ESD.

In the first Chapter 1, the principles of the experimental tools employed for this study
are described. The theoretical background of non-contact atomic force microscopy
(nc-AFM) and scanning tunneling microscopy (STM) and improvements to enhance
the resolution at room temperature (RT) are introduced, including multimodal and
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Introduction

multipass techniques.
Thereupon, the experimental realization of the techniques with their experimental

setups, methods and materials are established in Chapter 2. The UHV setups, prepa-
ration, and measurement control systems are explained along with the materials and
methods used.
In Chapter 3, the electrospray deposition method, chosen to access the functional

molecules on surfaces, is introduced after an in-depth discussion of deposition methods
and their limitations. Previous uses of ESD for molecular depositions are summarized
and their influence on molecular adsorption and surface morphology evaluated in com-
parison to thermal evaporation (TE) with a study performed on a model molecule on
three different surfaces. Especially, the spray deposition influence on the formation of
buckminster fullerene (C60) assemblies is compared to TE.
The next two chapters are dedicated to accessing the functionalities provided by alkyl

chains in molecular networks. In Chapter 4 the thermal response of two-dimensional
supramolecular networks based on alkyl chain functionalization is studied on a shape-
persistent polyphenylene spoked wheel molecule (SW). First, a discussion of thermal
expansion in molecules and assemblies is presented. Subsequent high-resolution low
temperature (LT) STM and nc-AFM studies at 5 K and 300 K reveal a giant ther-
mal expansion of molecular assemblies. With molecular dynamics (MD) simulations
the observed thermal response is attributed to a supramolecular mechanism based on
alkyl chain mobility forcing network expansion. In the following Chapter 5, this mecha-
nism is applied to investigate tuning possibilities of the thermal response of molecular
assemblies. By studying the thermal expansion of three hexabenzocoronene (HBC)
molecules equipped with three different lengths of alkyl chains with STM and nc-AFM
at 5 K and 300 K, an inversely proportional dependence between thermal expansion
and length of the side chains is found. Shorter alkyl chains result in an increased
expansion with temperature.
Chapter 6 covers the deposition and high-resolution study of solution synthesized

graphene nanoribbons (GNRs) containing fragile moieties and novel edge and ribbon
structures. The advantages and limitations of the state-of-the art on-surface synthesis
method and solution based synthesis are compared. Thereupon, two GNRs containing
fragile groups and promising edge and ribbons structures are deposited and their prop-
erties studied with nc-AFM at RT. Two distinctly different structures are found for
a methoxy functionalized ”cove”-type GNR (OMeGNR) equipped with alkyl chains
and a fjord-edged GNR (FGNR) with tert-butyl groups. While the OMeGNR shows
a rigid planar structure adsorbed on the surface, the FGNR exhibits high flexibility
along with a twisted non-planar structure. Based on studies of a model precursor, the
twist is attributed to steric hindrance of the tert-butyl groups in the fjord-edges and
on-surface reaction evaluated. Lastly, the FGNRs are also deposited on bulk insula-
tor potassium bromide (KBr(001)) and semi-metal highly oriented pyrolytic graphite
(HOPG) opening the possibility of studies of solution synthesized GNRs with fragile
structures even to those and further surfaces without the need for any post-deposition
annealing or procedures.
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1
Experimental Principles:

N
anoscale investigations of molecules on surfaces in real space are facilitated by
scanning probe microscopy, a reliable and powerful class of techniques based on
scanning a physical sensor - the probe - over the surface of the sample. With

SPM atomic resolution has been achieved on a variety of surfaces after its invention
in 1981 by Binnig et al. [36] and the first atomic structure resolution of the Si(111)–
(7×7) reconstruction in 1983 [37]. A variety of environments is accessible with SPM
with atomic resolution achieved in air [38, 39], at the liquid solid interface [40] and
in UHV. Biological applications became accessible with amplitude modulation (AM)
AFM mostly operated in tapping mode [41, 42]. Thanks to further developments like
multimodal AFM [43], multipass imaging [44], Kelvin probe force microscopy [45] or
the qPlus sensor [46] and CO functionalization [47], SPM techniques still present the
most powerful characterization methods for surfaces and adsorbed molecules, even
down to single bonds or atoms. In this chapter various scanning probe methods and
specific scanning modes relevant to this work are introduced.

1.1 Scanning Tunneling Microscopy

Scanning tunneling microscopy (STM), developed by Binnig and Rohrer in 1981 [36],
is based on the quantum tunneling effect. Due to the non-zero probability of electrons
to tunnel through a potential barrier between two electrodes, a current arises when
bringing a probing tip in close proximity to the surface of a conductive sample and
applying a bias voltage VBias. This tunneling current It exponentially depends on
the distance between tip and sample. In a STM, the tunneling current is used in two
distinct ways to gain insight into the morphology of the surface. Generally, the probing
tip is brought into close proximity of the surface of the desired sample and a bias voltage
is applied, resulting in a tunneling current flow. Then, the dependence is applied to
control the tip-sample distance by adjusting the tip height to keep the current constant
while scanning over the surface (constant-current mode). The recording of the height
adjustments is converted into a map of the topography. Alternatively, the tip is moved
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at a constant height during the whole scan and the current is recorded. A map of the
current, then, provides a representation of the surface. In this work, constant-current
mode was used exclusively with the schematic setup of a STM shown in Figure 1.1.
Due to the high resolution achievable with STM, it has become an exceptional

tool for studying conductive surfaces. Which also indicates its biggest limitation,
non-conductive surfaces can generally not be investigated with STM. A large class
of experiments for example insulators and many biological applications are, thus, not
accessible to it. Partial decoupling of molecules and their molecular orbitals from the
surface, while still allowing tunneling, can be achieved by deposition of monolayers of
insulating ionic crystals [48, 49].
For an optimal measurement of the tunneling current and to avoid imaging artifacts

from multiple current flows, the tip should ideally be terminated by a single atom.
With the tungsten tips frequently used for UHV studies this can be accomplished by
indenting the tip into a clean patch of the surface and retracting outwards to form the
desired sharp apex based on the surface material.
A significant improvement of the STM resolution at low temperature, first applied

by Gross et al. in 2009 [47], is the functionalization of the tip apex with a CO molecule.
For this CO is dosed onto the surface and CO either spontaneously adsorbed to the
tip apex or picked up by approaching towards it. Imaging with a CO terminated tip
allows significantly increased resolution, with bond level imaging achieved by constant
height atomic force microscopy, as described in Section 1.5 [50–52].

Figure 1.1: Schematic representation of a STM. The tunneling current arising
with the bias voltage VBias is kept constant by adjusting the tip-sample distance via a
feedback loop (constant current mode). The resulting map provides the surface topog-
raphy.

1.2 Non-contact Atomic Force Microscopy

The development of the atomic force microscope in 1986 [53], in its first iterations
based on measuring the deflection of a probe by STM, opened up new possibilities in
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surface science. Now, SPM was no longer limited to conductive surfaces and atomic
resolution became accessible on insulating surfaces.

AFM, like STM, is based on bringing a probe, most often a sharp tip mounted on
a cantilever, close to or in contact with a surface. The deflection of the cantilever due
to the interaction forces Fint is measured and converted to the signal. Depending on
the measurement mode topography and different additional signals are considered, like
excitation for energy dissipation [54–56].

Non-contact AFM was first presented by Albrecht et al. in 1991 [57] and enjoys
great success in surface science in UHV, with the first atomic resolution images on Si
achieved in 1995 [58–60].

The working principle of nc-AFM, schematically shown in Figure 1.2, is based on
exciting the cantilever at the resonance frequency of its undisturbed flexural oscillation
mode, i.e. far from the surface. The amplitude is, thereby, kept constant by adjust-
ing the excitation. The tip is, then, approached into close proximity of the surface.
Resulting interaction forces modify the oscillation frequency of the cantilever, a fre-
quency shift is observed in respect to the free resonance. Using a feedback loop this
frequency shift is kept constant, via the regulation of the tip-sample distance, resulting
in a topographic map.

Figure 1.2: Schematic representation of a nc-AFM. In nc-AFM the frequency
shift due to tip–sample interaction is regulated to be constant by adjusting the tip-
sample distance to obtain a topographic representation of the surface.

The detection in nc-AFM is generally achieved by reflecting a laser of the back of
the cantilever onto a quadrant photo diode (QPD). The detected signal is transferred
to a phase-locked loop (PLL), where amplitude and phase shift are regulated, with
the excitation adjusted to keep the oscillation amplitude constant, revealing energy
dissipation over the surface [56].
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1.2.1 Interaction Forces

As introduced above, when approaching the sample, the oscillating cantilever experi-
ences a sum of forces, leading to a shift in oscillation frequency. This force consists of
long- or short-range contributions from different forces, exhibiting different influence
depending on distance. For nc-AFM in UHV the main contributing forces are first the
long-range electrostatic Fel observed up to a tip-sample distance of 100 nm, second,
the van der Waals (vdW) interaction force FvdW , also up to 100 nm and last, the
short-range chemical forces Fchem [61, 62].
The contributions of the described forces and the resulting total force acting on the

cantilever dependent on tip-sample distance are visualized in Figure 1.3. During the
approach the cantilever first experiences attractive forces, dominated by the electro-
static and vdW interactions, on closer approach to below 500 pm the contribution
of these forces diminishes and chemical forces dominate [62, 63]. It is in this regime,
where atomic resolution can be obtained.
On further approach the cantilever experiences a repulsive force. Of note is the

non-monotonic behavior of the total force. Since the feedback signal, the frequency
shift, depends on the total force, a stable feedback for nc-AFM is only possible in the
attractive regime.

Figure 1.3: Interaction forces. Tip-sample interaction forces typically arising on
approaching a surface as function of the distance (z). Atomic resolution can be achieved
by optimizing the sensitivity to the chemical force regime by adjusting tip-sample dis-
tance and oscillation properties.

The electrostatic forces Fel acting on the cantilever arise without the presence of an
external bias or trapped charges due to the difference in work function Φ of the tip
and sample materials ∆Φ = ΦSample − ΦT ip. Generally, Fel can be expressed by the
gradient of the capacitance C and the potential difference between tip and sample [64]:
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Fel =
1

2

∂C

∂z
V 2, (1.1)

where V is the potential difference between tip and sample.
When considering a spherical tip with radius r at height of z over an infinite plate

acting as capacitor this can be simplified to:

Fel = −πϵ0
r2

z(z + r)
V 2, (1.2)

with the vacuum permittivity ϵ0 [65].
By applying a specific bias voltage VBias to the sample so that the potential difference

V ≈ 0, the influence of the electrostatic force can be minimized. The necessary bias
voltage is given by the potential difference as follows:

V = VBias −
∆Φ

e
, (1.3)

where ∆Φ
e

with the elementary charge e is also known as the contact potential differ-
ence VCPD (CPD). The average CPD can for homogeneous surfaces be compensated
by a constant bias applied once before a scan by sweeping the bias and recording the
corresponding frequency shift. By adjusting the bias to the maximum value of the
parabola – the minimum of the absolute value of frequency shift – the force can be
compensated locally. For surfaces with non-uniform potential differences, the compen-
sation should be repeated for each area. A continuous compensation is also possible
for each point of the scan by applying Kelvin probe force microscopy (KPFM) [66,67].
A continuous adjustment of the bias voltage is desirable, when the work function of
the surface is not homogeneous, i.e. the surface consists of different materials, shows
non uniform surface potential or is modified by adsorbed molecules or atoms [68–70].
The working principle and implementation of KPFM are discussed in the Sections 1.4
below.
In contrast, no minimization is possible for the forces arising from van der Waals

interactions during measurements. vdW forces arise from interactions between neutral
atoms or molecules, here especially of tip and sample.
Again considering a spherical tip and an infinite plate, the vdW forces can be de-

scribed as:

FV dW = −AH

r

6z2
, (1.4)

with the tip radius r and the Hammaker constant AH , which describes the vdW inter-
action between two particles [71–73].
As can be seen from Equation 1.4 the only possible reduction of the vdW forces is

the use of very sharp tips, which during a scan, especially at room temperature, can
not be guaranteed due to pick up of material and resulting modification of the radius
of the tip apex.
To obtain atomic resolution, one has to sense in the short-range regime, where chemi-

cal forces become dominant [56]. The tip apex atoms interaction with surface/molecule
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atoms forming temporary bonds [63,74,75] responsible for the chemical interaction can,
thereby, generally be described by a pair-wise Leonard-Jones [76].

Fchem,LJ = −12
EBond

σ

[

2
(σ

z

)7

−
(σ

z

)13
]

, (1.5)

where EBond is the bond energy and σ the equilibrium distance.
The interaction can also be described by the Morse potential in terms of the expo-

nential decay of the bonding [77]:

Fchem,Morse = −Ebond(2e
−κ(z−σ) − e−2κ(z−σ)), (1.6)

with the decay length κ.

1.3 Increasing and Stabilizing High-resolution

Sensing chemical forces being difficult, when only using the first flexural resonance in
nc-AFM, several methods to improve the imaging resolution and stability to obtain
reliable atomic or submolecular resolution, like multimodal imaging, higher resonances
or multipass imaging, are employed to increase the time present in this force regime.
The methods relevant to this work are described in the following.

1.3.1 Multimodal AFM

An important increase in resolution can be achieved by simultaneous to the flexu-
ral resonances, whose frequency shift is used for the tip-sample distance regulation,
also exciting the cantilever to further resonance modes. By superimposing an addi-
tional excitation signal to the drive signal, this enables the use of so called multimodal
AFM [43, 78–84]. In theory, an unlimited number of modes, including higher flexural
resonances, torsional modes or shearing modes, could be envisioned, limited only by
the setup and possibly the scan stability. The additional modes provide access to the
measurement of further interaction signals simultaneously or in addition to the topo-
graphic and dissipative information obtained from the flexural mode [55]. A selection
of commonly used resonances in nc-AFM is shown in Figure 1.4a.
The mode superimposed during this work is the torsional resonance. It is especially

sensitive to short-range lateral forces, since its oscillation amplitude is generally less
than 100 pm and its frequency shift, thus, is directly dependent on the short-range
lateral forces [43, 80, 81, 85]. This can allow submolecular or atomic contrast, which
could not be achieved from the topographic image. The enhanced sensitivity works
best for periodic structures with a high symmetry since the local force gradient can
otherwise lead to complicated imaging contrasts, which often limits the use on mole-
cules. An example of a well suited molecule is presented in Figures 1.4b and c, where
a nc-AFM topography and the corresponding torsional frequency shift image of fjord-
trimers (f-trimers), described in Section 6.3.1, are visible. The topography already
shows lines of dimeric structures, formed by two curved molecules of different heights
with a small opening in them. This periodic arrangement of the molecules allows for an
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Figure 1.4: Oscillation modes. a, Oscillations typically excited during this work.
Left to right, first flexural resonance f1, second flexural resonance f2, and first tor-
sional resonance ft. Multiple resonances can be excited simultaneously. b, c, nc-
AFM topography and torsional frequency shift image of fjord-trimer precursor mole-
cules on Ag(111) illustrating the benefits of simultaneous excitation of multiple modes
(A2 = 600 pm, ∆f2 = −13 Hz, At = 80 pm).

even higher resolution in the torsional frequency shift image below. There, in addition
to the double structure also the trapezoid shape of the molecules along with the fjord
shaped opening in the molecule is well resolved, allowing precise investigation of the
adsorption and interaction of the molecules. Noticeably, however, the height resolution
is diminished, both dimers show very similar frequency shift values.
The second flexural mode can not only be superimposed but also be used for tip–

sample distance regulation [79, 82]. In comparison to the first flexural resonance, the
stiffness is increased by a factor of 40, allowing smaller oscillation amplitudes while
still maintaining stable scan conditions [83]. Thereby, amplitudes between 1.2 nm and
200 pm can generally be achieved. While the smaller amplitude will not bring the tip
as close to the surface at maximum, limiting damaging of the sample [79], the tip on
average will remain in closer proximity of the sample. As a consequence the sensitivity
to short-range forces is increased, allowing an enhancement of the contrast.

1.3.2 Multipass AFM

Additional improvement of stable scan conditions can be obtained by applying the
multipass technique, first developed by Moreno et al. in 2015 [50] at temperatures below
80 K. Recently, it has also been applied at room temperature with significant success
[86, 87]. It addresses the limitation of the tip–sample distance regulation due to the
non-monotonic behavior of the ∆f(z) curve by imaging without the distance controller
active. This allows entering the repulsive regime, where submolecular features can be
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resolved thanks to Pauli repulsion [44,47].

The principle of the multipass method is scanning each line twice, as illustrated
in Figure 1.5a. While constant height imaging could achieve similar results and is
most often performed at LT, as described in the following Section 1.5, the stability,
thermal drift and especially the height of molecules necessitate taking into account
the topography at RT. This is achieved in the first pass, where the topography is
recorded in stable imaging conditions with the distance controller active. Then, a
second pass of the same line is performed, but the distance controller is switched off.
Instead, the recorded topography is replayed and followed with a constant z-offset of
hundreds of picometers applied towards the surface and the ensuing frequency shift is
measured. By repeating this for every line in the scan limitations due to thermal drift
are minimized and even molecules with a significant 3D structure can be imaged with
up to submolecular resolution [88]. This is visualized in Figures 1.5b and c, where a
topographic image, the first pass, and the corresponding second pass frequency shift
∆f2nd image of a hexabenzocoronene molecule (HBC-6C4H9) network, introduced in
Chapter 5, on an Ag(111) surface is shown. While in the topography image a network
of hexagonal protrusions is visible, each corresponding to one molecule, the second
pass frequency shift image reveals not only the molecule core, the protrusion, but
also resolves pairs of interdigitated alkyl chains, which stabilize the network by vdW
interaction, as submolecular features.

Figure 1.5: Multipass method. a, Schematic illustration of multipass technique.
b, Topographic image of HBC-6C4H9 molecules acquired during the forward scan of the
first pass (gray) (A2 = 400 pm, ∆f2 = −100 Hz). c, Corresponding frequency shift
image acquired in the second pass (blue) by replaying the topography with an offset
zoffset = −100 pm towards the surface, showing submolecular contrast.

Even at LT during standard STM scans multipass can provide interesting possibili-
ties e.g. measuring the local density of states directly during the scan with the second
pass [89].

10



1.4. Kelvin Probe Force Microscopy

1.4 Kelvin Probe Force Microscopy

To reveal local modulation of the work function, as mentioned in Section 1.2.1, the CPD
and, thus, the electrostatic forces, can be compensated locally, but also continuously
for each point of the scan by KPFM. The basic principle, thereby, is the same as for
local compensation. The actual implementation, first reported at the nanoscale in
1991 [45,90], is based on modulating the cantilever motion by applying an AC voltage
VAC with the frequency ωAC . The electrical interaction forces then become:

Fel =
1

2

∂C

∂z
[VDC − VCPD + VACcos(ωACt)]

2. (1.7)

Thereby, oscillations at ω and 2ω are additionally excited on the cantilever. At ω the
amplitude depends on the uncompensated part of the potential difference VDC−VCPD.
In AM-KPFM this additional oscillation amplitude is measured very sensitively at the
second resonance and by adjusting VDC to equal VCPD via a feedback loop set to
zero [66, 67, 91]. The applied VDC values over the scan can with a well-calibrated tip
provide a map of the work function of the sample.
KPFM can also be performed in frequency modulation (FM) mode, FM-KPFM,

which in contrast to the force compensation of AM-KPFM relies on the force gradient
[65, 92–94]. Here, a quite low AC frequency (ωAC ≈ 1 kHz) is applied resulting in
a modulation of the frequency shift of the flexural resonance of the cantilever. This
modulation is, as shown in Figure 1.6, tracked by a lock-in and its amplitude used as
a feedback signal in a Kelvin controller to compensate the electrostatic forces.

Figure 1.6: Schematic representation of a FM–KPFM. The AC voltage VAC

induces a modulation of the frequency shift ∆f . This is used to compensate the elec-
trostatic forces by adjusting VDC to equal VCPD via a feedback loop.

The absolute value of the CPD depends on the work function of tip and, thus,
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the observed CPD can vary slightly between scans depending on tip modification.
However, the observed CPD difference remains preserved.

1.5 Atomic Force Microscopy at Low Temperature

The most common configuration to acquire nc-AFM at LT is using qPlus sensors,
allowing both STM and FM-AFM measurements [95]. The qPlus sensor is based on
a tuning fork, where one prong is glued to an actuator and, thus, immobilized. The
second prong is equipped with a conductive tip and can freely oscillate. Connected
is a current to voltage (I-V) converter which allows detection of the deflection. A
schematic illustration of a qPlus sensor is provided in Figure 1.7.

Figure 1.7: Schematic representation of a qPlus sensor. A sharp tip is fixed to
one prong of a tuning fork, while the other is fixed to a mount on an actuator. The
applied bias voltage and resulting tunneling current allow distance control.

AFM measurements with a qPlus sensor are mainly performed in constant height
mode recording the frequency shift. This allows measuring in the repulsive regime with
submolecular resolution down to the single bond level, especially when combined with
tip functionalization [44,47,96]. The most common functionalization is adsorbing a CO
molecule to the apex of the tip [97]. This allowed bond level contrast, achieved by Gross
et al. in 2009 [47]. The CO molecule is inert and can, thus, be approached closely to
the surface without forming temporary bonds to the surface. Thereby, the short-range
Pauli repulsion can be measured with higher precision than other functionalizations,
like for example Xe atoms [98].
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1.6 Summary

In this chapter the principles of the SPM techniques employed for the studies performed
during this work were introduced. The high resolutions, down to submolecular and
atomic or even bond level, of STM and nc-AFM were discussed along with the methods
and improvements facilitating them. This included the modification of the tip with
single molecules at LT and the associated constant height measurement, and important
scanning modes and compensation methods at RT with nc-AFM. Notably, multimodal
AFM, higher resonances, multipass imaging, and the compensation of electrostatic
forces, either locally or continuously by KPFM, were introduced.
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2
Experimental Realization and Methods

T
he experimental realization of the investigation and preparation of samples and
the specific components necessary for the desired resolution are introduced in
the following sections. Since in this work the study of molecules and surfaces

without outside influences to achieve insights into their structure and fundamental
properties is desired, all investigations presented in this thesis are performed under
UHV conditions.
For this two distinct UHV systems were chosen. Most of the work was performed

in the RT setup presented in Section 2.1 with the home-built microscope introduced
thereafter along with its measurement control system. Then, the preparation of the
cantilevers used as sensors is described. Subsequently, the second system, a LT UHV
STM/AFM setup equipped with a qPlus sensor cooled either to 4.7 K or 77 K is
introduced in Section 2.2.
Finally, the preparation of the different samples used in this work is explained.

