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Abstract

Acenes are a class of polycyclic aromatic hydrocarbons (PAH) with linearly fused ben-
zene rings. They are widely considered as promising materials for organic and molecular
electronics. However, larger molecules of this class possessing more than five rings are
chemically extremely reactive and show a very low solubility. Hence, large acenes are
difficult to handle, and the experimental data available to date is limited. The aim of this
work is to show a very promising protocol of how acenes with different lengths can be
stabilized and investigated on metallic surfaces. The experimental approach of on-sur-
face synthesis is explored to generate the respective acenes directly on the metallic
substrate via the reduction of suitable precursor molecules. High-resolution scanning
probe microscopy (SPM) is employed at a temperature of 5 K to verify the chemical
conversion at a single-molecule level.

In the first part of this work, the on-surface synthesis of acenes is introduced via the
example of tetracene (4-acene) formation on Cu(111). Precursors with 1,4-epoxy moi-
eties preferably adsorb with their oxygen-rich site facing the substrate. Subsequently,
they can be deoxygenated via annealing of the substrate or by single-molecule manip-
ulation with the tip of the scanning probe microscope. In both cases, atomic force
microscopy (AFM) measurements resolve the planar adsorption geometry of tetracene
on the surface with atomic resolution. Based on these findings, scanning tunneling
microscopy (STM) is employed to investigate the self-assembly patterns of on-surface
generated anthracene (3-acene) and tetracene molecules after synthesis on Au(111).
These measurements show intriguing organic nanostructures and supramolecular net-
works that can form at the metallic interface upon thermally-induced surface reactions.

The second part of this thesis focuses on the electronic structure of acenes ad-
sorbed on a metallic substrate. By applying the novel method of on-surface reduction,
single and isolated hexacene (6-acene) molecules are investigated on Au(111). Scan-
ning tunneling spectroscopy (STS) measurements indicate a weak interaction with the
substrate and reveal five accessible molecular resonances at the organic-metal inter-
face. The differential conductance maps with high spatial resolution at the respective
resonant bias values compare well to elastic scattering quantum chemistry-based calcu-
lations. Finally, the experimental investigations of Br-substituted precursors show the
stabilization of genuine unsubstituted heptacene (7-acene), as confirmed by imaging
of the molecular structure via atomic-resolution STM. Accordingly, the precise charac-
terization of this molecule via STS allows more insight into the electronic structure of
adsorbed acenes with respect to their length.






Zusammenfassung

Acene sind eine Klasse von polyzyklischen aromatischen Kohlenwasserstoffen mit li-
near kondensierten Benzolringen. Sie gelten weithin als vielversprechende Materialien
fur die organische und molekulare Elektronik. Jedoch sind die grof3eren Molektle die-
ser Klasse mit mehr als funf Ringen chemisch extrem reaktiv und zeigen eine sehr
geringe Loslichkeit, daher gibt es bisher nur wenige experimentelle Untersuchungen
ihrer Eigenschaften. Das Ziel dieser Arbeit ist es, Acene mit unterschiedlichen Langen
auf einer metallischen Oberflache stabilisieren und untersuchen zu konnen. Dabei wird
der experimentelle Ansatz der Oberflachensynthese verfolgt und die jeweiligen Acene
durch Reduktion von geeigneten Prakursoren direkt an einer metallischen Grenzflache
hergestellt. Hochauflosende Rastersondenmikroskopie an einzelnen Molekulen bei ei-
ner Temperatur von 5K nimmt dabei eine Schlisselrolle im Nachweis der chemischen
Umwandlung auf der Oberflache ein.

Im ersten Teil dieser Arbeit wird die Oberflachensynthese von Acenen am Beispiel
von Tetracen (4-Acen) auf Cu(111) eingeflhrt. Die Ausgangsmolekile mit funktionel-
len Gruppen adsorbieren bevorzugt mit ihrer sauerstoffreichen Seite auf dem Substrat
und konnen dort sowohl thermisch als auch mithilfe der Spitze des Rastersondenmikro-
skops umgewandelt werden. In beiden Fallen wird die planare Adsorptionsgeometrie
von Tetracen auf der Oberflache mittels Rasterkraftmikroskopie mit atomarer Auflosung
abgebildet. Darauf aufbauend wird Rastertunnelmikroskopie genutzt, um die Selbstas-
semblierung von Anthracen (3-Acen) und Tetracen nach der jeweiligen Synthese auf
Au(111) zu untersuchen. Die Messungen zeigen unerwartete organische Nanostruktu-
ren und supramolekulare Netzwerke, welche sich an der metallischen Grenzflache durch
die induzierte Oberflachenreduktion bilden konnen.