2.1 The Room Temperature Setup

2.1.1 The RT UHV Setup

Room temperature measurements presented and discussed in this thesis are exclusively
performed under UHV conditions. The preparation of samples are largely also per-
formed in UHV, when applicable, while for some molecule depositions high-vacuum
conditions are maintained. The setup necessary to achieve this consists of three cham-
bers, the analysis, the preparation and the load-lock chamber, separated by gate valves
and is shown in Figure 2.1. The analysis chamber (dark red) contains the microscope
and the sample/cantilever storage carousel as well as a wobble stick for transferring
between microscope and carousel or to the preparation chamber. A small ion getter
pump fixed close to the microscope maintains the pressure in the analysis chamber be-
low 10−8 mbar. To improve the base pressure, the gate valve separating analysis and
preparation chambers (turquoise in Figure 2.1) is generally kept open to benefit from
the turbo-molecular pump along with its prevacuum pump, the large ion getter pump
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Figure 2.1: The RT UHV setup. The two main chambers, analysis chamber (dark
red) and preparation chamber (blue) with various devices (pink) are separated by a gate
valve (turquoise). Visible in yellow is the load-lock, in the background the measurement
control rack.

and titanium sublimation pump (TSP) of the preparation chamber, allowing a vacuum
base pressure of ∼ 10−10 mbar. The turbo-molecular pump can be closed off from the
system with a pneumatic valve equipped with an emergency closing mechanism.

The preparation chamber (blue in Figure 2.1) contains a manipulator equipped with
a heater, a sputter gun with an UHV leak valve, a Knudsen cell molecule evaporator, a
quartz-micro–balance (QMB), a sample cleaver and an additional valve to the outside.
There, the electrospray deposition setup, described in Chapter 3, or a vacuum suit-
case can be connected for transferring samples between different systems under UHV
conditions.

Sample and cantilever transfer in and out of the setup is achieved via the load-lock
chamber (yellow in Figure 2.1). It contains a transfer cane and a three sample/can-
tilever storage and is pumped by a separate turbo-molecular and prevacuum pump
allowing it to reach a base pressure of ∼ 10−8 mbar within a reasonable time frame.
The load-lock pumps can additionally be connected to the molecule evaporator for
replacement of molecules and to a pumping stage for attaching an UHV suitcase.

The whole setup is maintained on top of two units of damping feet pairs by The
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Table Stable Ltd. to minimize outside vibrations and achieve high signal to noise ratios.

2.1.2 The Microscope

The room temperature measurements obtained in this work are exclusively performed
with a home-built microscope designed and developed at the University of Basel [99].
The microscope allows nc-AFM and friction force measurements with an optical

detection in cantilever setup. It is shown in Figure 2.2.

Figure 2.2: The microscope. Overview of the RT UHV AFM/STM consisting of
the fiber optics (red), cantilever holder (orange), two piezoelectric mirrors (turquoise),
a QPD (blue) and a slider (violet) carrying a tube scanner (yellow) and sample holder
(dark blue).

All parts are mounted on a plateau isolated from external vibrations with springs and
an eddy current damping system. It consists of the aforementioned optical detection
setup, a cantilever holder (orange), and a slider (violet) containing the sample holder
(dark blue) mounted to the tube scanner (yellow). The detection setup consists of an
optical fiber (red), two piezo-driven mirrors (turquoise) and a quadrant photo diode
detector (QPD) (blue). Mounted to the back of the QPD is an I-V converter for direct
conversion of the signal to voltage to maintain a high 3 MHz bandwidth by avoiding
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high capacitances of long cables or connections [99]. The optical fiber is connected on
one side to a superlum diode (SLD), where the light with a wavelength of 678.5 nm is
generated, and on the other side to the focus setup inside the UHV chamber. There, a
set of lenses and mirrors aligns and focuses the beam onto a mirror. With help of this
piezo-driven cylindrical first mirror the laser beam is positioned at the front end of the
cantilever beam as much as possible. From the cantilever the beam is deflected towards
a second mirror, which reflects it onto the QPD. Again applying piezo excitation the
mirror is adjusted to center the laser spot on the QPD. For most measurements, the
second mirror differed from the cylindrical first mirror as a spherical mirror, but was
later replaced by a mirror that was also cylindrical. The setup shown is the final
configuration.
On the detector, the motion of the beam is converted into four photocurrents by

the four quadrants. As mentioned above, the currents are directly converted into
voltages by the I–V converter behind the QPD. From there they are transferred to the
electronics, where they are used to regulate the oscillations and tip–sample distance
resulting in the topographic and other signals, like excitation.

2.1.3 Measurement Control

The control of the measurements is realized with a Nanonis RC4.5 electronics from
SPECS Zurich GmbH, consisting of a real-time controller computer, a signal condi-
tioning system, and two PLLs and the corresponding measurement software.
The two PLLs help realize the bimodal imaging mode, explained in Section 1.3.1.

Thereby, the first PLL excites the cantilever to two oscillations, as discussed above the
first or second flexural and the torsional resonance. This is achieved by superimposing
an additional excitation signal at the torsional resonance frequency, generated and
controlled by the second PLL, to the excitation of the first. The ensuing cantilever
oscillations are detected by the QPD and transmitted in x- and y-components to the
PLLs via low- and high-pass filters, respectively. The vertical component is transmitted
to the first PLL, where the amplitude and frequency are measured. The amplitude
is kept constant by adjusting the excitation of the cantilever and the frequency shift
applied to regulate the distance to the sample and, thereby, to generate the topography
map. In the second PLL the horizontal signal is also used to maintain the amplitude,
the frequency shift is, however, recorded as torsional imaging signal.

2.1.4 Cantilever Preparation

The cantilevers employed during this study are non-contact silicon cantilevers (Point-
probe Plus-NCL, PPP-NCL) purchased from Nanosensor GmbH. Their spring con-
stant k is specified as 21 to 98 Nm−1 along with their dimensions (length ∼ 225 µm,
width ∼ 38 µm and thickness ∼ 7 µm), this results in a first flexural resonance at
f1 ≈ 170 kHz, a second flexural resonance at f2 ≈ 1.05 MHz and the first torsional
resonance at ft ≈ 1.5 MHz. The shape of the cantilever is visible in the scanning
electron microscope (SEM) image in Figure 2.3a. The front of the cantilever is shown
along with the pyramidal tip.
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Figure 2.3: The cantilevers. a, SEM image of the cantilever with tip. b, Close-up
SEM image of the sharp tip apex. c, Image of a cantilever glued to its holder with a
four spot gluing technique (orange circles).

The tip apex, crucial for high-resolution imaging, is shown to be less than 30 nm
wide in the close-up SEM image of the tip in Figure 2.3b.

For transfer and insertion into the microscope the cantilevers are glued to cantilever
holders with a plate angled at 15 ◦ using a four spot gluing technique as shown in
Figure 2.3c with a two component conductive epoxy glue to achieve high Q–factors.
This reliably yields Q–factor values of close to 30000, 10000 and over 100000 for the
first, second and torsional resonances, respectively. After an annealing for 1 h at
120 ◦C to harden the glue, the cantilevers are introduced into the vacuum system on
holder plates. There, they are degassed for 1 h at 130 ◦C on the manipulator heater
to remove residual pollution. Afterwards, the cantilever, and specifically the tip, are
argon sputtered for 1 min at 1 keV to remove the native silicon oxide covering the
tip [100].

2.2 The Low Temperature Setup

2.2.1 The LT UHV Setup

The low temperature measurements and the associated preparations are, also, per-
formed under UHV conditions in a three chamber UHV system, shown in Figure 2.4.

The three chambers, analysis- (dark red) and preparation (blue) chamber, and load-
lock, are separated by gate valves and connected via a motor driven manipulator and
transfer cane, respectively. The preparation chamber is pumped via a turbo-molecular
pump connected to a prevacuum pump, an ion getter pump and a TSP to maintain
a base pressure of ∼ 10−10 mbar. Connected to it are various preparation devices,
including a sputter gun and UHV leak valve, an e–beam on the manipulator, a three
cell molecule evaporator, a QMB and an access valve for the ESD setup and UHV
suitcase.

The analysis chamber houses the microscope inside the cryostat, described in the
following Section 2.2.2, and a sample storage. The base pressure of ∼ 10−10 mbar is
maintained by an ion getter pump and a TSP.
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Figure 2.4: The LT UHV setup. The microscope and cryostat (dark red) are
connected via a gate valve (turquoise) to the preparation chamber (blue). There, various
preparation devices (pink), including an e–beam and radio frequency heater, a sputter
gun with UHV leak valve and a molecule evaporator are connected. Also visible is the
attachment setup (yellow) for transfer suitcase and ESD device.

The last chamber is the load-lock used, similarly to the room temperature setup, to
insert samples and tips, pump the molecule evaporator for replacement of molecules
and for suitcase access. It is connected to a turbo-molecular pump with a prevacuum
pump attached to it, achieving pressures below 10−8 mbar.

2.2.2 The LT Microscope and Cryostat

The LT microscope built by Omicron NanoTechnology GmbH (now: ScientaOmicron
GmbH) is housed inside a two chamber cryostat. The outer is, thereby, cooled with
liquid nitrogen (TN2

= 77 K), while the inner can be cooled with either liquid nitrogen
or liquid helium (THe = 4.7 K), allowing stable measurements at these temperatures.
The microscope, accessible via two shutters, consists of a sample holder and a qPlus
sensor, introduced in Section 1.5 before, located on a piezoelectric scanner. For noise
reduction it can be decoupled via springs and is then damped, as the RT microscope,
via eddy current damping.
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The tips attached to the qPlus sensor, shown in Figure 2.5, can be prepared during
measurements and further be modified, as described in the section below.

Figure 2.5: The qPlus sensor with a tungsten tip. Close-up photography of a
qPlus sensor used in the LT setup. Visible are the two prongs of the tuning fork, one
immobilized, the second one equipped with the long tungsten tip and the metal wire
allowing measurement of the tunneling current.

The qPlus sensor exhibits a higher stiffness than the cantilevers used at RT of about
k = 1800 N/m and a corresponding resonance frequency of 25 kHz.

2.2.3 Tip Preparation and Modification

The tips, during this work made from tungsten, are chemically etched and milled with
focused ion beams to achieve low tip radii and removal of oxide contaminations [101,
102]. During measurements the tip can be sharpened by indenting it into the surface
and applying bias pulses, until a continuous exponential current–distance relation can
be observed.

Modifications of the tip, during this work solely performed with CO molecules, are
achieved by first adsorbing CO on the surface via leaking CO at a pressure of around
∼ 10−8 mbar. On the surface the CO can be detected during STM scans as small
protrusions or depressions. Either, the molecule is picked up by chance or it can be
adsorbed to the tip by performing a distance-current spectroscopy. Successful pickup
is then indicated by a jump in the spectroscopy current.

2.2.4 Measurement Control

The measurement control at LT is realized using a Nanonis RC5 electronics consisting
of a real-time controller, one PLL, a power supply and high voltage amplifier, a signal
converter and an Omicron interface converter by SPECS Zurich GmbH with its cor-
responding software. The PLL, thereby, is used to excite and control the oscillations
during AFM measurements, while the power supply and amplifiers facilitate the STM
measurements.
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2.3 Surface Preparation

For the studies performed during this work, atomically clean surfaces with large and
flat terraces for the study of adsorbed molecules are desired requiring specialized prepa-
ration and handling for the different types of substrates. Thus, three distinct surface
preparation methods are employed during this work, annealing and sputtering of sin-
gle crystals for metallic samples, cleavage for bulk insulator ionic crystals of KBr and
exfoliation and annealing for HOPG. Each method is described in more details in the
following.

2.3.1 Preparation of Au(111) and Ag(111)

The vast majority of the experiments presented in this work are performed on Au(111)
or Ag(111) surfaces. Their single crystal were bought at Mateck GmbH and are cleaned
by several cycles of sputtering and annealing, leading to flat surfaces with large ter-
races separated by mono-atomic steps. On Au(111) the cleanliness can be verified by
its distinct herringbone reconstruction (HB) and its modification upon adsorption of
pollutants or molecules as discussed in details in later chapters [103, 104]. The HB
is formed due to a misfit between surface layer and substrate resulting in a step-wise
pattern of dislocations pairs separating domains of atoms in face-centered-cubic (fcc)
and hexagonal close-packed (hcp) sites [103].

Figure 2.6: Ag(111) surface with atomic resolution. a, Ag(111) sample screwed
to sample plate via a top plate. b, nc-AFM topography image of a clean Ag(111) surface
with clean terraces and monoatomic steps (A1 = 5 nm ∆f1 = −10 Hz). c, Torsional
frequency shift image of the atomic structure of Ag(111) (A2 = 800 pm ∆f2 = −367 Hz,
At = 40 pm).

A sample mounted by screwing a top plate on top of a polished hat shaped single
crystal is shown in Figure 2.6a. A representative topography image of Ag(111), showing
large and clean terraces separated by monoatomic steps, is presented in Figure 2.6b
along with a high resolution torsional frequency shift image showing the hexagonal
atomic lattice structure of the surface in Figure 2.6c.
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2.3.2 Preparation of KBr(001)

The bulk insulator KBr(001) samples were purchased as bulk crystals from Mateck
GmbH. After cleaving small rectangular cuboids, holes are drilled into the bottom and
the KBr crystals fixed to sample plates with tungsten wires, as shown in Figure 2.7a.

Figure 2.7: KBr(001) surface with atomic resolution. a, KBr(001) sample
mounted with tungsten wires. b, nc-AFM topography image of a clean KBr(001) sur-
face with clean terraces and a monoatomic step (A1 = 5 nm, ∆f1 = −50 Hz). c,

Torsional frequency shift image of the atomic structure of KBr(001) (A2 = 800 pm,
∆f2 = −183 Hz, At = 40 pm).

The samples are then cleaved and inserted into the UHV system within one minute to
preserve their cleanliness. After insertion the samples are annealed to remove charges
and remaining pollutants, resulting in flat terraces with mono- to triatomic steps be-
tween them. A representative topography image and an atomic resolution torsional
frequency shift image are shown in Figures 2.7b and c. Atomic resolution measure-
ments of the cubic lattice are used to verify both the cleanliness and also the piezo
scanner calibration of the nc-AFM at RT.

2.3.3 Preparation of HOPG

The HOPGs are exfoliated in air with Scotch Magic tape until a flat and smooth
surface with no flakes is achieved. The samples are then inserted into the UHV system
within one minute and annealed to remove remaining pollutants. This provides well
extended and flat terraces with minimal steps. A mounted HOPG sample is shown in
Figure 2.8a. A representative topography image of the resulting surface and a torsional
frequency shift image of the hexagonal lattice can be found in Figures 2.8b and c. A
large clean terrace with a single monoatomic step is visible. Slight pollutants can be
observed at the step edge.
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Figure 2.8: HOPG sample with atomic resolution. a, HOPG sample clamped
to sample plate. b, Large scale nc-AFM topography image of a clean HOPG sample
(A1 = 5 nm, ∆f1 = −40 Hz). c, Torsional frequency shift image of the atomic
structure of HOPG (A1 = 3 nm, ∆f1 = −160 Hz, At = 80 pm).

2.4 Summary

In this chapter, the UHV systems required to maintain cleanliness desirable for high-
resolution studies of molecular properties on surfaces were explained. The nc-AFM
operated at RT with optical detection and its cantilever along with their preparation
were introduced. In this way, atomic and submolecular resolution can be achieved.
Next, the LT STM/AFM equipped with its distinct qPlus sensor and tip modification
allowing bond level resolution were discussed. Last, the preparation of different types
of samples, metallic, insulating bulk ionic crystals and semi-metallic crystals, relying
on cycles of sputtering and annealing, cleavage and exfoliation were explained.
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3
Electrospray Deposition

T
he deposition of complex molecules, possibly containing functional moieties with
sufficient cleanliness for high-resolution SPM studies on surfaces in UHV poses
some significant challenges. The most common method of depositing molecules

on surfaces in UHV is thermal evaporation, where molecules are sublimated from pow-
der onto surfaces, as will be described in Section 3.1 [105]. With increasing molecular
weight and especially higher complexity and specific functionalizations like alkyl chains
the temperature of sublimation increases, while the thermal stability of the molecules
decreases, limiting TE to thermally stable and relatively small molecules [106]. For
certain types of target structures, most prominently graphene-like macromolecules,
e.g. GNRs, this can be circumvented by depositing rationally designed precursors and
performing on surface reactions to synthesize the desired more complex molecule di-
rectly on the surface [107, 108]. Such precursors, however, are still limited in their
complexity and functionalization by the deposition and, thus, only certain structures
and functionalizations can be synthesized on surface. Especially three-dimensional
structures and fragile substituents are not accessible, as will be discussed in detail in
Chapter 6. In addition, on surface synthesis is, with rare exceptions, limited to metal
surfaces [109], generally excluding insulating or semi-conducting surfaces, therefore
hindering decoupling or device integration [110,111].

Thus, alternative approaches for the deposition of complex and large molecules, also
onto non-metallic surfaces in UHV are required.

In Section 3.1.1, alternate deposition approaches, ranging from specialized evapora-
tion methods to contact transfer and solution based methods are discussed. For this
work, the well-established electrospray deposition method was chosen due to the high
purity achieved, while allowing quite similar coverage and control to thermal expan-
sion, as verified below. The principles of ESD are explained in Section 3.2 with the
setup employed during this work introduced in Section 3.3, followed by a literature
overview in Section 3.4. Finally in Section 3.5, a comparison of thermal evaporation
and ESD on metal, insulating and semi-conducting surfaces is presented, substantiat-
ing the similar coverage and high cleanliness of ESD, and demonstrating the influence
ESD can have on molecular adsorption and surface modification.
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3.1 Molecular Deposition Methods

Molecular deposition onto surfaces in UHV is in most applications performed by ther-
mal evaporation from a Knudsen cell under UHV conditions [105]. Molecules from
powder are heated in a crucible to sublimate in order to reach the surface. For this,
a small amount of molecules is inserted in a metallic or quartz crucible, depending on
measurement setup, and placed in the evaporator. Thereafter, the setup is pumped
down and outgassed by heating close to the sublimation temperature. The rate of de-
position can be finely calibrated using a QMB, which determines deposition volumes
by measuring the change in frequency of a swinging quartz upon deposition. This
makes highly precise coverage formation on the surface possible by adjusting rate and
deposition time. Further, reliant on pure source material and outgassing of molecules,
clean surfaces covered with only the desired molecule coverage without any contami-
nants can be obtained. Thermal evaporation can be performed on any substrate with
high cleanliness and with minimal modification of the surface properties.
However, it is limited to the deposition of molecules thermally stable up to at least

their sublimation temperature, otherwise undesirable reactions like polymerization or
dissociation of fragile moieties of the molecules can occur [112]. Thus, sublimation
is generally limited to molecules with a molecular weight below 1000 g/mol [113].
Therefore, certain types of molecules, prominently biomolecules (DNA, proteins, etc.),
polymers and nanoparticles are not accessible by thermal evaporation. This is either
due to their thermal lability or the impossibility to obtain them without the presence
of water or other necessary solvents. Importantly here, the limitations of TE concern
alkyl chain functionalized molecules due to fragmentation and solution synthesized
GNRs.

3.1.1 Alternative Deposition Methods

A possible way of circumventing the thermal lability of molecules and their fragile
functional groups during sublimation is the rapid heating approach, based on consid-
erations of the kinetics of decomposition and evaporation [114]. By specific choice
of the temperature and rate of heating the sublimation of molecules can be favored
over dissociation processes for short periods of time. Due to the high rate of heating
and quick time-response required for rapid heating deposition laser pulses are gener-
ally used for heating instead of crucibles [115]. While this method allows deposition
of additional molecules by sublimation, the yield of rapid heating is comparatively
low, generally preventing high coverage of surfaces [106]. In addition, the deposition
of larger molecules, like nanographenes, is still limited. Furthermore, rapid heating
is only available for molecules which can be dried without damaging their structure,
since the basic principle is still based on heating from powder.
For larger molecules, especially with low or no solubility, like carbon nanotubes,

direct contact transfer from powder provides a possible deposition method [116, 117].
Thereby, molecules are impregnated onto a fiberglass sheath ex situ, which is then
inserted into UHV and, along with the molecules on it, degassed. Thereafter, the
desired substrate is brought into contact with the sheath, transferring a certain amount
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of molecules onto the sample. This can often lead to the formation of large molecule
clusters on the surface, severely limiting the investigation possibilities by STM and nc-
AFM. If only few, large molecules are transferred, notably carbon nanotubes, finding
the desired structures on the surface can become difficult. Recent advances, like matrix-
assistance, have allowed the transfer of new GNR precursors and fragile porphyrins
with high purity [118,119].

The investigation of large or fragile soluble molecules or species, which need to be
kept in solvent (e.g. DNA), can be achieved with pulsed valve deposition [120–124]. It
is based on forming a small leak into the UHV chamber for short periods of time with
a pulsed valve. Through it a molecule solution is inserted and can access the sample.
The number and time of pulses, and, thus, the amount of solution entering the chamber
can be used to tune the coverage. As a result of the quasi direct entry and access of the
solvent and other contaminants to the surface during deposition, often times pollution
of the surface cannot be avoided. Furthermore, the reproducibility of depositions is
somewhat limited due to the complex fluid dynamics during deposition [106].

An alternative approach, which does not rely on the surface being exposed to the
direct influence of solvent, is electrospray deposition [16–18, 20, 21, 125] based on ac-
celerating molecule droplets from a solution towards a surface in UHV through a
differential pumping setup. Its function and setup are described in the following.

3.2 ESD Principle

Electrospray deposition is well suited for biomolecules, polymers, solvent necessitating
molecules and can generally be used for all soluble molecules [16–18, 21]. It is based
on the electrospray ionization process developed by Fenn for generating gas-phase ions
from non-volatile and large molecules, prominently the aforementioned biomolecules,
for their study with mass spectroscopy [14, 15]. Before, such molecules were gener-
ally inaccessible via ionization due to their large, fragile and thermally labile struc-
tures [15, 126]. The adaptation of ESI to surface science applications in UHV was
achieved in 2006 with depositions of polymer layers and molecules [16, 127]. Thereby,
a controlled leak is introduced to the UHV system. For this, a differential pumping
setup and for certain setups mass spectrometer are connected, reducing solvent and
contaminant particles reaching the system and maintaining a low pressure during de-
position. Charged droplets are accelerated by high-voltage from a molecule solution
towards the entrance capillary of the pumping stages and solvent evaporates, lead-
ing to the formation of smaller droplets or charged gas phase ions [16]. Through the
pumping stages remaining solvent and contaminants are mostly removed or filtered
out depending on setup and the molecules can arrive on the surface. ESD and ESI
allow the deposition of a variety of molecule species, prominently molecules with in-
creasing complexity and fragile groups, as long as solubility can be maintained [17–35].
In recent years insulating surfaces or semiconductors have also become accessible as
substrates [21, 34].

A photo of an ESI source along with the spray jet and a schematic illustration of
the ESI process are presented in Figures 3.1a and b. The molecules are dissolved
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and supplied to an emitter, formed by a small capillary. A high voltage is applied
to the solution, inducing a strong electric field in relation to the counter electrode
- the entrance to the vacuum system. Thereby, some molecules are oxidized and a
separation of charges is induced by the electrical field. This leads to the formation of
an elongated droplet at the tip of the emitter due to the interplay of liquid surface
tension and the electrostatic force. For a sufficiently strong field charged droplets are
emitted from the shape, ranging from large single to many small droplets [128].

Figure 3.1: Function of the electrospray setup. a, The emission setup with the
spray cone inset. b, Illustration of the function of the spray.

At a critical voltage the so called taylor cone, a conical meniscus emitting a spray
of small charged droplets from its apex, is formed [129–131]. On further increase of
the voltage the jet starts to oscillate and multiple jets form [132]. This is illustrated
in Figure 3.2.

The optimal emission of charged droplets occurs around the critical voltage for
the taylor cone. The necessary voltage, thereby, strongly depends on the properties
and flow rate of the molecule solution and the emitter geometry [133]. Since the
fluid dynamics in the capillary and, thus, the optimal parameters can not easily be
reproduced, a precise optimization of these parameters is mandatory for each spray
process to achieve optimal surface deposition.

Upon emission the charged droplets are accelerated towards the counter electrode
formed by the entrance capillary to the differential pumping setup. The solvent in
the droplets starts evaporating, reducing their size and, consequently, the charge-to-
volume ratio of the droplets increases. The maximum charge a droplet can hold is
defined by the critical charge qr in the Rayleigh limit [134]:
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Figure 3.2: Modes of the electrospray depending on voltage. At low voltages a
single droplets are ejected in a drip like fashion. Upon reaching a critical potential the
taylor cone forms and a stable droplet jet, the spray occurs b. With further potential
increase multiple jets and oscillating jets start to form c.

qr = 8π
√

ϵ0γR3 (3.8)

.

Here, ϵ0 is the vacuum permittivity, γ the surface tension of the solvent and R the
radius of the droplet.

When the charges in the droplet reach the Rayleigh limit, the surface tension is equal
to the coulomb repulsion. With further increase the droplets become unstable and
undergo Coulomb fission, forming smaller droplets, to increase their surface area [135,
136]. Droplets from electrospray generally are not perfectly spherical and, therefore,
undergo Coulomb fission already before reaching the Rayleigh limit [137]. With further
evaporation of solvent, repeating cycles of coulomb fission occur reducing the size of
the droplets down to the nanometer scale [138]. The small droplets either impact the
surface or single gas-phase ions of the molecules are formed. Various models describe
the formation of gas-phase ions from charged droplets from ESD. The most common
are the charge residue model (CRM) and ion evaporation model (IEM) or especially
for well-extended molecules, like DNA or polymer chains, the chain ejection model
(CEM) [138]. The three processes are described in the following and illustrated in
Figure 3.3.

The IEM is best applicable for small molecules [139]. It assumes the ejection of the
molecule from the small droplet generated by coulomb fission as a gas-phase ion due to
the electric field between charged molecule and surrounding droplet when the droplet
size approaches the Rayleigh limit [138,140–142].

Similarly, the CEM describes the formation of gas-phase ions of (unordered) chain-
like molecules as a step wise charging and ejection by diffusion towards the droplet
surface because of electrostatic force until the chain is fully detached from the droplet
[143,144].

In the CRM, formation of gas-phase ions is assumed to occur due to charges remain-
ing after the complete evaporation of residual solvent around the molecule. Thereby,
the presence of only single molecules is assumed in each droplet after repeated coulomb
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Figure 3.3: Formation of gas-phase ions after ESD. Schematic representation of
three models of gas-phase ion formation, ion evaporation model, charge residue model
and chain ejection model. Molecules/ribbons are shown in green.

fissions [138, 145, 146], necessitating a low initial concentration in the spray solution.
The CRM seems to better describe the ionization of larger molecules with higher
molecular weight [139].

A clear distinction between the three models, however, is not possible, since espe-
cially for not well-extended molecules in small droplets the ejection of the molecule
from the droplet in IEM might also be treated as another Coulomb fission and, thus,
similar to the CRM [106].

3.3 ESD Setup

The electrospray depositions presented in this thesis are performed with a commercially
available ESD setup from MolecularSpray Ltd. modified with the addition of a final
stage pumped by a second turbo-molecular pump to enhance the cleanliness of resulting
samples. The spray setup is visualized in Figure 3.4. It consists of the spray emission
setup a four stage differential pumping system and is connected to the main chamber
via a gate valve.

The spray emission setup, shown in detail in Figure 3.1a, is formed by the emitter,
a capillary with an inner diameter of 100 µm, to which the solution is supplied from
a syringe pump via a poly ether ether ketone (PEEK) tube. The emitter is stabilized
by a sheath and fixed to a ”T” shaped piece, where the electrode is directly contacted
with the solution supplied opposite from the emitter. For positioning of the emitter
in relation to the stainless steel entrance capillary the ”T” piece is attached to a xyz-
stage. A power supply connected to the electrode supplies high voltage from 0.5 kV
up to 5 kV between solution and entrance capillary to induce the spray. For optimal
deposition conditions the voltage should be below 2 kV for the solution mixtures used
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Figure 3.4: Illustration of the electrospray setup. The spray system attached to
the RT system consists of an emission setup and a four chamber differential pumping
setup with two rotary and two turbo-molecular pumps.

during this work. The jet of sprayed droplets transverses the distance between emitter
and entrance capillary of about 1 mm to 5 mm and enters the differential pumping
stages through the 0.0762 mm opening.

The differential pumping setup consists of four stages, pumped by two rotary pumps
for 1st and 2nd stages and two turbo-molecular pumps connected to one rotary pump
for the 3rd and 4th, yielding operational pressures of 1 mbar, 10−2 mbar, 10−4 mbar
and 10−6 mbar. The stages are separated by apertures with diameters of 0.4 mm
and 0.6 mm, 1 mm and slightly above 1 mm. The first two are formed by skimmer
cones, designed to collimate the droplet jet. After exiting the last aperture the spray
droplets pass through the gate valve, separating spray setup from main chamber, to
the sample positioned in front of the spray by the manipulator. During deposition the
pressure in the preparation chamber remains below 10−7 mbar, while the microscope
is separated by another gate valve, as described previously. Upon closing the gate
valve, the pressure rapidly decreases and recovers the base pressure of 10−10 mbar in
less than one hour.

The quality of the spray and, therefore, also of the deposition strongly depends on
the choice and composition of solvent mixture. To facilitate the spray the solution has
to be polar or conductive. This, however, would limit the solubility of a large share of
organic and otherwise apolar and non-conductive molecules. Either small amount of
acid or base can be added, or the molecules are in a first step dissolved in an apolar
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solvent. Thereafter, a small amount of a polar solvent, like methanol, is added for
polarity. During this work, the most common solvent mixture is toluene/methanol,
with only one type of GNR being dissolved in chlorobenzene/methanol.

3.4 Examples of ESD of Molecules

Electrospray ionization was, as previously mentioned, developed by Fenn for mass
spectroscopy [14] and has since been adapted to further fields of application, notably
molecular surface depositions [16,127,147]. The first depositions on surfaces in vacuum
were performed in 2006 with depositions of poly(ethylene) oxide (PEO), gold nanopar-
ticles, and bovine serum albumin (BSA) [16,127]. The gold nanoparticles formed large,
high aggregations on a HOPG surface with high mobility observed for uncoated clus-
ters. This resulted in covered step edges of the previously clean substrates, as visible
in Figure 3.5a. Similarly, the deposition of the BSA proteins leads to decorated step
edges, but also to two-dimensional fractal clusters on the surface as can be observed
in Figure 3.5b. The subfigures a-d show different coverage levels of the surfaces de-
pendent on the position in the spray jet gradient. The lowest density is observed at
the edge of the spray jet in subfigure a, while the highest coverage in subfigure d is
observed in the center of the jet. In an additional step, the influence of the deposition
voltage on the morphology and intactness of the molecules was assessed showing ESD
to be well suited to deposit even fragile biomolecules with specific choice of parameters
and possibly soft landing mechanisms – the application of a deceleration voltage either
to the sample or an electrode [125].

Figure 3.5: Electrospray deposition in vacuum. a, AFM topography image of
gold nanoparticles on HOPG deposited with ESD. b, AFM topography image of BSA
deposited with ESD on HOPG, resulting in a variety of coverage on different regions
of the surface dependent on the position in the spray jet gradient. Adapted from [16].

Shortly thereafter, the first depositions of the commonly used pure carbon C60 (struc-
ture shown in Figure 3.12a), were reported on Au(111) and a supramolecular network of
3,4,9,10-perylene tetracarboxylic diimide (PTCDI)/melamine thereupon [17, 18]. De-
posited onto clean Au(111) with ESD, C60 at low coverage covers the step edges along
with the formation of small clusters on the large terraces of the surface as visible in
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Figure 3.6a [17]. Thereby, low coverage was achieved by aligning the sample slightly
below the direct line of sight of the spray setup. Upon direct alignment multilayer
coverage could be obtained showing the possibility of precise control of molecular cov-
erage by spray using multiple parameters, e.g. time of deposition, alignment of sample
and the aforementioned deposition voltage.

Figure 3.6: Electrospray deposition of C60. a, STM image of C60 molecules on
Au(111) after ESD. b, STM image after deposition of C60 on a supramolecular network
on Au(111). The marked areas demonstrate the three observed surface morphologies.
Adapted from [17,18].

The hydrogen-bonded supramolecular network of PTCDI/melamine on Au(111)
forms bimolecular networks with hexagonal [148] and parallelogram [149] shaped pores.
Deposition of C60 with ESD allowed insight into the effect of electrosprayed molecules
impacting with a network structure and into their adsorption. In Figure 3.6b, a large
scale STM topography image shows the surface morphology after 2 min of ESD. Marked
in the boxes are different surface morphology areas. Area A shows a region of par-
allelogram network with rows of C60 filling the pores, area B shows hexagonal pores
filled with C60 heptamers and area C shows an area free of C60. The trapping in the
networks as well as the existence of undisturbed network parts give clear evidence that
ESD can be used to deposit molecules without a soft-landing mechanism with only
relatively small influence on supramolecular networks.
The possibility of depositing weakly soluble carbon nanotubes (CNT) was also shown

on the native oxide of Si(111) in 2007 [23]. Well-elongated double-walled CNTs (up
to 10 µm) were suspended in ethanol by sonication directly before deposition. This
procedure can be repeated during deposition, since the solution reservoir can be re-
moved for further sonication without pausing deposition, making a build-up of higher
coverage possible.
Resulting AFM topography images, presented in Figures 3.7a and c, show bundles

of and isolated CNTs on the Si(111) surface. Lengths of up to 1.8 µm and heights of
1.5 to 3.5 nm (compare Figure 3.7b) are revealed, consistent with the height of double-
walled CNTs. The length was filtered by a 2 µm frit filter to avoid large bundles
entering the system and, thus, also within expected ranges.
The presence of both small bundles and isolated CNTs indicates no significant ag-

gregation in the inlet capillary or an unbundling therein. This in combination with
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Figure 3.7: Electrospray deposition of carbon nanotubes. a, AFM topography
image of double-walled carbon nanotube bundles on Si(111). b, Profiles along marked
lines of a. c, AFM topography image of an isolated CNTs on Si(111). Adapted from
[23].

the high cleanliness of the sample allows high-resolution studies of even barely soluble
molecules with the help of ESD.
The first depositions of polymer chains and their oligomers were reported in 2010

[24]. Porphyrin hexamers and polymers – structures shown in Figure 3.8a – were
deposited on Au(111). Close packed networks could be observed for hexamers, formed
due to interdigitation of octyloxy side chains included to promote solubility, as shown
in the STM image and corresponding model in Figure 3.8b.

Figure 3.8: Electrospray deposition of polymers. a, Structure of porphyrin hex-
amers and polymers. b, STM image of a close packed domain of a hexamer deposited
by ESD on Au(111) along with a structural model. c, STM images of porphyrin poly-
mers on Au(111) with curvature radius and bright crossover points. Adapted from [24].

Deposition of porphyrin polymers resulted in long curved chains with high coverage
on the surface. Figure 3.8c shows both a high-resolution STM image as well as a large
scale topography image. The polymers are visible with strongly curved structures and
crossover each other in the top image. Coverage is quite uniform over a large area
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with occasional pollution visible in the bottom image. With these depositions ESD
was shown to also provide well suited coverage for polymers and elongated structures.
However, pollutants can be observed, most likely from solvent, somewhat reducing the
resolution and possibly influencing the adsorption. Thus, solvent influence has to be
taken into account especially for well-elongated molecules.
The deposition of well-elongated molecules as well as sensitive biomolecules allowed

the deposition of single-strand DNA (ssDNA) molecules [19, 150]. This enabled the
study of ssDNA on Au(111) surfaces after consecutive annealing steps up to 500 K
[150]. The surface morphology, provided in Figure 3.9a, thereby, evolved from large
aggregates to isolated oligomers.

Figure 3.9: Electrospray deposition of single-strand DNA. a, ssDNA mor-
phologies after different annealing temperatures on Au(111). b, LT STM image of
hydrated ssDNA after ESD. c, View of a ssDNA structure on Au(111) obtained in MD
simulations at 400 K. d, LT STM topography image and corresponding constant height
AFM image of a dehydrated ssDNA oligomer after annealing at 440 K. e, LT STM to-
pography and corresponding constant height AFM images of self-assembled dehydrated
ssDNA oligomers after annealing at 500 K. Reproduced from [150].

High-resolution studies revealed a likely presence of solvent molecules around the
oligomers before annealing and the presence of only ”dehydrated” ssDNA oligomers
after annealing at 440 K as visible in Figures 3.9b-e. MD simulations confirmed the
apparent size and revealed the deposition of droplets containing the ssDNA along with
solvent and its removal. In addition to the adsorption the mechanical properties of the
ssDNA were observed with cryo-force spectroscopy by lifting single oligomers from the
surface and confirmed by MD simulations. ESD is, therefore, also well suited for the
deposition of thermo-labile and sensitive DNA molecules with sufficient cleanliness for
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high-resolution studies at LT.
Access to non-metallic surfaces with ESD was first achieved with the deposition of

triply fused porphyrins on the bulk insulator KBr(001) [21]. Molecular islands were
observed on KBr(001), however, a high surface charge was present after ESD. While an
annealing step could reduce this to typical force compensation values, this can induce
strong diffusion and changes in the molecules. To enable the study of single molecules
and generally avoid an annealing step, the deposition time and molecule concentrations
could be reduced to control the coverage. Isolated porphyrins on KBr(001) surface
terraces are shown in Figure 3.10a. Their molecular structure was verified to show
no breakup during deposition with the high-resolution nc-AFM topography image in
Figure 3.10b.

Figure 3.10: Electrospray deposition on bulk insulator KBr(001). a, nc-AFM
topography image of triply fused porphyrins on KBr(001) after ESD. b, High-resolution
nc-AFM topography image of an isolated porphyrin on KBr(001) after ESD along with
a molecule model. Adapted from [21].

Notably, small pits, not present before deposition, are visible on the terraces in
Figure 3.10a, similar to what is obtained after electron irradiation of such a surface
[151]. This points toward a possible influence of ESD on surface morphology and might
allow formation of new nucleation sites for molecular adsorption or general structuring
of the surface.
Figure 3.10b provides high-resolution nc-AFM topography images of a single por-

phyrin along with a molecular model overlay, showing the molecule to be preserved
after deposition. Therefore, providing clear evidence that ESD is well able to provide
molecule deposition on non-metallic surfaces.
The chemical integrity of molecules after ESD along with the cleanliness sufficient

for studies at low temperatures with CO functionalization of functionalized molecules
down to bond level was confirmed in a study of a tetrathiafulvalene (TTF) based dye
molecule (structure in Figure 3.11a) [27]. An island of TTFs after ESD is shown
in a STM topography image at LT in Figure 3.11b. Five molecules form a star-like
assembly due to hydrogen bonding. A sixth molecule could be adsorbed at the site
indicated by the white arrow. A small fragment of a molecules is visible instead of a full
molecule. The chemical integrity of the five molecules could be ascertained by bond
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level imaging with a CO functionalized tip in Figure 3.11c. Since other islands show
only completed molecules and generally consist of six molecules, this can be assumed
to occur rarely. Fragments might, furthermore, already have been present in solution
due to break-up caused by the chosen solvents or as was observed in Figure A.1 of the
appendix could have been present in the molecule powder.

Figure 3.11: Electrospray deposition of dye molecules. a, Chemical structure
of tetrathiafulvalene (TTF) b, High-resolution LT STM topography image of an island
of five TTF molecules after ESD. The white arrow indicates a fragment of a molecule.
c, Corresponding constant height AFM image with a CO functionalized tip confirming
the chemical integrity after ESD. Adapted from [21].

Therefore, ESD can provide sufficient cleanliness and stability even for relatively
complex molecules with only rare fragmentation being observed.
In summary, ESD is shown to be well suited for the deposition of a variety of

complex, well-elongated, and thermo-labile molecules on different types of surfaces
while maintaining cleanliness sufficient for high-resolution SPM studies. However,
some indications of possible influence of ESD on the adsorption of molecules and the
surface have been observed.
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3.5 Influence of ESD on Molecular Deposition

The application of an alternate deposition method requires precise knowledge of the
influence on adsorption properties and surface modification. The fundamental differ-
ence of thermal evaporation and electrospray deposition, already in the state of the
molecules - in powder or in solution - necessitates fine comparisons of deposited molec-
ular structures and the containing surfaces. ESD is well-established to yield molecular
coverage on surfaces suitable for high-resolution SPM investigations and the presence
of pollutants can largely be minimized [16, 19, 27, 127]. However, direct comparisons
of a model molecule deposited on different model surfaces, metallic, insulating and
semi-conducting, by TE and ESD can provide further insights into the influence of
ESD on the adsorption and expected differences. Based on these observations, the
interpretation of adsorption properties of molecules only accessible by ESD can be
further improved and verified.
In this work, C60, shown in a three-dimensional representation in Figure 3.12a, is

chosen as a model molecule due to the ease of evaporation, the generally well-ordered
structures obtained and the extensive previous studies. On both metals [152–158] and
metal oxide semiconductors [159,160] two-dimensional C60 layers have been formed in
previous studies. On ionic crystals or bulk insulators large three-dimensional molecular
islands or clusters have been observed [161–165]. In addition, C60 was subject to
some of the first ESD studies [17, 18] and generally shows reliable and reproducible
depositions.
The deposition methods are compared with nc-AFM measurements at RT regard-

ing the resulting adsorption and structure formation of C60 at coverages below one
monolayer down to single molecules on three model substrate surfaces as published
in [34]. The first is Au(111) widely used in SPM, the second the AFM model bulk
insulator KBr(001) [162,166–168], generally used for decoupling of molecules, and last
the p-type wide-band gap metal oxide semi-conductor NiO(001) [169]. To exclude any
influence of the distinct herringbone reconstruction of Au(111) the spray deposition is
repeated on Ag(111). Of interest is, also, the possibility of controlling the molecular
coverage by ESD which is precisely possible with TE.

3.5.1 Influence of ESD on Metallic Surfaces

C60 is known to form monolayers up to complete coverage on Au(111) surfaces at
RT upon deposition via TE [154,156,157,170]. A representative nc-AFM topography
image of 0.35 monolayer coverage of an Au(111) surface is shown in Figure 3.12b.
Large clean terraces separated by monoatomic steps are visible with distinct molecular
coverage in two preferential adsorption locations. First, all the step edges, exemplary
shown by the white arrow, are filled with adsorbed C60 molecules confirming them to
be favorable adsorption sites. Then, after complete occupancy of step edges, newly
arriving molecules form islands on the terraces originating from step edges. Islands
are observed at the bottom and on top of the step edges, but also on both sides as
marked by the black arrow.
A comparable C60 coverage, in this case about 0.3 monolayers, after ESD is shown in
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Figure 3.12: Comparison of molecular deposition via thermal evaporation
and ESD on Au(111). a, Representation of a C60 molecule. b, Large scale nc-
AFM topography image of thermally evaporated C60, showing molecules adsorbed on
steps and in islands at steps (A2 = 600 pm, ∆f2 = −40 Hz). c, Large scale nc-AFM
topography image of C60 after ESD showing adsorption on steps and in islands at steps
and on terraces (A1 = 5 nm, ∆f1 = −15 Hz). d, High-resolution nc-AFM image of
an island after ESD (A2 = 500 pm, ∆f2 = −60 Hz). e, Zoom on Au(111) surface of
marked area of c with modified contrast.

the nc-AFM topography image in Figure 3.12c. Here, step edges are also fully covered
with C60 molecules. This means they are still the most favored adsorption sites on the
surface. Terraces with monoatomic steps are observed indicating minimal influence of
the spray on the surface morphology. Islands are observed originating from both the
terraces or isolated on the surface. Thus, further nucleation sites have to be present
on the surface, in addition to the previously mentioned step edges. This might be
due to defects generated by the spray deposition allowing trapping of molecules and,
thereby, island nucleation in the middle of the terraces. The hexagonal adsorption
geometry, however, is preserved as visible in the high-resolution topography image in
Figure 3.12d confirming an equivalent lattice arrangement of 1 nm after both TE and
ESD.

The number of defects induced by ESD has to be quite high and their separation
low, as shown by the number of islands and the small distance between them. This is
exemplified by the two isolated islands shown in the topography image in Figure 3.13a.
There, the islands are both formed on the terrace, in contrast to a third island at a
step, but each separated from the others by a few nanometers. The separation is
verified by the zoomed torsional frequency shift image in Figure 3.13b, showing the
molecules forming the islands but no connection between them. The defects could act
as nucleation sites for the islands on the surface, resulting in an increased density but
lower average size of such islands, decreasing from about 1500 nm2 for 0.35 monolayers
after TE to about 600 nm2 after ESD with only slightly less molecules present on the
surface.

On close inspection of the terraces after ESD, surface pollution can be found, pro-
nounced especially as small dots, forming almost straight lines as is visible from the
marked area of Figure 3.12c shown with enhanced contrast in Figure 3.12e. Here, the
reason for the line like structure is revealed as the dots are adsorbed to the elbows
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Figure 3.13: Adsorption properties after ESD on Au(111) and Ag(111). a,
nc-AFM topography image of C60 on Au(111) after ESD showing isolated islands on
a surface terrace (A2 = 600 pm, ∆f2 = −25 Hz). b, Zoomed torsional frequency
shift image of the small separation between C60 islands after ESD (A2 = 600 pm,
∆f2 = −60 Hz, At = 50 pm). c, Large scale nc-AFM topography image of C60 on
Ag(111) after ESD. Adsorption occurs similarly to Au(111) on steps and in islands at
steps and on terraces (A2 = 800 pm, ∆f2 = −25 Hz).

of the HB, known as favorable adsorption sites [171, 172]. The HB elbows are known
to present defects that can trap solvent molecules. C60 molecules are, however, not
adsorbed there, since no similar adsorption was found after thermal evaporation.
To investigate the influence of the distinct HB on the adsorption upon spray, ESD

was also performed on Ag(111). A resulting large scale topography image is presented
in Figure 3.13c. Multiple large terraces separated by monoatomic steps are visible.
Similarly to Au(111), first step edges are fully decorated with C60 molecules, again
showing them to be favored adsorption sites. Then, islands form on both the terraces
from steps and isolated on the surface. On Ag(111) the islands generally show a
more round shape and are less likely isolated, indicating a lower density of defects and
accordingly fewer nucleation sites. On inspection of the terraces two areas marked
by black arrows, where lines are visible, are observed. While not as prominent or
ubiquitous as on Au(111), lines can still be generated. Here, however likely more by
chance and due to spray conditions than by predefined favorable adsorption sites.
The influence of ESD on the adsorption properties of C60 are, thus, quite limited.

The adsorption geometry and island formation is generally preserved, but new adsorp-
tion sites on terraces are formed allowing isolated islands to be grown on the terraces.

3.5.2 Influence of ESD on an Insulating Surface

Thermal evaporation of C60 molecules on bulk insulators generally results in the forma-
tion of large islands with multilayers forming before complete coverage [161,162,173].
A representative surface is visible in the large scale topography image in Figure 3.14a.
Large and clean terraces separated by multiple mono- to diatomic steps are observed.
Similar to the evaporation on Au(111) islands are formed along step edges. Noticeably,
their edges exhibit preferential directions in accordance with the hexagonal lattice of
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Figure 3.14: Comparison of molecular deposition via thermal evaporation
and ESD on KBr(001). a, Large scale nc-AFM topography image of C60 islands
on KBr(001) after TE (A1 = 4 nm, ∆f1 = −5 Hz), b, after ESD (A1 = 8 nm,
∆f1 = −8 Hz). Superimposed is the same area with a modified contrast revealing a
modification of the surface. c, Height profiles along colored lines of b. d, Close-up
topography image on an island of b (A1 = 8 nm, ∆f1 = −8 Hz).

C60. Their height reaches up to three monolayers with dewetting visible in the more
round shape of the second and third layer [161, 163]. Additionally, the step edges
remain mostly uncovered indicating a lower molecule-surface interaction compared to
the metallic case. As a result, longer diffusion lengths are observed. The distance
between islands is, therefore, larger and a more 3D growth mechanism is obtained.

ESD of molecules on insulating substrates and especially ionic crystal surfaces like
KBr(001) is more challenging. The deposition of charged particles, as occurring during
ESD, can induce charging of the surface, since the back electrode, that would evacuate
the charges, is separated from the surface by a few millimeters. This can influence the
deposition via ESD by leading to a rejection of further charged species, the surface
local charge, and the island formation [21]. These effects can be mitigated by a gentle
annealing during deposition, leading to a reduction of the surface charge. However,
to exclude any influence from such procedure on the adsorption and surface, in this
work all treatment of the samples was foregone. Instead, the spray deposition was
performed with comparatively low flux (below 100 µl/h) over a longer time to reduce
charge accumulation. In addition, the imaging was performed a few hours after ESD
to improve scan conditions by allowing for charge reduction [69, 174].

In a first step, similar C60 coverage to what was obtained via TE was targeted
resulting in the topography image shown in Figure 3.14b. Large terraces with high
round islands dispersed widely over the surface are observed. The islands show a
more round shape, as is also visible in the zoomed image in Figure 3.14d, in contrast
to the preferential edge directions along the hexagonal lattice observed after TE. In
comparison to the islands after TE with heights of about three monolayers, the height
after ESD is more broadly distributed. This is illustrated by the profiles along the
marked lines in Figure 3.14b presented in Figure 3.14c, reaching from one monolayer
to at least five. Even though the number of C60 molecules is relatively similar to TE, a
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much higher 3D growth and lower contact area is observed along with a more spherical
island shape. The average surface contact area of an island – the area of the surface
covered by the first layer of an island – is reduced from 12000 nm2 for TE to only
1200 nm2 after ESD. The spherical shape of the island could be assumed to be due to
charging of the surface, however KPFM measurements revealed no abnormal charging.
Thus, either the charge could not be detected because of measurement limitations or
another mechanism underpins the different shape.

Additional to C60 deposition, a much more significant impact on the surface is
observed for KBr compared to metals. This can be seen on the terraces and especially
in the contrast enhanced topography image inset in Figure 3.14b, where crater-like pits
are visible with material aggregates around them. Dependent on the spray deposition
the craters are more or less pronounced, a zoom on a larger crater reaching three
layers deep into the surface is shown in Figure 3.15a. The crater was generated by
specifically modifying the spray parameters to induce strong impact on the surface with
more droplets and higher speed. Surrounding the crater are rectangular islands with

Figure 3.15: Different coverage levels achieved by ESD. a, nc-AFM topography
image of a KBr(001) surface modified by ESD. A three layer deep crater is formed.
Inset is a zoom on the islands around the crater (A1 = 5 nm, ∆f1 = −8 Hz). b,
nc-AFM topography image of C60 on KBr(001) with low coverage (A2 = 800 pm,
∆f2 = −30 Hz), c, with high coverage (A2 = 800 pm, ∆f2 = −30 Hz).

few molecular islands mixed with them. From the inset, the material forming can be
identified as KBr likely removed upon impact and creation of the crater. Volume of the
crater was measured to be about 4000 nm3. This compares reasonably well to the total
volume of the islands of about 7000 nm3, when considering the intermingling of solvent
to the islands and the probable presence of smaller and less visible craters. Thus, KBr,
removed upon impact, likely diffuses in the close vicinity of the impact and forms such
islands typical for ionic crystals. Similar pits and modifications have been created
by electron and ion bombardment [151, 175, 176], low plasma exposure [177], thermal
evaporation of alkali halides [178] and in previous spray experiments on ionic crystal
surfaces [21,179]. Islands and pit edges can allow the trapping of molecules and, thus,
their creation has been studied previously [167, 177, 180–182]. A clear identification
of what impacts the surface during ESD is not possible, however, droplets of solvent
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possibly containing C60 molecules, which did not sufficiently evaporate and undergo
Coulomb fission and ion generation, are most probable.
By reducing the flow rate and deposition time of ESD, significantly lower coverage

can be achieved as shown in Figure 3.15b. Large, clean and mostly unmodified ter-
races with clean step edges are observed. On top of the terraces small clusters of C60

molecules are present, indicating a low diffusion contrary to after TE. This also points
towards the formation of defects in the surface, albeit much smaller in scale, which
allow trapping of molecules and formation of new nucleation sites. At slightly higher
coverages and especially at the edge of the spray area, more pronounced coverage and
less cleanliness can be observed. In the topography image in Figure 3.15c large terraces
with covered step edges – most likely solvent – and a large presence of small clusters
can be seen. The clusters are distributed in a well-defined area with a sharp edge,
indicating a droplet deposition on this specific area of the surface.
The observed assembly formation and surface modification, consequently, differs

significantly after deposition via TE and ESD. Modifications due to spray result in
smaller, but higher islands with no preferential edge directions formed at and away
from step edges. Lower coverage after spray allows the formation of small isolated
clusters down to single molecules. Major modification of the surface can be observed
at higher coverage and deposition rate after ESD, while low coverage shows similar
surface conditions to TE.

3.5.3 Influence of ESD on a Semi-conducting Surface

NiO is of interest because of its properties as a p-type wide-band semi-conductor for
photovoltaic, especially dye-sensitized solar cells, but only few previous investigations
of molecular depositions have been performed [86, 87, 183]. Due to the previously
mentioned limitation of TE and the complexity of certain dye molecules, ESD can
provide interesting possibilities here and first spray experiments were performed in the
study in [169].
Figure 3.16a shows a topography image of NiO(001) after the deposition of C60

molecules on NiO(001) via TE [169]. Large terraces marked by visible hole defects
due to the high reactivity of the surface are observed [183]. Irregular shaped islands
without any preferential orientation or edge direction are noticeable on the terraces.
Their size correlates to the size of their terraces, indicating molecular diffusion on top
of terraces but not over steps. Thus, more molecules are present on larger terraces
thanks to the larger adsorption area. Furthermore, small clusters are visible dispersed
over the terraces possibly formed by small clusters of molecules.
A zoom on top of such an island, shown in Figure 3.16b, reveals the typical hexagonal

lattice of C60 to be present inside. As previously observed [169], after ESD only small
clusters of C60 can be observed on the NiO(001) surface as presented in the topography
image in Figure 3.16c. The presence of large terraces with only minimal defects, should
analogous to TE facilitate adsorption of many C60 molecules on them. Consequently,
large islands should be formed as a result of the high diffusion observed after TE. A
possible explanation is the height of the clusters measured as a profile along the blue
line. It is significantly lower after ESD in comparison to after TE, as shown in the
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Figure 3.16: Comparison of molecular deposition via thermal evaporation
and ESD on NiO(001). a, nc-AFM topography image of C60 on NiO(001) after
TE. Molecule islands are visible on terraces. (A1 = 8 nm, ∆f1 = −8 Hz). b, High-
resolution nc-AFM topography image showing molecular resolution atop an island of
C60 after TE. c, nc-AFM topography image of small clusters of C60 on NiO(001) after
ESD (A2 = 800 pm, ∆f2 = −10 Hz). d, Profiles measured along the green and blue
lines in a and c, respectively. Adapted from [34,169].

profile in Figure 3.16d. This indicates that the cluster or single molecules might be
trapped in defects formed immediately upon landing. Since for TE the diffusion is not
reduced, this has to be induced by the spray, analogously to the adsorption after ESD
for Au(111) and KBr(001).
Modifications outside of the possible small defects trapping the molecules are not

observed.

3.6 Summary

In this chapter a comparison of the most common method of molecular deposition in
UHV, thermal evaporation and a solution based alternative, electrospray deposition,
was presented.
First, thermal evaporation and its limitation of thermal lability and molecule size

were introduced, then various possible alternate methods reaching from rapid heating
to contact based deposition and ex vacuo located solution based methods were dis-
cussed along with their advantages and drawbacks. Next, the principles of the chosen
method ESD, the spray jet formation, the desolvation and different theories of ion
generation were discussed. Then, the setup facilitating the deposition of the molecules
from solution is described, consisting of an emission setup in ambient conditions, a
power supply and a four stage pumping setup. Finally, to verify the possibility and
influence of using ESD as an alternative for TE, depositions of C60 molecules were
performed on three common model surfaces, Au(111), KBr(001) and NiO(001). Depo-
sitions showed that high cleanliness of the surfaces can be obtained for ESD, however,
various degrees of adsorption differences and surface modification have to be taken
into account when employing ESD. Most notably, new nucleation sites, likely formed
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by defects in the surface from the deposition, are generated on all three surfaces, al-
lowing island or cluster formation independent of the most common adsorption site,
the step edges. If tighter control over the modification is achieved, this could be used
for nanopattering of surfaces with or without molecules.
In conclusion, ESD was shown to be a well-established and suited molecule deposi-

tion method in UHV often providing equivalent results to TE with cleanliness sufficient
even for high-resolution SPM measurements, however the influence of ESD on the ad-
sorption and surface has to be taken into account especially on non-metallic surfaces.
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4
Thermal Expansion by Alkyl Chain Motion

T
he access to new molecules on surfaces provided by ESD allows the investigation
of new functional properties in UHV based on previously less accessible complex
molecules with fragile functional groups, like thermo-labile alkyl chains. Of

particular interest is, thereby, the thermal response of molecules and their assemblies
due to ubiquitous presence of heat as stimulus in nature. Especially, applications of
new materials in mechanical or optical uses are strongly influenced by their thermal
behavior.

The coefficient of thermal expansion (CTE) α per K−1, positive if a material expands
with heat, and negative if the material shrinks, describes this response by considering
the initial length l0 and the change in length ∆L and in temperature ∆T [9, 184]:

α =
∆L

l0 ×∆T
. (4.9)

This chapter first focuses on the thermal response in molecular materials and some
possible mechanisms studied in literature. Then, with a combination of STM and nc-
AFM measurements at 5 K and 300 K the structural response of a two-dimensional
supramolecular network of a large shape persistent polyphenylene molecule equipped
with six dodecyl chains upon temperature variation is studied on Au(111). A giant
thermal expansion is observed and with molecular dynamics simulations attributed
to a mechanism originating from increasing mobility of the alkyl side chains with
temperature forcing an expansion of the network, as published in [22].

4.1 Thermal Expansion of Molecular Materials

Molecular materials and especially supramolecular assemblies can present exceptional
response to external stimuli, most commonly light, heat or mechanical stress. This is
facilitated by their inherent flexibility and for supramolecular cases weak non-covalent
bonding. Significant variations in adsorption, conformation or packing can be achieved
by light, mechanical compression or chemical composition [3, 185–192]. Abundant in
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applications of materials are changes in heat and, thus, the influence of their thermal
expansion is important [9, 184,191,193].

Thermal expansion in molecular materials and polymers can occur in various ways.
Intrinsically a positive CTE exists for materials according to the first law of thermo-
dynamics and the Lennard-Jones potential energy curve [9]. Increased temperatures
provide high kinetic and potential energies to molecules and, thus, induce thermal
expansion. For typical materials this amounts to CTEs of α ∼ 0− 20× 10−6 K−1 for
inorganic materials, α ∼ 13 × 10−6 K−1 for unfunctionalized hexabenzocoronene and
α ∼ 55 × 10−6 K−1 for polystyrene [184, 194]. Notably, the large variety of molecules
and structures allows specific design of thermal expansion, both in negative [195,196],
in positive or in abnormal ways [9, 184], based on a multitude of mechanisms, with a
few summarized in Figure 4.1 [184].

Figure 4.1: Mechanisms of thermal expansion. Thermal expansion both with
negative or positive CTE in molecular materials can among others be driven by a,
conformational changes, b, geometric flexibility, c, host-guest interactions, and d,
molecular rearrangement. Adapted from [184].

First, thermal expansion can be based on conformational changes [197–200]. Macro-
molecules usually exhibit a high degree of flexibility and, thus, susceptibility to external
stimuli, like ultraviolet radiation or, as desired in this work, heat. Meaning they change
their shape – their conformation – upon the stimulus, which can lead to an expansion
or shrinking of the molecule volume or length and, thus, to negative or positive ther-
mal expansion. This was used in polymer films of s-dibenzocyclooctadiene (DBCOD),
which exhibited an exceptional contraction in tensile measurement with a CTE up
to αDBCOD = -1200-2400 ×10−6 K−1 [199, 200]. DBCOD undergoes a conformational
change from a twist-boat to a chair configuration, as shown in Figure 4.2, driving such
shrinkage [199].

Another possible mechanism of thermal expansion is geometric flexibility, usually
present in porous structures, most commonly flexible metal-organic frameworks or soft
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Figure 4.2: Thermal expansion by conformational changes. Molecular scheme
of DBCOD illustrating the change from a twist-boat to a chair conformation due to
heat stimulation. Adapted from [199].

porous crystals [201–206]. Upon external stimuli, i.e. heat, these materials possessing
crystalline ordered networks and structural transformability undergo dynamic frame-
work deformations resulting in thermal expansion [207]. A striking example is the
molecular crystal perdeuterated methanol monohydrate (CD3OD·D2O) [202]. As seen
in Figure 4.3a, the structure looks like a scissor jack. With thermal changes, the ge-
ometry of the scissor jack changes, undergoing a large expansion in one direction and
shrinking in the other, resulting in a coupled positive and negative thermal expansion
along the two axes. Similarly, the 3D hinged metal-organic framework assembled from
meso-tetra(4-pyridyl)porphine and CdI2 exhibits a lattice fence, which allows drastic
thermal expansion as shown in Figure 4.3b [203].

Figure 4.3: Thermal expansion by geometric changes. a, Schematic represen-
tation of the scissor jack and hinge like geometric change in CD3OD·D2O and b, a 3D
hinged metal-organic framework. Adapted from [202,203].

Exceptional thermal expansion can, furthermore, be achieved by host-guest inter-
action [208–213]. The guest, thereby, can strongly influence the thermal expansion
coefficient from negative to positive or vice versa or restrict the expansion along one
axis and induce it in another [214]. In Figure 4.4a the expansion of a porous crystal,
the host framework, occurs along the red bars. Upon inclusion of guest dimers, the
expansion is changed. The host (yellow spheres) forces the network to expand along
the green spires by acting like a jack, when the dimers increase their separation upon
thermal changes [212], as visible in Figure 4.4b.
Finally, thermal expansion can be obtained by rearrangement of the packing of
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Figure 4.4: Thermal expansion by guest-host interaction. a, Thermal expan-
sion of the host porous crystal without guest. b, Influence of the guest on the thermal
expansion. The guest behaves like a jack by changing the separation between its dimers
(yellow spheres), forcing deformation of the host framework in a different direction.
Adapted from [212].

molecules in soft materials bound by supramolecular interactions, like van der Waals
forces, π - π interactions or hydrogen bonds [184]. Generally, these bonds are weak
and the materials, thus, quite sensitive to external stimuli, like heat, allowing large
thermal expansion effects [215–218].
An interesting example is (S,S)-octa-3,5-diyn-2,7-diol, which was found to show bi-

axial negative thermal expansion, as shown in Figure 4.5a [215]. The molecules form

Figure 4.5: Thermal expansion by molecular rearrangement. a, Photomi-
crographs recorded at 323 and 245 K of a (S,S)-octa-3,5-diyn-2,7-diol crystal showing
large negative thermal expansion. b, Perspective view of the packing rearrangement
upon cooling. Adapted from [215].

a 3D network by stacking next to each other via hydrogen bond connection. Due to
the dumbbell shape of the molecules and the hydrogen bond, the molecules can, upon
cooling, change their tilt angle resulting in the observed thermal expansion behavior
as can be seen in Figure 4.5b. Similar thermal expansion was reported for halogen-
bonded complexes, where weakening of halogen bonding results in a rearrangement of
the molecule packing [218].
Two-dimensional materials exhibiting thermal expansion can allow access to new

mechanisms and applications because of the confinement imposed by the surface they
are adsorbed to. Additionally, this allows high-resolution investigations in real-space
with nc-AFM, STM and constant height AFM to reveal and explain the precise in-
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teractions and mechanism driving expansion. Therefore, new control and induction
of thermal expansion could be achieved. Based on the access to new functionalities
provided by ESD a new mechanism based on 2D supramolecular materials combin-
ing their aforementioned flexibility with the inclusion of alkyl chains to provide high
thermal expansion, while maintaining the conformation and phase of the molecular
system, is investigated in the following.

4.2 Single Spoked Wheel Molecules

The molecule chosen to investigate the thermal response of molecular assemblies con-
taining alkyl chains is a purely sp2-hybridized shape persistent polyphenylene spoked
wheel molecule equipped with six dodecyl side chains [219]. The molecule was synthe-
sized at the Max-Plank Institute in Mainz [219]. Its side chains are attached to the
ends of the spoke axes, which together with the sides form the core of the molecule,
as shown in Figure 4.6a.

Figure 4.6: The spoked wheel molecule. a, Chemical structure of the spoked
wheel molecule equipped with dodecyl chains. b, Large scale LT STM topography image
of a surface without post-annealing after ESD, showing SW molecules at steps and
isolated on terraces (I = 1 pA, VBias = −800 mV). c, LT STM topography image of
a single SW molecule on Au(111) at 5 K. A height modulation in the core is visible,
three sides and the spokes appear higher than the other sides and chains (I = 1 pA,
VBias = −380 mV). d, Constant height AFM image of the core of the SW molecule
acquired with a CO-terminated tip at 5 K. Six spokes, but only three sides are visible.
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To safely deposit the SW onto Au(111) surfaces, ESD was applied. Depositions
occurred at RT and were for later measurements always followed by an annealing step
at 450 K to minimize solvent pollution. Even thereafter, single isolated SW molecules
are observed on the surface indicating low diffusion. This makes the SW well suited
for investigating the thermal response of supramolecular assemblies, since observed
expansion would solely depend on supramolecular effects and not on single molecules.
A large scale topography image observed before the annealing step is shown in

Figure 4.6b. Visible on reasonably clean terraces are isolated molecules along with some
aggregates of solvent pollution. Step edges, previously shown as preferential adsorption
sites, are mostly decorated with small amounts of solvent as well. A single isolated
molecule on the Au(111) surface is shown in a close-up STM image in Figure 4.6c at
LT. The molecule is observed intact with the core and spokes clearly visible, while the
chains appear somewhat fuzzy (white arrow) due to their relatively higher mobility
upon the influence of the scanning tip. Notably, inside the core the spokes and sides
exhibit a slightly different contrast, indicating corrugation inside the core. This is
further confirmed in the corresponding CO functionalized constant height AFM image
in Figure 4.6d. Here, each spoke of the molecule core is visible, however only half of
the sides are resolved. The dodecyl chains are also not resolved in AFM, but present
in STM, indicating closer adsorption to the surface.
The threefold symmetry of the molecule on the surface as opposed to the chemi-

cal structure occurs because of steric hindrance between the different domains of the
molecule, spokes and sides. The central aromatic ring of the molecule has to be hor-
izontal. This results in steric hindrance of the hydrogen atoms of the spokes close to
the center and, thereby, a tilting of the spokes. Depending on the tilting of the outer
ring of the spokes, the sides can either lie flat or point upright, increasing surface in-
teraction or reducing steric hindrance. In AFM they, therefore, can either be resolved
or not.

4.3 Molecular Assembly Thermal Response

Upon ESD different aggregates were observed on the surface, reaching from single
molecules, as shown above, to well extended assemblies spanning over multiple terraces.
The thermal response of SW assemblies was studied on extended networks with at least
200 nm width and length, chosen to be of similar size to avoid packing or compression
influences of the domain size on the lattice parameters. The depositions, thereby, were
always performed at RT and then the samples either investigated in the RT system
with nc-AFM or cooled to 5 K in the LT system for study with STM and AFM.
Figures 4.7a and b show STM and nc-AFM images of such networks acquired at 5 K

and 300 K, respectively. At both temperatures individual SW molecules are observed
as bright protrusions in the assemblies forming long-range hexagonal networks on two
terraces. Also visible is a small amount of remaining solvent both on the steps and on
the terraces.
As visualized in the profiles in Figure 4.7c obtained along the lines marked in Fig-

ures 4.7a and b, the molecule spacing of the networks shows a significant difference.
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Figure 4.7: Thermal response of a SW molecular assembly on Au(111). a,
Large scale STM topography image of a SW molecular assembly at 5 K (I = 1 pA,
VBias = −300 mV). b, Large scale nc-AFM topography image of an assembly at 300 K
(A2 = 400 pm, ∆f2 = −19 Hz). c, Profiles along marked lines of a and b indicating
the lattice spacing change.

Measurements of the lattice parameters reveal an increase from a5K = 3.5 ± 0.2 nm
in the assembly observed at 5 K to a300K = 4.5 ± 0.2 nm at 300 K, corresponding to
a lattice shrinking of ∼ 22 % for smaller temperatures. Of note is the preservation
of the hexagonal adsorption geometry between the two temperatures, suggesting the
absence of any structural phase transition, as will be discussed in more detail with
measurements for a similar molecule in Chapter 5.
The thermal expansion coefficient of SW assemblies on Au(111) is, thus, determined

as αSW,exp = 980± 110× 10−6 K−1, two orders larger than the expansion coefficient of
the Au(111) substrate of about αAu(111) = 13× 10−6 K−1 and the CTE of a molecular
assembly of unfunctionalized HBC αAu(111) = 14× 10−6 K−1 [194].

4.4 Single Molecule Thermal Response

To reveal the mechanism of expansion underlying the giant thermal expansion observed
for the SW assemblies, in a first step, the thermal response of a single SW molecule was
numerically investigated in microsecond long all atom MD simulations on an Au(111)
surface at different temperatures (5 K, 300 K, 420 K, 450 K) 1. To provide a starting
configuration, a relaxed molecule configuration was generated without the presence of
a surface. Then, the final configuration of SW was positioned 1 nm from the Au(111)
and allowed to adsorb to the surface in a 10 ns long MD simulation performed at
300 K. The temperature of 450 K, equal to the annealing temperature, was chosen to
reduce the time needed to reach equilibrium, which will especially in later simulations
play an important role.
Figure 4.8a shows snapshots of the final configurations of the SW molecules for

each simulated molecule after 1 µs. As can be seen in relation to the center lines the

1https://www.nature.com/articles/s43246-020-0009-2#Sec18
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displacement of the molecules is marginal for all temperatures, further confirming the
low mobility observed in the experiments even during the annealing step. Importantly,
the side chains are significantly more mobile at higher temperatures, as visible in the
straighter position observed for 5 K in comparison to the increasingly more tilted and
repositioned chains for 300 K, 420 K and 450 K.

Figure 4.8: Thermal response of SW core versus chains based on MD sim-
ulations. a, Final configurations and positions of single SW molecules after 1 µs
MD simulations at different temperatures. b, Schematic illustration of representative
positions of the molecule parts (core and chains). c, Standard deviation of the mean
square displacement (MSD) – δcore– of the SW center of mass as a function of time at
different temperatures (top). Standard deviation of the MSD - δchain - of a SW chains
in relation to time at different temperatures (bottom).

In order to characterize the influence of these two distinct behaviors of the molecule
core and chains, the mean square displacement (MSD) of the core and the chains was
used separately. The core is, thereby, represented by the center of mass of the central
aromatic ring, as marked by the purple bead in Figure 4.8b. All chains are considered
to be identical and represented by its last carbon atom, marked with an orange bead.
To avoid influence of single displacement events that occurred at the beginning of the
simulations to improve the registry of molecule and surface, the standard deviation of
the MSD, hereafter denoted as δ, is considered which provides a better representation
of the observed mobility behavior.
As already seen in the snapshots in Figure 4.8a the mobility of the core and, thus,

the diffusion of the molecule, is minimal for all temperatures. Only a marginal increase
remaining close to zero in the standard deviation of MSD δcore, plotted in Figure 4.8c
is observed for 300 K, 420 K and even 450 K. This is most likely related to the large
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molecular contact area with the surface. In comparison, the chains, as shown in the
lower plot in Figure 4.8c, show much higher mobility δchain, and more importantly
in contrast to the core fluctuations which remain virtually unchanged close to zero,
fluctuations of the chains increase rapidly with increasing temperature. To provide
a geometric picture of the chain fluctuations, their angle variation δθ, marked by
green lines in Figure 4.8b, is analyzed in Figure 4.9. The angle fluctuations equally
increase with increasing temperature, thus, showing how higher temperatures promote
higher bending of the chains. The fluctuations, thereby, occur by rotations around the
connection point to the core as well as in-plane bending of the chains. Opposed to
measurements at liquid-solid interface, where chains tend to point out from the surface
or can form bonding motifs of multiple chains [185, 220, 221], the chains are observed
to only interact with one other chain and are continuously adsorbed on the surface.

Figure 4.9: Thermal response of a single SW molecule. Time averaged (over
1 ns) angle fluctuations (top), and parallel gyration tensor component as a function
of time (bottom).

The increasing bending of the molecule results in an interesting effect: With higher
temperatures single molecules of SW show a decreasing effective radius, i.e. the mol-
ecules show a negative expansion coefficient. This is nicely shown by the sum of the
diagonal terms of the radius of gyration tensor parallel to the surface Rg,||, presented
in the bottom panel of Figure 4.9. A small but noticeable decrease is observed from
5 K to 300 K and then 450 K.

In conclusion, single SW molecules show a negative expansion due to increasing
bending upon fluctuations of the chains with increasing temperature, but low dis-
placement of the molecule itself. This points to a supramolecular mechanism of the
observed thermal expansion of SW assemblies.
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4.5 Thermal Expansion Mechanism

Deeper insights into how the thermal expansion of the SW molecular assembly is
driven, were sought in a second step by considering a trimer assembly. The choice
of only three molecules was made in order to maintain computational feasibility for
the sheer size of the required simulation of large assemblies. This is because of the
large system that has to be considered and mainly due to time scales (i.e. µs) in the
simulations being several orders of magnitudes smaller than exist in the experiments
(i.e.. minutes).

The simulations of the trimer were started from a compact structure mimicking
a trimer observed at LT, shown with intermolecular distances in Figure 4.10a. The
choice of a LT assembly is due to the time scales required to simulate cooling. With
the decrease in thermal energy the time scale increases far above feasibility, since the
slip events giving rise to the compaction of the network would become less and less
frequent. Interestingly, the small assembly exhibits a slightly increased lattice spacing
of 3.8 nm to 4.2 nm in comparison to the large assembly in Figure 4.7a with an
average of 3.5 nm, pointing towards a packing effect and highlighting the importance
of comparing similarly sized islands.

The trimer was generated by first using a configuration from a production run at
300 K. Then, an assembly of three SW molecules, shown in Figure 4.10b, was built with
much larger distances than the experimental trimer to avoid steric repulsion between
the chains of the different molecules. Following that, a 1 ns long MD simulation at
400 K was performed imposing the experimentally observed spacing of 3.9 nm with
a harmonic restrain with a stiffness of 50 kcal/molÅ2. This yielded the configuration
seen in Figure 4.10c. Lastly, an annealing at 420 K for 10 ns was performed while
maintaining the imposed intermolecular spacing by the same restrain. The resulting
final configuration is presented in Figure 4.10d.

This configuration was used as initial state (Figure 4.11a) for the simulation pro-
cesses started at either 5 K or 450 K 2. The applied heat induces an increase in thermal
fluctuations and kinetic energy reducing the simulation time required to reach a ther-
mal equilibrium. As mentioned for the single molecule, the simulation is chosen to
be performed at a temperature of 450 K to allow equilibrium to be reached faster
thanks to increased mobility. Experimentally, it is known that the molecules do not
desorb at this temperature, since it corresponds to the annealing temperature after
deposition. Influence of diffusion caused by the high temperature can be considered
marginal, since, as seen in Figures 4.8a and c, the mobility of the molecule is small
even at 450 K. This allows differentiation of the spontaneous core diffusion from the
effect driving the thermal expansion.

Figure 4.11b shows a snapshot of the SW assembly after 1 µs MD simulation at 5 K.
A small variation of the intermolecular distance is observed with small increases and
decreases both visible. The reason for this is the previously mentioned shifting of the
molecule position to improve registry between molecule and surface.

The simulation at 450 K – snapshot of the final state shown in Figure 4.11c – confirms

2https://www.nature.com/articles/s43246-020-0009-2#Sec18
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Figure 4.10: Building a SW trimer assembly for MD simulations from ex-
perimental assembly. a, STM topography image of a SW molecular trimer assembly
at 5 K (I = 1 pA, VBias = −380 mV). b, Starting configuration built from equilibrated
single SW MD simulations at 300 K. c, Configuration obtained after 1 ns of MD sim-
ulations at 300 K with the experimental intermolecular distance of 3.9 nm imposed by
an harmonic restrain in the molecules center. d, Configuration after 10 ns long MD
simulation at 450 K, keeping the molecule distance constant, to equilibrate the chains
located between the molecules.

the significant thermal response of intermolecular spacing, rising from 3.9 nm at 5 K
to 5.1 nm at 450 K. The corresponding thermal expansion coefficient of αSW,sim =
660±120×10−6 K−1 compares well with the experimentally observed expansion value.

In addition, the MD simulations show the aforementioned preservation of the hexag-
onal network structure during each step of the simulation, further excluding the pos-
sibility of phase transition as explanation of the thermal response. At 450 K, the
mobility of the chains between molecules, marked by pebbles in Figures 4.11a-c, is
initially constrained by the tight packing. With increasing molecular spacing – the
expansion – the chain displacement δchains presented in Figure 4.11d as a function of
time increases. It starts low, but increases up to a value close to the equilibrium value
of the unobstructed single chains in Figure 4.8c of δ1SWchain = 3.34 Å. In contrast to the
single SW diffusion, the mobility of the cores is quite large in the triplet assembly. The
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Figure 4.11: Thermal response of the SW trimer by chain mobility. a, Config-
uration of the SW trimer after initialization. b, Configuration of the SW trimer after
1 µs long MD simulation at 5 K. c, Configuration of the SW trimer after 1 µs long MD
simulation at 450 K. d, Time-evolution of the average intermolecular distance (top)
and chain fluctuations (bottom) of the SW trimer assembly during the MD simulation
at 450 K. Inset are MD snapshots before and after expansion event 2 (t = 275 ns to
t = 300 ns). e, Time-averaged evolution of the total energy of the SW timer assembly
during the MD simulation at 450 K.

molecule spacing increases significantly, as visible in the final state after MD simulation
in Figure 4.11c and the intermolecular distance as a function of time in Figure 4.11d.
This increase is driven by the increased chain fluctuations at the higher temperatures,
the mobility is forcing the adjacent molecules away, pushing the network to expand.

Notably, the expansion of molecular spacing does not occur continuously, but in
clearly distinguishable events, as marked by the dotted lines in Figure 4.11d. Between
the expansion steps, long intervals (up to 300 µs) of stability occur. An instructive
event is illustrated by the snapshots in the insets in Figure 4.11d, showing the chain and
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core positioning before and after the expansion event 2 at t = 275 ns. At the start of the
expansion event (green inset) the green chain is close to the pink molecule restricting
its lateral fluctuations, but also increasing molecular interaction by interdigitation.
Following the expansion event (orange inset) the dodecyl chain is free to adopt a
more extended configuration and less restricted in its lateral mobility. In the interval
between event 2 and 3 (i.e. 300 ns to 700 ns) the relation of chain fluctuations to latices
expansion is especially well visible. Here, the chain mobility gradually decreases leading
up to expansion event 3 and increases more thereafter.
The total energy of the SW trimer assembly as a function of time during the MD

simulations is presented in Figure 4.11e. The thermal expansion causes a decrease of
the internal energy of the system corresponding to the decrease in interdigitation of the
dodecyl chains. At lower temperatures the interaction of the chains directs the close
packing of the molecular assembly and increases the internal energy, while at higher
temperatures the entropic contribution of the fluctuations of the chains to the free
energy compensates the loss of internal energy and, therefore, facilitates the expansion
of molecular spacing – the thermal expansion.
Thus, the giant thermal expansion can be explained by three properties of the

dodecyl chains: First, the weak interaction with the surface, allowing the stark in-
crease in fluctuations with rising temperatures, second, the soft in-plane bending of
the chains, encouraging this oscillation mode over other rigid vibrations and, lastly,
the two-dimensional constraint on the fluctuations imposed by the surface, preventing
out of surface oscillations.

4.6 Summary

In this chapter, first, thermal expansion of molecular materials and some of the cor-
responding mechanisms were discussed. Then, nc-AFM and STM measurements were
employed to investigate the large SW molecule deposited by ESD at 5 K and 300 K.
High-resolution imaging of single molecules, still present after an annealing step, along
with MD simulations revealed a corrugation inside the molecule core. The spokes and
alternating sides of the spoked wheel forming the molecule core are turned upside by
steric hindrance resulting from the spokes close to the core and consequently the sides.
Upon investigation of large scale assemblies a large thermal response of the molecule

spacing from 5 K to 300 K was observed, the corresponding thermal expansion coef-
ficient is, thus, αSW,exp = 980 ± 110 × 10−6 K−1. MD simulations were performed at
different temperatures both on single molecules and a small assembly built from a sim-
ilar trimer observed at LT. Single molecules revealed low diffusion on the surface for
temperature up to 450 K, while a marked increase in chain fluctuations was observed
for such temperatures.
For the trimer assembly, MD simulations at 5 K and 450 K confirmed the large lattice

increase and resulted in a consistent thermal expansion coefficient of αSW,sim = 660±
120× 10−6 K−1. By looking at the chain fluctuations in relation to the intermolecular
spacing in the trimer, a mechanism of expansion based on the chain fluctuations forcing
the network to expand was found. The chains between the molecules are limited in

59



Chapter 4. Thermal Expansion by Alkyl Chain Motion

their mobility by the close packing, leading to the network being pushed outwards and
the chains recovering and increasing their mobility. Corresponding loss of interaction
energy due to reduced interdigitation of the dodecyl chains is, thereby, compensated
by the entropic contribution of the free energy.
In conclusion, a new mechanism of thermal expansion based on chain mobility of

alkyl chains in supramolecular networks was found, allowing the introduction of ther-
mal response of supramolecular assemblies with a relatively simple synthesis step.
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5
Tuning Thermal Expansion by Alkyl Chain

Functionalization

T
uning thermal expansion and, thus, precisely controlling the response of a ma-
terial to heat is of high interest in a variety of fields, notably sensors [9, 222],
since it opens ways to form highly precise thermal sensors. By basing those on

soft materials, like polymers or supramolecular materials, this can even allow flexible
sensors, possibly for biological applications [6, 9]. If specific thermal expansion with
anisotropic behavior is achieved, artificial muscles become feasible [5, 223]. Applica-
tions in aerospace can be facilitated by targeting very low thermal response and a high
stability of the material [8].
Based on the mechanism explained in the previous chapter and depositions facilitated
by ESD, tuning of the thermal response of materials might be possible by modifying
the length of alkyl chains and, thereby, their mobility behavior. In this chapter, such
tuning is investigated using a model molecule, hexabenzocoronene. This choice is made
because of the more simple structure shown in Figure 5.1a to minimize the already
marginal influence of the core structure. In addition, it significantly reduces the diffi-
culty of synthesis and inclusion of alkyl chains. Three HBC molecules equipped with
different alkyl chains (HBC-R) are studied on both Ag(111) and Au(111), first HBC-
6C4H9, then HBC-6C8H17 and lastly HBC-6C12H25, at 5 K and 300 K. Depending on
chain length and associated thermo-lability, the molecules are either deposited by TE
or ESD at RT. Thereafter, using STM and nc-AFM imaging their thermal response,
from 5 K to 300 K, is compared. An inversely proportional dependence of thermal
expansion and chain length is observed. Chiral behavior of the chains is also discov-
ered with possible influence of chain length along with temperature. Lastly, uniformity
and possible phase or packing changes are investigated by additional imaging at 77 K,
revealing a larger CTE at lower temperatures.
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5.1 Thermal Response of Alkyl Chain Functionalized

HBCs

Even though, the small influence of the core on the thermal expansion process was
evidenced for the SW, a similar core, HBC, was chosen and equipped with different
length of alkyl chains. The choice of chain lengths was planned to include in addi-
tion to the butyl, octyl and dodecyl chains another molecule equipped with octadecyl
chains (HBC-6C18H37), which however could not be deposited successfully due to low
solubility. The high similarity of the molecules - only the alkyl chains differ - allows
for a relative simple illustration of the molecular and network structure based on one
of the molecules. All three of them consist of a molecular core formed by 13 ben-
zene rings resulting in a hexabenzocoronene. The alkyl chains are, similarly to the
SW, attached to the outer benzenes of the core giving the molecule and core a star-
shaped structure as shown in Figure 5.1a. Figure 5.1b shows a high-resolution STM
topography image of HBC-6C4H9 molecules at 5 K deposited by TE on Au(111) as an
example of the molecular structure. The molecule contains the shortest (butyl) chains
employed in this work, which results in low solubility, but suitability for TE. The pla-
nar star-shaped core of the molecules is easily visible along with the slightly darker
appearing butyl chains forming the expected hexagonal network with alkyl chain in-
terdigitation [194,224,225]. The corresponding constant height AFM image with a CO
functionalized tip in Figure 5.1c reveals the bond level structure of both the chains as
well as the core, resolving the benzene rings inside the cores.

Figure 5.1: Structure of alkyl chain functionalized HBCs. a, Chemical struc-
ture of HBC functionalized with different alkyl chains. b, High-resolution STM to-
pography image of HBC-6C4H9 at 5 K, showing the core and side chains (I = 1 pA,
VBias = −700 mV). c, Corresponding bond-resolved constant height AFM image at 5 K
(A = 70 pm).

Investigation of the alkyl chain length influence on the thermal response was also
combined with a study of the influence of the surface. For this, the molecules were
deposited on both Au(111) and Ag(111) for studies of their intermolecular spacing by
STM and nc-AFM at 5 K and 300 K. To minimize influence of packing and compaction
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effects, similar islands in submonolayer coverage are targeted like considered for the
SW. For the same reason, if accessible, islands on large terraces were investigated to
limit boundary and diffusion influences.

Figure 5.2: Thermal response of alkyl chain functionalized HBCs. a, Thermal
response of a HBC-6C4H9 assembly on Au(111) (I = 1 pA, VBias = −500 mV, A2 =
800 pm, ∆f2 = −76 Hz) and b, Ag(111) (I = 1 pA, VBias = −700 mV, A2 =
800 pm, ∆f2 = −20 Hz). c, Thermal response of HBC-6C8H17 on Au(111) (I = 1 pA,
VBias = −700 mV, A2 = 1200 pm, ∆f2 = −65 Hz) and d, Ag(111) (I = 1 pA,
VBias = −200 mV, A2 = 800 pm, ∆f2 = −30 Hz). e, Thermal response of HBC-
6C12H25 on Au(111) (I = 1 pA, VBias = −800 mV, A1 = 2 nm, ∆f1 = −50 Hz) and
f, Ag(111) (I = 1 pA, VBias = −300 mV, A2 = 600 pm, ∆f2 = −40 Hz).

63



Chapter 5. Tuning Thermal Expansion by Alkyl Chain Functionalization

Figures 5.2a-f show resulting molecular networks at both 5 K and 300 K (top and
bottom) for the three molecules on Au(111) and Ag(111). Importantly, the prominent
hexagonal network structure is preserved for both surfaces and temperatures for all
three molecules. The bright protrusions, thereby, correspond to the molecule cores. In
some cases also the alkyl chains stabilizing the network and driving the mechanism of
expansion are visible as elongated protrusion between the cores, mostly at 5 K but also
at 300 K (compare especially Figures 5.2e and f). The aforementioned preservation of
the hexagonal adsorption structure over the whole temperature, as previously discussed
for the SW, indicates that the desired expansion occurs without a phase change.

By comparing the intermolecular spacing, a significant increase is visible for higher
temperatures in the topography images in Figures 5.2a-d on both surfaces. The HBC-
6C12H25 molecule assembly on Au(111), shown in Figure 5.2e, still shows pronounced
expansion, while the same molecule on Ag(111) (Figure 5.2f) shows no easily discernible
change.

Precise quantification of the observed expansions along with their uncertainties are
obtained by real-space measurements of the molecular spacing along the molecule line
closest to parallel to the fast scan axis. This method is chosen to minimize possible
influence of drift and to increase statistical precision by measuring each molecule sep-
arately. For HBC-6C4H9, equipped with the shortest chains, this gives lattice param-
eters of 1.70± 0.04 nm and 1.67± 0.03 nm at 5 K, which increases to 2.06± 0.06 nm
and 2.26 ± 0.07 nm at 300 K on Au(111) and Ag(111), respectively. The resulting
thermal expansion coefficients of αC4,Au(111) = 598 ± 119 × 10−6 K−1 on Au(111) and
αC4,Ag(111) = 881± 119× 10−6 K−1 are well within the expected large regime of expan-
sion.

Analogously, measurements on the HBC-6C8H17 molecule assemblies on Au(111)
and Ag(111) reveal lattice spacings of 2.33±0.04 nm and 2.54±0.03 nm at 5 K and an
increase to 2.91± 0.07 nm and 2.81± 0.07 nm at 300 K, respectively. Corresponding
CTEs are αC8,Au(111) = 672 ± 88 × 10−6 K−1 and αC8,Ag(111) = 325 ± 91 × 10−6 K−1

on Au(111) and Ag(111). Lastly, the less pronounced expansion of the HBC-6C12H25

assemblies was evaluated. Here, measurements of the lattice spacing show 2.86 ±
0.06 nm and 2.91±0.04 nm at 5 K, which increases to 3.12±0.1 nm and 2.99±0.06 nm
at 300 K on Au(111) and Ag(111), respectively. On Au(111) this still gives thermal
expansion of αC12,Au(111) = 279±128×10−6 K−1, while no significant thermal expansion
can be observed on Ag(111) with a CTE of αC12,Ag(111) = 96± 81× 10−6 K−1.

5.2 Thermal Expansion Dependent on Alkyl Chain

Length and Substrate

Based on the measurements obtained from the three HBC-R molecules equipped with
butyl, octyl and dodecyl chains on the two surfaces of Au(111) and Ag(111), a relation
between chain length and thermal expansion was found. The lattice parameters on
both surfaces for the three molecules are summarized in Table 5.1 along with the
associated thermal expansion coefficients. Included are also both the SW molecule
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and unfunctionalized HBC lattice parameters and expansion coefficients [22, 194].

Table 5.1: Coefficients of thermal expansion of 2D molecular assemblies.
Comparison of lattice parameter a measured at 5 K and 300 K and the correspond-
ing coefficient of thermal expansion α for supramolecular assemblies of HBC, HBCs
functionalized with alkyl chains (HBC-6C12H25, HBC-6C8H17 and HBC-6C4H9) and
the SW molecule.

a5K ✭♥♠✮ a300K ✭♥♠✮ α ✭10−6 ❑−1✮
❍❇❈✲✻❈4❍9 ♦♥ ❆❣✭✶✶✶✮ 1.67± 0.03 2.26± 0.07 881± 119

❍❇❈✲✻❈4❍9 ♦♥ ❆✉✭✶✶✶✮ 1.70± 0.04 2.06± 0.06 598± 119

❍❇❈✲✻❈8❍17 ♦♥ ❆❣✭✶✶✶✮ 2.54± 0.03 2.81± 0.07 325± 91

❍❇❈✲✻❈8❍17 ♦♥ ❆✉✭✶✶✶✮ 2.33± 0.04 2.91± 0.07 672± 88

❍❇❈✲✻❈12❍25 ♦♥ ❆❣✭✶✶✶✮ 2.91± 0.04 2.99± 0.06 96± 81

❍❇❈✲✻❈12❍25 ♦♥ ❆✉✭✶✶✶✮ 2.86± 0.06 3.12± 0.1 279± 128

❙❲ ♦♥ ❆✉✭✶✶✶✮ 3.5± 0.1 4.5± 0.2 980± 110

❍❇❈ 1.395 ✭✶✳✷ ❑✮ 1.401 14

✷

To illustrate the influence of the chain length, Figure 5.3 shows the thermal expan-
sion coefficients obtained for the different chain length and substrates. Of note is the
quasi linear increase of CTE from the longest chains, HBC-6C12H25, to the shortest
chains, HBC-6C4H9 on Ag(111), showing a clear inversely proportional dependence of
the chain length to the thermal expansion coefficient. Similar behavior is observed
on Au(111) for HBC-6C8H17 and HBC-6C12H25, but no further increase in expansion
for HBC-6C4H9 was observed. Comparison of the CTE on the two surfaces shows
an increase from Ag(111) to Au(111) for the two longer molecules, but interestingly
a reversal for HBC-6C4H9. This indicates that a limit to the increasing expansion
is reached earlier on Au(111). Possible reasons could be a stronger bonding on the
Au(111) surfaces compared to Ag(111) [226] or, even though, during measurements
this influence was minimized the size of the terraces or other external factors.

The continuous CTE increase, with shorter chains showing larger expansion, on
Ag(111) and excluding the limit on Au(111), is likely related to a combination of
factors: First a closer packing at low temperatures due to the relatively higher space
for the chains and second upon heating a stiffer in-plane bending of the chains as a
result of their lower bending freedom forcing a larger relative expansion. If we compare
the HBC molecules with both the unfunctionalized HBC [194] and the SW molecule
(Chapter 4), the influence of the chains is once more illustrated, since no exceptional
thermal expansion above the substrate expansion is observed without alkyl chains
present. The SW molecule assembly, however, shows large thermal expansion even
with the dodecyl chains also present in the HBC-6C12H25. This points towards an
influence of the packing on the molecular expansion. The longer chains on the smaller
HBC molecules might not allow compression of the molecules as close together upon
cooling in comparison to the SW molecules with their much larger core sides and also
in contrast to the shorter chain molecules. There, the butyl and octyl chains might
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Figure 5.3: Thermal expansion dependent on alkyl chain length and sub-
strate. Thermal expansion dependent on alkyl chain length and substrate.

allow for tighter compression, while the stiffer in-plane bending could still drive the
large expansion, resulting in a significant increase in thermal expansion. The core,
thus, influences the thermal response not by its influence on diffusion, but by limiting
the packing capability.

5.3 Chain Length Influence on Temperature

Dependent Molecular Surface Chirality

In addition to the desired tuning of the thermal expansion, some further intriguing
properties arising from the different chain length, like chirality, can be observed in the
networks shown in Figure 5.2. In previous works, chirality on surfaces has been among
others shown by modification of the surface, lattice mismatch, chiral templating or
by the adsorption of chiral or prochiral molecules [227–237]. High-resolution studies
have allowed controlling the chiral behavior for example by SPM manipulations or by
coverage level [235,238–240].
Interestingly, the chain behavior is not uniform for the networks of the different

chain lengths. For the two shorter chain molecules, HBC-6C4H9 and HBC-6C8H17,
tilted alkyl chains on both Au(111) and Ag(111) at 5 K (compare Figures 5.2 and
5.5), result in two possible enantiomers and, thus, adsorption dependent molecular
chirality. Imaging of HBC-6C4H9 at 77 K and 300 K revealed the chains to also be
tilted at higher temperatures, albeit in the other enantiomeric configuration at 300 K
(compare Figures 5.5b and c). The presence of both enantiomers can, thereby, be
inferred even though only one was resolved for each surface due to the statistics of
chirality and symmetry of molecules and surfaces [27,228]. In contrast, for the dodecyl
equipped HBC-6C12H25 no chirality at 300 K both on Ag(111) and Au(111) is observed
with nc-AFM measurements, as seen in Figures 5.2e and f. The chains are positioned
straight outwards from the molecules. The different adsorption motifs are illustrated in
Figure 5.4. Thereby, the chains are shown as conical shapes to represent their possible
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bending and mobility.

Figure 5.4: Illustration of temperature dependent molecular surface chiral-
ity. Illustration of temperature dependent chirality of HBC-6C12H25 at 5 K and 300 K.
Two enantiomers resulting from chain tilting are observed at 5 K, while no chirality
was visible at 300 K.

Since a thermally stable surface/adsorption chirality was observed for the shorter
chains but not for the dodecyl chains equally on both surfaces, an influence of the
substrate can be excluded. Thus, the only difference is the chain length and the asso-
ciated change in bending freedom and spacing. The chain fluctuations are likely stiffer
due to the lower bending freedom, but at the same time have a larger unobstructed
area around them, allowing them the positioning in chiral fashion. The long chains
are limited by packing and especially at higher temperatures show high mobility and
large angle changes, as seen for the SW in Figure 4.8c and Figure 4.9. However, the
limitation of the imaging time scales might also play a role here. The images are only
showing an average position of the chains and the longer chains might show more flex-
ibility and a wiggly shape which can not be resolved due to their mobility at 300 K.
At 5 K, the chain mobility is close to zero and the image shows a fixed position of the
chains.

5.4 Phase Behavior upon Cooling of HBC-6C4H9

To provide experimental insight into the behavior of the networks during the expan-
sion and compliment the MD simulations evidencing the preservation of the adsorption
geometry and phase over the expansion process, i.e. for 5 K to 300 K, STM measure-
ments of HBC-6C4H9 were additionally performed at 77 K on Ag(111). Resulting
high-resolution topography and second pass frequency shift images with submolecular
resolution at 5 K, 77 K, and 300 K are shown in Figure 5.5.
In a first step, the thermal expansion behavior from 5 K to 77 K and 77 K to 300 K

can be compared and put in relation to the total thermal expansion of αC4,Ag(111) =
880 ± 119 × 10−6 K−1. With the molecular spacing at 77 K of 1.94 ± 0.03 nm this
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results in a CTE of α5−77K = 1905± 296× 10−6 K−1 from 5 K to 77 K and α77−300K =
637± 152× 10−6 K−1. Thus, the expansion is significantly larger in the lower regime
while it is lower at higher temperatures. This fits well with the underlying mechanism
of expansion. At low temperatures the network is packed compactly with a high degree
of interdigitation between chains and close interaction with the molecule cores. Upon
increasing temperature, the chain mobility increases quickly and due to close packing
results in relatively large expansion steps to obtain less obstructed mobility. This
again increases entropic contributions while reducing interaction. On the other hand,
at higher temperatures the expansion has already set in quite strongly and expansion
events become less frequent due to the already increased spacing, as observed in the
MD simulations of SW trimer assembly shown in Figure 4.11.
The submolecular resolution images in Figures 5.5a-c, where the chains are also

resolved, allow investigation of the adsorption geometry over the expansion. In the
STM topography image at 5 K in Figure 5.5a the cores forming the hexagonal network
along with the alkyl chains between them are resolved. Interestingly, they are not
positioned straight between the molecules but instead tilted counter-clockwise.

Figure 5.5: Phase response of HBC-6C4H9 dependent on temperature. a,
High-resolution STM image of HBC-6C4H9 on Ag(111) at 5 K (I = 1 pA, VBias =
−100 mV). b, High-resolution STM image of HBC-6C4H9 on Ag(111) at 77 K (I =
1 pA, VBias = −700 mV). c, Second pass frequency shift AFM image of HBC-6C4H9

on Ag(111) at 300 K (A2 = 400 pm, ∆f2 = −100 Hz).

At 77 K, as shown in Figure 5.5b, a similar, albeit slightly enlarged, hexagonal net-
work can be observed. The chains are, thereby, less visible, likely due to instability
in the thermal regime at 77 K caused by the system not fully reaching thermal equi-
librium. At the black arrow, however, the chains can be distinguished to be tilted
clockwise. Imaging at 300 K with the multipass technique also allows the resolution
of both core and chains, revealing the still preserved hexagonal network, as shown
in Figure 5.5c. Of note is here, that the contrast of the image is reversed since the
apparent height and, thus, the observed frequency shift were reversed, as previously
found for nc-AFM measurements [241]. The resolved chains maintain the observed tilt
and are titled clockwise similar to at 77 K as discussed above.
With the imaging at 5 K, 77 K and 300 K, the preservation of the adsorption geom-

etry, considering the statistics of chirality, and the chain positions further strengthens
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simulation based assumptions that no phase changed occurred during cooling/heating
and the expansion is solely due to the aforementioned mechanism.

5.5 Summary

In this chapter, the mechanism of thermal expansion, found for the SW molecule in the
previous Chapter 3, was applied to present tuning possibilities of the thermal response
of molecular assemblies by modifying their chain length.
In a first step, the thermal response of three HBC molecules equipped with three

different chain lengths was studied with STM/AFM at 5 K and nc-AFM measure-
ments at 300 K on both Au(111) and Ag(111). This revealed a inversely proportional
dependence of the thermal expansion on the chain length with a limit to the expansion
reached on Au(111), while the increase was continuous on Ag(111). CTEs increased
from a minimum of αC12,Ag(111) = 96± 81× 10−6 K−1 on Ag(111) for HBC-6C12H25 to
a giant expansion of αC4,Ag(111) = 881 ± 119 × 10−6 K−1 for HBC-6C4H9 on Ag(111).
The expansion on Au(111), excluding the limitation for the shortest chains, was gen-
erally larger than on Ag(111) resulting in a still large thermal expansion even for the
dodecyl chains of αC12,Au(111) = 279± 128× 10−6 K−1. Thus, influence of the substrate
seems significant and, notably, shorter chains resulted in a larger thermal expansion
coefficient. This is likely related to a variation in the in-plane bending towards more
stiff oscillations and a limit to the compression of the molecules equipped with longer
chains due to their packing between the molecules.
In a further step, the behavior between the observed endpoints was investigated

to reveal a nonuniform expansion with imaging at 77 K. At low temperatures the
expansion is significantly increased in line with the underlying mechanism. In addition,
the adsorption geometry was observed to also be maintained at 77 K confirming the
absence of phase transitions in the expansion.
In conclusion, the possibility of tuning the thermal expansion of molecular assem-

blies by the supramolecular mechanism based on alkyl chain mobility was shown with
an inversely proportional relation observed between the chain length and the thermal
expansion. This provides interesting possibilities for sensor design, especially for bi-
ological applications, due to the high flexibility of supramolecular materials and the
versatility of possible core functionalities, since addition of alkyl chains is a relatively
simple process.
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6
Solution Synthesized Graphene Nanoribbons

on Surfaces by ESD

G
raphene nanoribbons, thin quasi-one-dimensional sheets of graphene, are of
significant interest due to their interesting electronic properties [242–245]. Bal-
listic transport or spin-split edge states were found among other intriguing

properties, like the tuning of the band gap by engineering the width of GNR [246–251].
Size confinement along one dimension, incorporation of heteroatoms or the fine control
of their edges allows tuning their electronic properties [10, 12, 13,108,245,252–257].
In this chapter, first the most common method of obtaining GNRs on surfaces, on-

surface synthesis, is introduced. The most common reaction path and possibilities
of this approach, but also its limitations are discussed. Then, the possibilities of
solution based synthesis are explained. Importantly for this work, the significant hurdle
of deposition for high-resolution SPM studies in UHV is discussed. In a first step
towards new, previously (on surface) inaccessible GNRs, a methoxy functionalized
GNR (Figure 6.1a) is deposited by ESD and studied with nc-AFM at RT. Thereby, a
high mobility of the rigid OMeGNR is found on Au(111).

Figure 6.1: Structure of the GNR molecules. a, Chemical structure of OMeGNR.
b, Chemical structure of FGNR.

In a next step, a non-planar twisted fjord-edged GNR (Figure 6.1b), is shown with
help of ESD, allowing three-dimensional non-planar GNRs to be accessed. Studies of
a model precursor allow confirmation of the twist induction and investigation of on-
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surface reactions. Lastly, the FGNR is additionally to the metallic Au(111) surface also
deposited on two non-metallic surfaces, HOPG and KBr(001). This provides access
to new further surfaces and possibly decoupling from the surface. Additionally, two
more depositions of GNRs are or were previously performed, a well-elongated ”cove”-
type GNR (CGNR) which was studied in a previous work [179] and a similar CGNR
equipped with an increased number of alkyl chains, which could not be observed on the
surface due to residual alkyl chains in the received molecules. Results from these are
included to provide additional information in the main manuscript or in the appendix.

6.1 Graphene Nanoribbons on Surfaces

6.1.1 On-surface Synthesis

The most prevalent method of obtaining atomically precise GNRs on surfaces for
fundamental studies is the bottom-up on-surface synthesis. The first successful syn-
thesis of atomically precise GNRs was achieved in 2010 [107] based on combination
of Ullmann-type coupling and a subsequent cyclodehydrogenation, as shown in Fig-
ure 6.2a [107,258]. For this generally rationally designed halogen-substituted aromatic
precursor molecules are evaporated on clean metallic surfaces in UHV. Then, an an-
nealing is applied to split off the halogen substituents resulting in the creation of
biradicals and subsequent the formation of a polymer or metal-organic intermediate
in a surface-assisted Ullmann-type coupling reaction (1) [108, 258]. Finally, a surface-
assisted cyclodehydrogenation (2) results in the formation of a GNR with atomically
well-defined edge structure and precursor dependent width. A resulting armchair GNR
with its structure overlaid is shown exemplary in Figure 6.2b [108,259].

Figure 6.2: Illustration of on-surface synthesis. a, On-surface synthesis steps of
an armchair GNR, consisting of a surface-assisted Ullmann-type coupling reaction (1)
and a surface-assisted cyclodehydrogenation (2). b, Constant height AFM image of a
GNR by on-surface synthesis. Adapted from [107,108,259].

By placing the substituents not in symmetric positions and inclusion of steric hin-
drance elements can allow the formation of a zigzag structured polymer and as finished
product zigzag-GNR [255,260–262].
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With rational design of precursor a wide variety of edge structures, like cove and
”cove”-type edges or gulf edges, and inclusion of heteroatoms, notably boron or nitro-
gen, as well as holes and angles are achieved, allowing GNRs to present a variety of
interesting properties, like topological states, quantum dots and band gap engineer-
ing [108,243,247,252,254,260,262–276].
The choice of precursor, however, suffers from the limitations of deposition by ther-

mal evaporation and aforementioned annealing steps during the on-surface synthesis.
Thermally labile as well as large structures are, thus, precluded, somewhat limiting the
achievable structures. This mostly excludes alkyl chains and other labile functionalities
and limits the possibility of achieving non-planar GNRs [277].
In addition, on-surface synthesis is usually limited by the need for a metal surface for

the reactions [109,278,279], limiting studies of the electronic properties due to coupling
to the conducting surface [48,49,260]. This can be mitigated by transferring on-surface
synthesized GNRs onto thin insulating layers or modifying the top layer of the substrate
to allow new insights into the electronic structures of GNRs [260,265,266,270,280,281].
Additionally, some approaches have been achieved which expand the on-surface syn-
thesis to new surfaces, e.g. rutile TiO2, based on sequential polycondensation, cyclode-
hydrofluorination, and cyclodehydrogenation reactions [109].

6.1.2 Solution Synthesis

Solution synthesis preparation approaches can offer some interesting new structures
and functionalities, solving some of the limitations of on-surface synthesis, while main-
taining atomic precision [11–13,282].
A wide variety of solution based approaches to synthesize GNRs are known, com-

monly used are combinations of (AB-type) Suzuki, Yamamoto, Diels-Alder polymer-
izations and Scholl reactions or intramolecular oxidative cyclodehydrogenation [11–13,
253,257,282–288].
This can facilitate the formation of very long GNRs [12,286,289,290] and allow the

controlled incorporation of functional groups on the edges [257, 286, 291–294]. Inter-
estingly, this can be performed both before the synthesis by incorporation in precursor
molecules, but also via ”post-functionalization” after the completion of the desired
GNRs. Thereby, either edge chlorination [295] or transition-metal-catalyzed coupling
reactions with pre-installed halogen substituents are applied [286,296,297]. This can al-
low the incorporation of edge functionalizations and additional heteroatoms not acces-
sible by on-surface synthesis, notably alkyl chains or biomolecules, due to the annealing
steps required [12]. An indicative example of two reaction paths to obtain well-defined
and elongated GNRs in solution are provided for armchair and ”cove”-type GNR in
Figures 6.3a and b. The armchair GNR is synthesized via a Suzuki polymerization
followed by graphenisation, while the ”cove”-type GNR synthesis involves an AB-type
Diels-Alder polymerization and intramolecular oxidative cyclodehydrogenation [11,12]
Interestingly, solution synthesis also opens the possibility of synthesizing GNRs with

twisted non-planar structures, of great interest for non-linear optics, nanomechanics
and asymmetric catalysis [10, 298, 299]. 3D GNRs and notably non-planar GNRs are
not readily available by on-surface synthesis due to the aforementioned limitations on
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Figure 6.3: Schematic illustration of the solution synthesis of GNRs. a, Syn-
thesis of armchair GNR via Suzuki polymerization and graphenisation. b, Synthesis of
”cove”-type GNR via AB-type Diels-Alder polymerization and intramolecular oxidative
cyclodehydrogenation. Adapted from [11,12,286].

possible precursors [277, 300]. With specific choice of steric hindrance and reaction
path, this can more readily be achieved with solution based approaches [10, 255, 301–
304]. As an example of such a process, the synthesis of one of the GNRs studied during
this work is presented in Figure 6.4. It consists of selective borylation/monolithiation,
followed by AB-type Suzuki polymerization and Scholl reaction. The inclusion of tert-
butyl groups in specifically chosen positions (marked as residues R) induces a twist in
the ribbons, achieving non-planarity.

Figure 6.4: Schematic illustration of the synthesis of non-planar GNR. Syn-
thesis of FGNR consisting of selective borylation/monolithiation of 3, AB-type Suzuki
polymerization of 10 and Scholl reaction of P1. Reproduced from [10].

Solution based approaches remove the need for metal surfaces or the specific design
of the precursors with the specifically chosen surface in mind [109,278,279]. This could
allow investigations of even fragile nanoribbons on a variety of interesting surfaces, like
semi-conductors or insulators for device integration, or fully decoupled from conduct-
ing surfaces for fundamental studies. The transfer onto such substrates and especially
atomically clean surfaces in UHV, however, largely remains elusive for solvent synthe-
sized GNRs [110, 111, 284, 289, 305–307]. Since with the inclusion of alkyl chains and
similar groups even long GNRs can be dissolved in suitable solvents, like toluene, ESD
can be applied for the deposition. ESD can both provide molecules with reasonable
cleanliness sufficient for high-resolution studies, but also open up the possibility of
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accessing the nanoribbons on surfaces inaccessible via different routes.

6.2 Methoxy-GNR

OMeGNR, with its structure visible in Figure 6.1a, is a ”cove”-type edged GNR func-
tionalized with methoxy-groups and equipped with alkyl chains (dodecyl) to improve
solubility. Its synthesis is performed according to [257]. The methoxy-functionalization
was there shown to reduce the band gap and enhance the photoconductivity of GNRs.
This is be due to a reduction in the effective mass resulting from the methoxy edge
functionalization [257].
Even with the inclusion of alkyl chains the solubility for ESD still remains somewhat

limited, necessitating low GNR concentrations and a very small part of methanol (20:1
in volume) in the used chlorobenzene/methanol solution. ESD is performed immedi-
ately after long sonication to increase dispersion and improve the solubility and, thus,
facilitate a higher concentration of GNRs to be deposited on the surfaces while main-
taining high cleanliness of the surface. In a first step, after deposition the adsorption
and structure of OMeGNR are investigated to both reveal adsorption properties and
verify the completeness of the GNRs. In a second step, tip induced manipulations are
performed to reveal a high mobility of OMeGNRs on Au(111) surfaces.

6.2.1 Adsorption of OMeGNR

After ESD the OMeGNRs are dispersed on the Au(111) surface, as shown in the
topography image in Figure 6.5a.
Multiple well-elongated thin strips of GNR are visible on the three terraces, mostly

forming small aggregates. The separation distance between them, however surpasses
possible interactions, foremost alkyl chain interactions between the side chains. Mea-
surements of the length performed on all observed OMeGNRs in all acquired images,
around 250 GNRs, reveal a close to normal, broad distribution of GNR lengths around
an average of 20 ± 7 nm. As illustrated in Figure 6.5b, a minimum of only a few
nanometers and a maximum of 42 nm are measured. The broad distribution reveals,
as observed for polymers [24], that ESD without mass/charge filtering can provide
broadly distributed well-elongated molecules, like GNRs, on surfaces.
On the lower terrace first indication of an alignment to the HB can be seen. This is

more clearly shown in the zoomed topography image in Figure 6.5c, where three GNRs
are shown aligned to the HB. Here, it is revealed that the nanoribbons are aligned to
the hcp region of the HB between elbows. Figure 6.5d provides an illustration of this
adsorption position, the OMeGNR is placed over the hcp regions with its alkyl chains
pointing outwards over the bridges separating hcp and fcc regions.
Close-up imaging of a single OMeGNR reveals a two lobed structure, as shown in

Figure 6.6a. Two parallel higher areas surround a lower area between them, forming
an elongated structure. The lower area is attributed to the GNRs, while the two higher
lobes are assumed to be formed by the alkyl chains attached to the side of the GNRs
(compare structure in Figure 6.1a). The profile in Figure 6.6b taken along the red line
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Figure 6.5: OMeGNR on Au(111). a, Large scale nc-AFM topography image
of OMeGNR on Au(111) (A2 = 1200 pm, ∆f2 = −15 Hz). b, Length distribution
of OMeGNR on Au(111) measured on all visible OMeGNRs. c, nc-AFM topography
image of OMeGNR adsorption in relation to HB on Au(111) (A2 = 1200 pm, ∆f2 =
−16 Hz). d, Illustration of OMeGNR adsorption to hcp region of HB.

Figure 6.6: Single OMeGNR on Au(111). a, nc-AFM topography image of a
single OMeGNR on Au(111) (A2 = 400 pm, ∆f2 = −30 Hz). b, Height profile along
red and yellow line, indicating the positioning over the HB and allowing consideration
of its influence.

further illustrates the two lobed structure and reveals a height of up to 100 pm at the
maximum of the higher lobe. The yellow line illustrates the HB reconstruction below
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the ribbon, showing small influence on the lobe structure and height. The region
assigned to the GNR core is measured with a height of about 50 pm. A relatively
low flexibility of the ribbons is indicated by the observed uniform structure of the
OMeGNR and the straight structure without any turns or wiggles. This fits well with
the relatively broad GNR core and its rigid ”cove”-type edge structure.

A similar structure was observed in a previous deposition of a ”cove”-type GNR
(structure in Figure 6.7a) as shown in the topography and torsional frequency shift
images in Figures 6.7b and c [179]. There, multiple well-elongated CGNRs can be
identified. In topography they exhibit a lobe structure similar to OMeGNRs. A clear
identification of the GNR core is facilitated by the torsional frequency shift image
in Figure 6.7c. By assigning GNRs from the torsional frequency shift image to the
lobes visible in the topography image, further insight into the lobe structure can be
obtained. Five GNR cores can be identified but only six lobes are visible. The isolated
ribbon on the left side shows two lobes around it, similar to OMeGNR attributed to
the side chains. The three GNRs close to the white arrow, however, are surrounded
by only three lobes in total, indicating interdigitation of the alkyl side chains. This is
supported by the right most GNR. At the white arrow it shows one lobe on its right
and one lobe shared with the neighboring ribbons to its left. At the blue arrow, after a
turn of the GNR, where no neighboring ribbons are present, lobes are present on both
sides of the CGNR. Thus, the chains show one lobe for two ribbons if interdigitated
and two lobes if not. Since, both OMeGNR and CGNR show very similar structures,
this further supports the attribution of the lobes to the alkyl chains and of the lower
area to the GNR core.

Figure 6.7: Two lobe structure of a ”cove”-type GNR. a, Chemical structure
of CGNR. b, nc-AFM topography image of CGNRs. (A1 = 2 nm, ∆f1 = −25 Hz,
At = 80 pm). c, Corresponding torsional frequency shift image. The dark ribbons
correspond to the GNR cores, the lobes in the topography are assigned to the alkyl
chains. Adapted from [179].

The OMeGNRs are, thus, distributed well over the surface with their structure
preserved after ESD. Since an exact length specific synthesis is difficult for GNRs
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and polymers, the wide distribution observed, further, indicates the power of ESD for
depositing broadly length distributed molecules for fundamental studies.

6.2.2 Room Temperature Manipulation of Solution Synthesized

GNR

Spatial control along with precise manipulation of molecules or ribbons, especially of
single ones, is essential for applications in nanotechnology. Manipulations with SPM
have been performed on a multitude of molecules and also nanoribbons since the first
manipulations in 1990 [308–310]. At LT, thanks to low drift, single molecules, GNRs,
or polymers have been moved, precisely repositioned by tip induced manipulation with
STM [310–317]. For example this facilitates the positioning of GNRs on thin insulating
layers on conducting surfaces [260,265,270]. RT manipulations, impressively, have also
been performed down to single atom level both with STM and nc-AFM, but also on
molecules and their assemblies [165,318–323].

Imaging of OMeGNRs at room temperature reveals a high mobility of the nanorib-
bons on Au(111) surfaces facilitating such tip induced manipulations. The tip induced
manipulations are performed by scanning over an isolated OMeGNR with a relative
small amplitude. This allows an unusually close average position of the tip in respect
to the surface. In addition, to further decrease the distance, a second pass with an
offset towards the surface is added in multipass. If no manipulation is achieved, the
frequency shift set point can be further reduced to reduce the tip-sample distance. A
schematic illustration is provided in Figure 6.9a.

Figure 6.8a shows a large scale nc-AFM topography image of OMeGNR, visible are
an isolated OMeGNR and a step edge of the Au(111) forming a kink, which will in
the following be used as a marker to quantify the movement of the GNR. In the initial
state a separation from the kink of 25 nm is observed. A close-up topography image
before the manipulation is presented in Figure 6.8b showing the expected double lobed
structure and will serve as a comparison to verify preservation of the GNR structure
upon manipulation.

In a first step, manipulation of the OMeGNR induced a repositioning in y-direction
by 20 nm. The position of the nanoribbon after this manipulation is visible in the
nc-AFM topography image in Figure 6.8c, where the distance to the kink is marked.
After the manipulation imaging resolution is degraded, but the two lobed structure
and the length of the GNR can still be distinguished to show the nanoribbon to be
intact and of the same length in the close-up topography image in Figure 6.8d.

A second step of manipulation was induced by again scanning the tip over the GNR
and approaching closer to reduce the tip-sample distance. During the scan, shown in
Figure 6.8f, two events of manipulation, indicated by the red arrows, are visible. While
performing the upwards performed scan, the ribbon was first moved to the right in x -
direction by around 15 nm, where it was again observed adsorbed over the HB. Then,
another displacement out of the scan frame occurred after most of the ribbon was
scanned. This resulted in a manipulation of the GNR by another 25 nm in y-direction
and 30 nm in x -direction, as visible in the large scale topography image in Figure 6.8e.
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Figure 6.8: Tip induced manipulation of OMeGNR on Au(111). a, Large scale
nc-AFM topography image of OMeGNR on Au(111) before tip induced manipulation
steps. (A2 = 400 pm, ∆f2 = −26 Hz). b, Close-up nc-AFM topography image of the
OMeGNR before manipulation (A2 = 400 pm, ∆f2 = −30 Hz). c, Large scale nc-AFM
topography image of OMeGNR on Au(111) after first tip induced manipulation (A2 =
400 pm, ∆f2 = −26 Hz). d, Close-up nc-AFM topography image after tip induced
manipulation (A2 = 400 pm, ∆f2 = −30 Hz). e, Large scale nc-AFM topography
image of OMeGNR on Au(111) after second tip induced manipulation (A2 = 200 pm,
∆f2 = −25 Hz). f, nc-AFM topography image during tip induced manipulation. Two
manipulation events are marked by the red arrows (A2 = 200 pm, ∆f2 = −25 Hz).

There, the nanoribbon and the marker step are visible with the separation marked.

A last manipulation occurred from the previous position, during the scan for the
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Figure 6.9: Large scale tip induced manipulation of OMeGNR on Au(111).
a, Scheme illustrating the manipulation process. The red arrow indicates the fast scan
axis. b, Large scale nc-AFM topography image of OMeGNR during manipulation. The
slow scan axis is marked with a blue arrow, the manipulated OMeGNR with a black
arrow and an unaffected GNR in white (A2 = 200 pm, ∆f2 = −25 Hz). c, Large
scale nc-AFM topography image of OMeGNR on Au(111) after the last tip induced
manipulation. The manipulated OMeGNR is no longer observed in the scan area, the
unaffected OMeGNR marked by a white arrow (A2 = 200 pm, ∆f2 = −25 Hz).

large scale topography image in Figure 6.9b. The manipulated OMeGNR is marked
by the black arrow. Of note, is the scan direction, the slow scan axis is oriented
along the blue arrow going from right to left. Clearly visible are instabilities when
scanning over the isolated OMeGNR along the fast scan axis. No such instabilities
are observed for another OMeGNR visible at the steps on the left side of the image,
marked by a white arrow. As can be seen in the next scan, shown in Figure 6.9c,
the previously manipulated OMeGNR was moved outside of the large scan frame,
indicating a displacement of at least 50 nm most likely along the scan axis. Further,
manipulation steps were not performed on this GNR since later scans did not reveal
its position. Since multiple scans were performed, it might have been moved further
towards a step or adsorbed to the tip. As can be seen by the OMeGNR at the step,
marked by the white arrows in Figures 6.9b and c, the ribbons are bound strongly at
the steps, no manipulation occurred.
From the observations of the displacements, the precise mechanism of repositioning

can not be ascertained. A strong indication is given by the two observed displacement
events in Figure 6.8f. Since the ribbons are repositioned from one scan line to the next,
likely a jump-wise manipulation occurred. This points to a somewhat weak adsorption
to the surface, since the manipulations were performed with relatively large tip-sample
distance, and a rigid structure of the ribbons. In combination with the adsorption along
fcc/hcp bridge of the HB this could promote the jump-wise motion. Precise insight
in the manipulation could be provided by MD simulations, which, unfortunately lie
outside the scope of this work.
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6.3 Fjord-GNR

FGNR, structure shown in Figure 6.1b, is a fjord-edged GNR equipped with tert-butyl
groups. The fjord refers to the two benzene rings deep opening in the edge/structure
of the GNR, each flanked by a tert-butyl on either side [10]. FGNR is designed to
provide high flexibility thanks to its deep cut edge and importantly a twisted non-
planar structure caused by steric hindrance of the tert-butyl groups. At the same
time, the side groups help improve the solubility, facilitating ESD. As indicated above,
such GNRs are of high interest thanks to their possible uses in non-linear optics,
nanomechanics and asymmetric catalysis [10, 298,299].

6.3.1 Fjord-trimer Precursor Molecule

The smallest subunit of FGNR, still containing a fjord-edge was studied on Au(111) to
provide comparison to the completed FGNR and gain insight into the FGNR structure.
In addition, on surface reactions and resulting structural changes can impressively
show the challenges faced for on surface synthesis of ribbons or molecules with similar
structures. The chemical structure of the precursor model, a fjord-trimer, is shown in
Figure 6.10a.

Figure 6.10: f-trimer on Au(111). a, Chemical structure of fjord-trimer. b Models
illustrating the non-planar structure of f-trimer from the marked perspectives. c, Large
scale nc-AFM topography images of f-trimer molecule assembly on Au(111) at 300 K
(A1 = 3 nm, ∆f1 = −18 Hz) and d, at 5 K. A preferential adsorption on the HB
elbows is visible (I = 1 pA, VBias = −200 mV).
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Analogously to the completed GNR, each fjord is decorated by tert-butyl groups on
either side. As illustrated in the models in Figures 6.10b, this is expected to induce
tilting of the molecules around the fjord due to steric hindrance between the tert-butyl
groups. The precursors are specifically designed as a model and are not equipped with
halogens for on-surface synthesis, but are well suited for comparison to the completed
FGNR.

Upon deposition by TE, the f-trimer molecules form large scale assemblies at 300 K
when sufficient coverage is obtained. The nc-AFM topography image at RT in Fig-
ure 6.10c shows a large well-extended islands on the Au(111) surface terrace isolated
from the step edges. The step edges are fully covered, as indicated by the white ar-
row. As explained above, they are preferential adsorption sites. Interestingly, the
island forms at the elbows of the herringbone with the first nucleation likely occurring
there [34, 171].

Similarly, also the STM topography image of lower coverage at 5 K shows islands
on the terraces and covered step edges (white arrow) in Figure 6.10d. Here, also
isolated molecules are visible situated on the elbows confirming them as the preferential
adsorption sites. Zoomed nc-AFM topography images of an island at 300 K reveal a
line structure in the assembly networks, as can be seen in Figure 6.11a.

Figure 6.11: Adsorption of f-trimer. a, nc-AFM topography image of f-trimer
network inside an island and b, corresponding torsional frequency shift image revealing
a dimer structure (A1 = 2 nm, ∆f1 = −30 Hz, At = 80 pm). c, Close-up nc-AFM
topography image zoomed on f-trimer assembly lines (A1 = 3 nm, ∆f1 = −16 Hz). d,
High-resolution STM topography image of a single f-trimer molecule at 5 K showing
non-planarity (I = 1 pA, VBias = −200 mV).
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The corresponding torsional frequency shift image (Figure 6.11b) reveals such lines
to consist of f-trimer molecule dimers.

Zooming on a single line in such an assembly, as shown in Figure 6.11c, reveals the
precise adsorption of the f-trimers in their dimers. The two molecules are positioned
opposite of each other with a slight lateral shift. Their fjord-edges are, thereby, aligned
inwards, towards a lobe of the other f-trimer. To illustrate this, molecule structures
are superimposed over one dimer line.

In the molecules a first indication of the desired non-planarity can be observed.
Along the molecule, as shown by the color scale in the superimposed structures, the
height undergoes a slight increase.

This is confirmed by the high-resolution STM topography image of an isolated f-
trimer molecule at 5 K shown in Figure 6.11d. There, the right side of the molecules
shows a prominent increase in height. The higher domain of the molecule can be
attributed to a twist of the right lobe of the molecule upwards and the tert-butyl fixed
to its side of the fjord. This is, as expected from the model, due to steric hindrance of
the tert-butyls of the fjord. One of them points upwards and the other one is pointing
downwards, as marked by the arrows (white upwards, black downwards). The LT
STM topography image also resolves the trapezoid shape of the f-trimer, showing its
completeness and giving a nice comparison for the following studies of the completed
FGNR.

To study possible on-surface reactions and ensuing structural changes of the f-trimer,
especially as a stand-in for FGNR, an annealing step at around 200 ◦C was performed.
Resulting molecules are shown in the LT STM topography image in Figure 6.12a.

Figure 6.12: On-surface reaction of f-trimers. a, LT STM topography image of
flattened f-trimers after annealing (I = 1 pA, VBias = −350 mV). b, Zoomed constant
height AFM image revealing the resulting bond structure (A = 140 pm).

Notably, the molecules no longer show the previously observed twist-induced height
difference, instead their structure shows a mostly flat butterfly-like structure. The
AFM constant height image at LT, shown in Figure 6.12b, reveals the flat and bonded
structure with the fjord closed, as indicated with the white arrow. The tert-butyl
groups in the fjord dissociated and bonds were formed to close the fjord. This removes
the steric hindrance inducing the twist and, therefore, results in the observed flatten-
ing of the molecule structure. Transferring this insight to the FGNR, impressively
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exemplifies the difficulties of forming ribbons with such a twisted non-planar struc-
ture by on-surface synthesis, where often times annealing up to 400 K is necessary for
cyclodehydrogenation [107,108,300].
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6.3.2 Adsorption of FGNR

FGNR upon deposition on Au(111) by ESD reveals similarly dispersed coverage to
OMeGNR, isolated nanoribbons with different lengths are observed on multiple ter-
races, however, in contrast no aggregates are found. Each FGNR is isolated as visible
in the large scale topography image in Figure 6.13a.

Figure 6.13: FGNR on Au(111). a, Large scale nc-AFM topography image of
FGNR on Au(111) (A1 = 3 nm, ∆f1 = −20 Hz). b, Adsorption of FGNR on HB
elbows, contrast modified (A1 = 3 nm, ∆f1 = −20 Hz). c, Length distribution of
FGNR on Au(111). d, Illustration of adsorption of FGNR on Au(111) along HB
elbows. The white areas are further from the surface, the black domains closer.

Already at this large scale a clear difference in the flexibility of the GNRs is re-
vealed. Instead of the rigid uniformly straight and planar OMeGNR, a more wiggly
structure is observed for FGNR. Interestingly, small dots, marked by the white ar-
rows in Figures 6.13a and b, are visible on the surface forming line like structures.
As reported for the spray depositions of C60 on Au(111) and Ag(111) above (compare
Section 3.5), these can be attributed to remaining solvent adsorbed to the elbows of
the HB [34]. Since the FGNRs are generally aligned in line with the spotted lines,
this indicates positioning along the elbows. A zoom on a single FGNR with modified
contrast, presented in Figure 6.13b, confirms this. The wiggly nanoribbon is aligned
with the elbows of the HB, indicated by the dotted line, and, thus, crosses over the
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fcc and hcp regions. An illustration of this adsorption is provided in Figure 6.13d,
where two FGNRs with their wiggly structure reproduced are positioned over the HB
on an Au(111) surface. One is more straight as seen in Figure 6.13a, but still twisted,
while the one in the bottom shows clear bending based on the FGNR in Figure 6.14a.
The twisting structure of the ribbons is illustrated by the color scale. Higher areas are
white while lower are marked as darker.
Analysis of the length of all detected FGNRs in all measurements provides the

distribution shown in Figure 6.13c. A slightly more dispersed variation in length is
observed for FGNR than for OMeGNR, reaching from few nanometers to up to 60 nm
in length. The observed average length of 21±11 nm corresponds well to measurements
obtained after synthesis based on the molecular weight distribution, where 17 nm was
found [10]. This indicates that no limitation of the length by the ESD occurred and
each length of FGNR could be deposited and observed on the surface.
Close-up imaging allows resolving the wiggly structure of FGNR more clearly as

can be seen in Figure 6.14a. The wiggly structure is prominently visible from the
turns and kinks in the presented single FGNR. Bending of GNR has been previously
observed, but the tight twists observed here indicate a significantly increased flexibility
when compared to both OMeGNR and previously reported armchair GNR [324]. Some
flexibility or mobility of the nanoribbon is observed by the slightly jumping lines in
the scan over the GNR below the yellow line. The profile corresponding to that line,
shown in Figure 6.14c, indicates a maximum height of 300 pm and a quite uniform
profile with a core width of about 2 nm.

Figure 6.14: Single FGNR on Au(111). a, Zoomed nc-AFM topography image of
a single FGNR on Au(111). The wiggly structure of the molecule indicates a flexible
structure (A1 = 3 nm, ∆f1 = −20 Hz). b, Corresponding CPD image revealing a
more p-doped state of FGNR compared to pristine graphene. c, Height profile along
yellow line.

CPD measurements (Figure 6.14b) obtained simultaneously by KPFM in sample
bias, indicate a CPD difference between the Au(111) surface and the FGNR of about
500 mV. From this we can estimate the local work function of FGNR on Au(111)
to be around 4.8 eV, which is consistent with the expected value of GNR on metal
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surfaces [325]. This higher work function value compared to a graphene monolayer
measured in similar condition points towards a more p-doped state of FGNR compared
to pristine graphene [326,327].

6.3.3 Non-planarity of FGNR

Indicated by the flexible nature of FGNR predicted upon synthesis [10] and confirmed
by imaging of its precursor molecules, high-resolution imaging in combination with
multipass can reveal a twisted non-planar structure of FGNR on the surface. Fig-
ure 6.15a provides a high-resolution nc-AFM topography image of a FGNR obtained
in the first pass of a multipass scan. The internal structure of the FGNR is revealed
in the corresponding second pass frequency shift image shown in Figure 6.15b. There,
repeating protrusions are visible alternating on both sides of the FGNR separated by
about 850 pm along one side as indicated by the white arrow. This fits well with
the distance between two fjord-groups of the FGNR and is, thus, attributed to the
tert-butyls, attached to the sides of the fjord edges.

Figure 6.15: Non-planarity of FGNR. a, Close-up nc-AFM topography image of
a single FGNR on Au(111) showing a height increase in the molecule (A1 = 5 nm,
∆f1 = −45 Hz). b, Corresponding second pass frequency shift image showing the tert-
butyls of the fjords and the non-planar structure.

Each protrusion, thereby, corresponds to one of the tert-butyls pointing upwards at
the sides of fjords, the other one points downwards towards the surface as was shown
for the f-trimer in Figure 6.11d. This also involves a twisting of the ribbons structure
between each fjord-edge due to the aforementioned steric hindrance. The positioning
of tert-butyls and this twist in FGNR is illustrated in the adsorption model in Fig-
ure 6.13d, where the color scale indicates different heights in the ribbons and direction
of the tert-butyls in respect to the surface (white higher/upwards, black lower/down-
wards). In the lower part of the GNR a turn is visible. There, an increasing height
is visible in the topography (Figure 6.15a). At the same time the protrusions start
to become more elongated and their separation distance is increased (Figure 6.15b).
In addition, the right side of the FGNR appears increasingly higher - the frequency
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shift is more and more in the repulsive regime. We attribute this to a strong twist of
FGNR in the turn on the surface. The core of the nanoribbon is turned upwards on
one side leading to the tert-butyls no longer being presented upwards towards the tip
and the internal structure becoming distorted. Thus, the non-planar nature of FGNR,
as expected from synthesis and precursors, is confirmed with the internal structure of
FGNR and the observed twisting of the ribbon in its turn.

6.4 Solution Synthesized GNRs on Non-metallic

Surfaces

Deposition of molecules on non-metallic surfaces and especially insulating ones is of
special interest due to the possibility to decouple the molecules electronically from the
surface, which otherwise strongly influences their properties [48, 49].

This is especially interesting for GNRs which can show remarkable electronic prop-
erties [242–245], tunable by edge functionalization and the addition of heteroatoms as
mentioned above [108,252,255,256].

As shown in Chapter 3.5, ESD is, when taking into account possible surface modi-
fications, generally not limited to any specific surface, as long as sufficient cleanliness
can be guaranteed. This allows the deposition of the well-soluble FGNR on two non-
metallic surfaces, the bulk insulator KBr(001) and the semi-metal HOPG.

ESD of FGNR on KBr(001) without any post-deposition annealing results in a typ-
ical KBr(001) surface, exhibiting large terraces separated by few monoatomic steps.
Notably, elongated structures, the GNRs, are visible mostly isolated from the steps,
which are partially covered, likely in remaining solvent, as shown in Figure 6.16a.

The FGNRs exhibit their previously observed wiggly structure already in the large
scale topography image. In some areas at the steps and on top of the terraces, irregu-
larly shaped islands with rounded edges are observed. Atop those, often times single
or multiple GNRs are present. One such island is visible in the zoomed topography
image in Figure 6.16b. There, FGNRs are visible both on the terrace itself and also
on a small island in the top right corner. On the island, three FGNRs are present, all
showing the distinct wiggly structure previously observed. The flexibility due to the
fjord-edge, thus, seems to be maintained. Since the height of the islands is similar to
that of KBr single steps, as shown in the profile in Figure 6.16c, and the islands are
present even after an annealing step, they can be attributed to KBr, removed from
the surface during deposition, as shown in previous chapters [21, 34]. The positioning
of the FGNRs on the surface and islands is illustrated in Figure 6.16d. Notably, no
craters or similar large scale modifications were observed in contrast to ESD with C60

in Section 3.5, pointing towards a less intensive deposition procedure even with the
much larger FGNRs.

Zoomed nc-AFM imaging of a single FGNR on a terrace, reveals the presence of
further mobile species around each nanoribbon even after an annealing step. As can
be seen in Figure 6.17a, the wiggly structure of FGNR is preserved on KBr(001), the
ribbon exhibits two turns, similar to what was observed on Au(111) in Figure 6.14.
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Figure 6.16: FGNR on KBr(001). a, Large scale nc-AFM topography image of
FGNR on KBr(001). FGNRs are visible on terraces and small islands (A1 = 5 nm,
∆f1 = −8 Hz). b, Zoomed nc-AFM topography image of FGNR on KBr island on
KBr(001) (A1 = 5 nm, ∆f1 = −8 Hz). c, Profile along yellow line over KBr island in
b. d, Scheme of FGNR on KBr. FGNR is adsorbed both on the KBr island and on
the terrace.

Figure 6.17: Single FGNR on KBr(001). a, Zoomed nc-AFM topography image of
a single FGNR on KBr(001) showing the aforementioned wiggly structure. (A1 = 3 nm,
∆f1 = −20 Hz, At = 80 pm). b, Corresponding second pass frequency shift image
revealing mobile species around the FGNR.
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Of note, however, is the large instability and mobility at the edges of the FGNR. In
the second pass frequency shift image in Figure 6.17b the presence of the nanoribbon
is visible in the middle of a more unstable area. The mobile species is, also, attributed
to KBr removed from the surface, since even after the annealing step the species is
observed. If solvent was present, it would likely be reduced after the annealing, but
this is not the case here [21].
The integrity of FGNR on KBr(001), even after an annealing at 250◦C, is shown

with high-resolution imaging of an aggregate of ribbons visible in Figure 6.18a. The
elongated structure with strong bends is revealed to consists of at least two ribbons
in the close-up torsional frequency shift image of the white marked area. As can be
seen in Figure 6.18b, the ribbons, marked by the white arrows, are closely aligned
to each other. At the yellow arrows periodic, slightly elongated, protrusions with a
distance close to the expected tert-butyl/fjord separation are observed. These can
again be attributed to the tert-butyls at the fjord-edges, indicating that the ribbons
are deposited intact.

Figure 6.18: Submolecular resolution of a FGNR assembly on KBr(001).
a, nc-AFM topography image of a FGNR aggregate on KBr(001). (A1 = 5 nm,
∆f1 = −10 Hz). b, Zoomed torsional frequency shift image of the white marked
area distinguishing two ribbons indicated by the white arrows. At the yellow arrows
protrusions of the tert-butyls of the fjords are visible (A1 = 3 nm, ∆f1 = −26 Hz,
At = 80 pm).

Deposition of FGNR on KBr(001), therefore, results in the expected structure with
only relatively minor modification of the surface and small presence of solvent, well
suitable for high-resolution studies. Their even more pronounced wiggly structure
follows from the lower interaction with the KBr surface.
On HOPG depositions were slightly less clean, but still successful. HOPG was chosen

due to its semi-metallic properties and the carbon structure, graphene being a single
2D layer of graphite. After ESD, small clusters of multiple closely aligned FGNRs are
observed on the HOPG surface in the large scale topography image in Figure 6.19a.
Also, present are large and often high, unstable areas, likely from remaining solvent.
These are prominently visible below the GNR cluster. A zoomed topography image
on the FGNRs reveals the expected twisted and turning structure even in the clusters,
but also points to close packing of the FGNRs together, as visible in Figure 6.19b.
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GNR separation is on the scale of less than 1 nm. Solvent pollution can more clearly
be distinguished by the energy dissipation image in Figure 6.19c [55]. The yellow
arrows points to the same area in dissipation and topography images. While a height
difference and, thus, a structure is observed in the topography, no dissipation difference
to the baseline of the surface can be observed. Since other regions show prominent
signals, this indicates that the unstable topography areas stem from solvent, which
is generally observed not to show a dissipation signal in contrast to larger molecules
[55, 241,328,329].

Figure 6.19: FGNR on HOPG. a, Large scale nc-AFM topography image of FGNR
on HOPG. FGNRs and solvent pollution are visible. (A1 = 5 nm, ∆f1 = −10 Hz). b,
Zoomed nc-AFM topography image of FGNR on HOPG (A1 = 5 nm, ∆f1 = −20 Hz,
At = 40 pm). c, Corresponding dissipation image distinguishing solvent and FGNRs.
d, Corresponding torsional frequency shift image revealing the internal structure of
FGNR at the white arrow and an increase in height at the black arrow indicating non-
planarity.

Confirmation of the molecular structure of the FGNRs is obtained from the cor-
responding torsional frequency shift image shown in Figure 6.19d. The elongated
structures are resolved similar to in the topography image. At the turns of the GNRs,
marked by the black arrow, a slight height difference is observed, the ribbons appear
more clearly resolved at the bottom. This points towards the previously observed
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non-planar structure of FGNR. Interestingly, the torsional frequency shift image also
allows resolving the inner structure of the FGNR. At the white arrow in Figure 6.19d,
protrusions with a distance around 850 pm, the aforementioned distance between two
fjord-edges, are observed. The high sensitivity of the torsional mode to lateral forces
on flat surfaces, suggests that these correspond to the fjord-edges and their tert-butyl
groups and, thus, the completeness of the FGNR. ESD can therefore provide even
the possibility of depositing large and well-elongated molecules inaccessible on non-
metallic and especially insulating surfaces with a high degree of cleanliness sufficient
for submolecular resolution studies. This can allow the study of new types of solution
synthesized molecules, prominently GNRs, even with non-planar properties.

6.5 Summary

In this chapter, the adsorption and structural properties of two solution synthesized
GNRs were studied after deposition by ESD. In a first part, two approaches to syn-
thesis along with their limitations and possibilities were discussed. Then, a methoxy-
functionalized CGNR was studied showing a rigid planar structure adsorbing along
the HB of Au(111). A high mobility of the OMeGNR on Au(111) was investigated
next by performing a multi step tip-induced manipulations on an isolated GNR.
In a second part, a fjord-edged GNR, predicted to exhibit a non-planar twisted

structure was deposited. First, a subunit of the FGNR was deposited by TE, revealing
an adsorption in islands forming from HB elbows on Au(111) at RT. High-resolution
studies show a dimeric structure and confirm the non-planarity. STM/AFM investi-
gations at LT reveal isolated molecules allowing precise confirmation of the twisted
structure and possible on-surface reactions.
Then, the ESD of the FGNR was performed, on both metal and non-metallic sur-

faces. Studies on Au(111) reveal adsorption along the elbows of the HB in a wiggly
flexible structure. High-resolution studies resolve the internal structure of the GNR
and reveal the desired non-planar twisted structure. Investigations on the non-metallic
surfaces, reveal the molecules to be complete on the surface with limited influence on
the surface morphology, opening up the possibility of studies on previously not avail-
able surfaces and decoupling of the surfaces.
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F
unctionnal materials formed by self-assemblies or structures of molecules de-
posited on atomically clean surfaces can provide important new properties and
functionalities, when access to complex, larger molecule precursors is afforded.

Due to their larger size, the possible inclusion of fragile functional groups and the en-
suing greater risk of dissociation, such molecules require advanced deposition methods,
like electrospray deposition.

In this thesis, ESD was used to deposit various large and complex molecules on sur-
faces in UHV to form two-dimensional supramolecular islands to study their properties
and functional response to stimuli with nc-AFM and LT STM/AFM. Furthermore, so-
lution synthesized GNRs and their newly accessible structures were investigated in
high-resolution SPM studies after ESD on previously not reachable surfaces in UHV.

The experimental principles, methods and realizations of nc-AFM at RT and STM
as well as AFM at LT in UHV facilitating this work were introduced in Chapters 1
and 2.

Thereupon, in Chapter 3 the electrospray deposition method was evaluated for its
applicability to achieve similar molecular adsorption to the commonly used thermal
evaporation method even with fragile functional molecules. It was shown that the ad-
sorption of the C60 model molecules on metal surfaces, Au(111) and Ag(111), is quite
comparable and only minor changes were observed. Additional nucleation sites allowed
formation of molecular islands isolated on terraces. Differences were more pronounced
on bulk insulator KBr(001) and NiO. Islands were smaller or only small clusters gen-
erated after deposition. Crater formation was furthermore visible on KBr(001).

This pointed to some influence of the ESD method on adsorption and surface mor-
phology which had to be taken into account for the following studies of functionalized
molecules and nanoribbons.

After this evaluation, the ESD method and a combination of nc-AFM at RT, STM
and AFM at LT and MD simulations were employed to study the thermal response
and associated tuning possibilities of alkyl chain functionalized molecules.

In Chapter 4 a mechanism of thermal expansion of two-dimensional supramolecular
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networks was found based on mobility of alkyl chains. A giant thermal response of
the lattice spacing of a spoked wheel molecule was shown by STM/AFM and nc-AFM
at 5 K and 300 K after deposition by ESD. In combination with MD simulations of a
triplet assembly of SW at LT the thermal expansion of the assemblies was shown to
be solely driven by increasing alkyl chain mobility with temperature. The molecule
cores underwent no significant diffusion. The increased movement of the alkyl chains
facilitated by their weak interaction with the surface, the soft in-plane bending of the
chains and the two-dimensional constraint on the fluctuations imposed by the surface,
forces the network expansion to allow the increase in mobility in a step wise expansion.
Loss of interaction energy was shown to be compensated by the increasing entropy of
the alkyl chain fluctuations.
Applying this mechanism to HBC molecules equipped with three different alkyl

chain lengths allowed tuning the thermal response of 2D supramolecular networks as
described in Chapter 5. The butyl, octyl and dodecyl chain equipped molecules were
deposited on Au(111) and Ag(111) to form equally sized islands of hexagonal molecular
networks. STM/AFM and nc-AFM studies at 5 K and 300 K revealed an inversely
proportional relation between alkyl chain length and CTE. The shortest chains showed
the largest expansion, the longest the lowest. On Au(111) the expansion was generally
increased in comparison to the molecules with the same chain length on Ag(111) but a
limit reached for the shortest chains with no further increase of CTE being observed.
The dependence of chain length and CTE was explained by a closer relative packing
allowed at lower temperatures due to the shorter chains along with a decreased freedom
of fluctuations leading to a stiffer in-plane bending and, thus, forcing large expansion.
The possibility to access new and interesting solution synthesized GNRs and to study

their properties was shown in Chapter 6 by nc-AFM studies after ESD. The properties
of two distinct GNRs, one methoxy ”cove”-type edged GNR equipped with dodecyl
chains and the other a twisted non-planar fjord-edged GNR decorated with tert-butyls,
were studied at RT. A straight planar rigid structure formed by the ribbon core and two
lobes arising from its alkyl chains was observed for OMeGNR, which adsorbed along
the hcp domain of the herringbone reconstruction of Au(111). Its structure and adsorp-
tion likely contributed to large jump-wise displacements of OMeGNR observed by tip
induced manipulations on the surface. In contrast, the FGNR showed a significantly
increased flexibility in a wiggly, twisted structure on Au(111). High-resolution imag-
ing revealed its internal structure, which confirmed the non-planar character driven by
steric hindrance of the tert-butyl groups in the fjords, as shown for a model precur-
sor molecule. With the deposition of FGNRs on KBr(001) and HOPG the access to
previously inaccessible surfaces was opened even for fragile GNRs.
Concluding these findings, new functional molecular structures and resulting prop-

erties and functionalities were assessed in high-resolution SPM studies after deposition
via ESD. This lead to the explanation of a new mechanism of thermal response and
the possibility of tuning the associated expansion with modification of the alkyl chain
length by a combination of nc-AFM, STM/AFM and MD simulations at different
temperatures. In addition, the adsorption properties and influence of the edge func-
tionalization of previously inaccessible GNRs were studied on up to now not available
surfaces.
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In future works, functional moieties included in the cores of the deposited molecules
could allow the build-up of precise thermal responsive devices, like thermal sensors,
possibly also including light detectable groups, or the targeting of very low response to
external stimuli, while still allowing self-assembly by van der Waals interactions due
to alkyl chain interdigitation. Furthermore, interesting possible graphene nanoribbon
structures, including more complex and three-dimensional structures, along with their
self-alignment due to side chains might offer interesting possibilities for semi-conductor
or non-linear optical applications and their device integration. This could involve the
deposition on semi-conductor surfaces directly, even with their complex structures, and
their direct device integration driven by interaction or anchoring of functional groups.
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[100] Jöhr, R. Interaction of Single Metallo-Porphyrins with Titania Surfaces : Advanced
Atomic Force Microscopy Studies. Thesis, University of Basel (2016). URL http:

//edoc.unibas.ch/diss/DissB_12122. DOI: 10.5451/unibas-006699943.

103

http://dx.doi.org/10.3762/bjnano.9.26
http://dx.doi.org/10.3762/bjnano.9.26
http://dx.doi.org/10.1002/anie.201804937
http://dx.doi.org/10.1039/C5NR04193G
http://dx.doi.org/10.1116/1.585423
http://dx.doi.org/10.1063/1.1146874
http://dx.doi.org/10.1063/1.121577
http://dx.doi.org/10.1016/S0169-4332(02)01484-8
http://dx.doi.org/10.1088/0957-4484/16/3/001
http://dx.doi.org/10.1088/0957-4484/16/3/001
http://dx.doi.org/10.1063/1.126067
http://dx.doi.org/10.1002/anie.201703509
http://dx.doi.org/10.1063/1.119503
http://dx.doi.org/10.1007/978-3-319-15588-3_12
http://edoc.unibas.ch/diss/DissB_10652
http://dx.doi.org/10.5451/unibas-006214593
http://edoc.unibas.ch/diss/DissB_12122
http://edoc.unibas.ch/diss/DissB_12122
http://dx.doi.org/10.5451/unibas-006699943


Bibliography

[101] Biegelsen, D. K., Ponce, F. A., Tramontana, J. C. & Koch, S. M. Ion milled tips
for scanning tunneling microscopy. Appl. Phys. Lett. 50, 696–698 (1987). DOI:
10.1063/1.98070.

[102] Drechsel, C. Atomic and Molecular Adsorption on Superconducting Pb as Basis for the
Realization of Qubits. Doctoral thesis, University of Basel, Basel (2021).

[103] Hasegawa, Y. & Avouris, P. Manipulation of the Reconstruction of the Au(111) Surface
with the STM. Science 258, 1763–1765 (1992). DOI: 10.1126/science.258.5089.1763.

[104] Narasimhan, S. & Vanderbilt, D. Elastic stress domains and the herringbone recon-
struction on Au(111). Phys. Rev. Lett. 69, 1564–1567 (1992). DOI: 10.1103/Phys-
RevLett.69.1564.

[105] Koma, A. Molecular beam epitaxial growth of organic thin films. Prog. Cryst. Growth
Charact. Mater. 30, 129–152 (1995). DOI: 10.1016/0960-8974(95)00009-V.

[106] Torsney, S. P. Toward Molecular Quantum-Dot Cellular Automata: A Scanning Tun-
nelling Microscopy Investigation. Doctoral thesis, Trinity College Dublin, Dublin
(2018). URL http://www.tara.tcd.ie/handle/2262/84973.

[107] Cai, J. et al. Atomically precise bottom-up fabrication of graphene nanoribbons. Nature
466, 470–473 (2010). DOI: 10.1038/nature09211.

[108] Houtsma, R. S. K., de la Rie, J. & Stöhr, M. Atomically precise graphene nanorib-
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[159] Loske, F. & Kühnle, A. Manipulation of C60 islands on the rutile TiO2(110) surface
using noncontact atomic force microscopy. Appl. Phys. Lett. 95, 043110 (2009). DOI:
10.1063/1.3184784.

[160] Loske, F. et al. Growth of ordered C60 islands on TiO2(110). Nanotechnology 20,
065606 (2009). DOI: 10.1088/0957-4484/20/6/065606.

[161] Burke, S. A., Mativetsky, J. M., Hoffmann, R. & Grütter, P. Nucleation and Submono-
layer Growth of C60 on KBr. Phys. Rev. Lett. 94, 096102 (2005). DOI: 10.1103/Phys-
RevLett.94.096102.

[162] Burke, S. A., Mativetsky, J. M., Fostner, S. & Grütter, P. C60 on alkali halides: Epitaxy
and morphology studied by noncontact AFM. Phys. Rev. B 76, 035419 (2007). DOI:
10.1103/PhysRevB.76.035419.

[163] Rahe, P., Lindner, R., Kittelmann, M., Nimmrich, M. & Kühnle, A. From dewetting
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Appendix

Figure A.1: Alkyl chain fragments of a ”cove”-type GNR with high alkyl
chain functionalization. a, Chemical structure of the highly alkyl chain equipped
”cove”-type GNR. b, AFM topography image of alkyl chain aggregates formed after
deposition of a ”cove”-type GNR (A2 = 1.2 nm, ∆f2 = −82 Hz). c, Torsional fre-
quency shift image inside an aggregate showing aligned alkyl chains (A2 = 800 pm,
∆f2 = −90 Hz, At = 40 pm).
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Figure A.2: C60-4C12H25 molecule assemblies deposited by ESD. a, Chemical
structure of dodecyl equipped C60-4C12H25. b, Large scale nc-AFM topography image
of C60-4C12H25 molecule assemblies deposited by ESD (A2 = 600 pm, ∆f2 = −20 Hz).
c, Close-up image of a C60-4C12H25 molecule network (A2 = 600 pm, ∆f2 = −31 Hz).

Figure A.3: DBOV-TDOP molecule assemblies after ESD. a, Chemical struc-
ture of Dibenzo[hi,st]ovalene-tris(dodecyloxy)phenyl (DBOV-TDOP). HB is visible be-
low the molecular island. b, Large scale nc-AFM topography image of DBOV-TDOP
molecule assemblies (A1 = 3 nm, ∆f1 = −50 Hz). c, Close-up image of a DBOV-
TDOP molecule network (A2 = 600 pm, ∆f2 = −36 Hz).
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Nomenclature

Nomenclature

Abbreviations

AC Alternating current
AFM Atomic force microscopy/microscope
AM Amplitude modulation
CPD Contact potential difference
DC Direct current
ESD Electrospray deposition
ESI Electrospray ionization
fcc face-centered cubic
FM Frequency modulation
GNR Graphene nanoribbons
HBC Hexabenzocoronene
hcp hexagonal close-packed
KPFM Kelvin Probe Force Microscopy
LT Low temperature
nc Non-contact
PLL Phase locked loop
QMB Quartz micro balance
QPD Quadrant photo diode
RT Room temperature
SEM Scanning electron microscopy/microscope
SLD Superlum diode
SPM Scanning probe microscopy/microscope
STM Scanning tunneling microscopy/microscope
SW Spoked wheel molecule
TE Thermal evaporation
UHV Ultra-high vacuum
XPS X-ray photoelectron spectroscopy
2D Two-dimensional
3D Three-dimensional
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Nomenclature

Symbols

Latin letters

A Amplitude
A1 Oscillation amplitude of the first flexural resonance
A2 Oscillation amplitude of the second flexural resonance
At Oscillation amplitude of the torsional resonance
AH Hammaker constant
a Lattice parameter
C Capacitance
E Energy
Ebond Bonding energy
e Elementary charge
F Force
Fchem Chemical force between tip and sample
Fel Electrostatic force
Fint Interaction force
FvdW Van der Waals force
f Frequency
f1 Eigenfrequency
f2 Second flexural resonance frequency
ft First torsional resonance frequency
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Nomenclature

It Tunneling current
Q Quality factor
qr critical charge
r Radius of the tip
R Radius of a droplet
T Temperature
V Potential difference between tip and sample
VAC Alternative current voltage
VBias Bias voltage, in this work: STM tip bias, nc-AFM sample bias
VCPD Voltage compensating the contact potential difference
VDC Direct current voltage
x Coordinate of the horizontal scan axis perpendicular to the cantilever
y Coordinate of the horizontal scan axis along the cantilever extension
z Coordinate of the vertical axis between tip and sample
zoffset Multipass offset distance

Greek letters

α Coefficient of thermal expansion
∆f Frequency shift
∆ϕ Work function difference
γ Surface tension of liquid
ϵ0 Vacuum permittivity
κ Decay length of bounding interaction
σ Equilibrium distance
ϕ Work function
ω Angular frequency of the oscillation
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Glatzel, Th.; Narita A. and Meyer, E. The 23rd International Conference on
Non-contact Atomic Force Microscopy, 2022–08–05, Nijmegen, Netherlands.

2. Giant thermal expansion of 2D supramolecular networks tuned by alkyl chain
funtionalization. Scherb, S.; Hinaut, A.; Pawlak, R.; Vilhena, J. G.; Liu Y.;
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