Der zweite Teil dieser Arbeit beschaftigt sich mit den elektronischen Eigenschaften
von adsorbierten Acenen. Durch die neuartige Methode der Oberflachenreduktion kon-
nen einzelne Hexacene (6-Acen) auf Au(111) untersucht werden. Messungen basierend
auf Rastertunnelspektroskopie geben Hinweise auf die schwache Wechselwirkung mit
dem Substrat und zeigen funf molekulare Eigenzustande, die im Experiment zugang-
lich sind. Die entsprechenden Abbildungen der differentiellen Leitfahigkeiten mit hoher
Ortsauflésung sind in guter Ubereinstimmung mit einer quantenmechanischen Model-
lierung. SchlieRlich wird die Stabilisierung von Heptacen (7-Acen) von Br-substituierten
Prakursoren mittels Rastertunnelmikroskopie mit atomarer Auflosung gezeigt. Dadurch
kann die elektronische Struktur von adsorbierten Acenen anhand ihrer Lange verglichen
werden.
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1 Introduction

Acene molecules are a series of polycyclic aromatic hydrocarbons (PAH) composed of
linearly fused benzene rings. Figure 1.1a shows the respective chemical structures
of oligoacenes starting from anthracene (3-acene). The next two members, tetracene
(4-acene) and pentacene (b-acene), are two of the most well-studied and promising
small molecules for organic electronics [1]. Oligoacenes with more than five rings are
expected to show superior properties [2, 3] but they are also highly unstable under am-
bient conditions as large oligoacenes react with molecular oxygen or undergo photoin-
duced dimerization [4]. Therefore, only insufficient experimental data is available for the
characterization of hexacene and beyond. Conceptually, one can think of oligoacenes as
graphene nanoribbons with the narrowest possible width and a zigzag edge topology
as illustrated in Figure 1.1b. In the limit of a large number of rings, the structure can be
eventually treated as polymer, and one can refer to the infinite case as polyacene.

o0 oD o

anthracene (An) tetracene (Tn) pentacene (Pn)
hexacene (Hn) heptacene (Hp)
b

NV VIV VRV VT VT VD

A aCaCaCaCaCa A

Figure 1.1 — Chemical structure of acenes. (a): The first five members of the oligoacenes. In
this thesis, the following convention is used: anthracene, tetracene, and pentacene (top row) are
referred to as the short acenes while acenes with more than five rings are called /large acenes
due to their extremely limited stability. (b): Large oligoacenes can be considered as graphene
nanoribbons with a zigzag edge topology; however, the here shown decacene (10-acene) is
already the smallest oligoacene which has not been detected in any experiment to date.



Ever since the pioneering synthesis attempts of E. Clar [5, 6], large acenes and their
anticipated properties have intrigued scientists for many decades. While the character-
ization in solution or solid state has been the focus of synthetic chemists, atomic-scale
investigations of single molecules have the potential to unravel their electronic struc-
ture. The recent on-surface synthesis and characterization of the elusive triangulene [7],
a PAH with six benzene rings forming a triangle and chased by chemists for a long time,
highlights the relevance of this approach. To this end, stabilization of acenes at a surface
and in vacuum conditions is a promising approach to contain their high reactivity.

Since acenes have an extended conjugated backbone, their m-electrons are strongly
delocalized, and the energy gap between the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) level is decreasing with the num-
ber of benzene rings. By applying a tight-binding calculation for the p,-orbitals of the
carbon atoms of polyacene [8], a simple electronic level structure for acenes of a finite
length can be deduced [9]. Figure 1.2a depicts the energy levels of oligoacenes schem-
atically as a function of the size. Apparently, the energy spacing between electronic
levels is closing as one would expect for a simple particle-in-a-box picture. The reduced
gap between frontier levels can be related to the experimental absorption spectra. Fig-
ure 1.2b shows the longest-wavelength transitions: With increasing acene length, the
absorption energy is shifted to a shorter wavenumber (red shift) indicating the shrinking
HOMO-LUMO gap.

The reduced electronic level spacing, among other intriguing chemical and physical
properties, makes oligoacene molecules attractive for organic electronics [3, 10, 11]
as low bandgap and high mobility materials. For instance, pentacene has been widely
studied in organic field-effect transistors as prototypical thin-film or crystalline semicon-
ductor with a high charge carrier mobility [12-14]. This property is advantageous for
applications in electrical engineering; however, the particularly narrow HOMO-LUMO
gap of acenes results in a high reactivity and makes processing challenging. In fact,
pentacene has already a limited photochemical stability under ambient conditions and
slowly degrades in air [15]. Larger acenes are highly reactive and can only be handled
in particular environments. For instance, hexacene (6-acene) can be obtained in-situ
through a solid-state synthesis from a monoketone precursor via annealing; however,
the resulting hexacene crystals and thin films must be stored in the dark to avoid a
photochemical oxidation [16]. Furthermore, the work by H. Bettinger et al. showed the
experimental absorption spectra of pentacene up to nonacene (9-acene) in a stabilizing
solid argon matrix at 30K [17, 18]. The respective acenes were generated in-situ from
diketone precursors via irradiation. In general, large acenes require a tedious synthesis
and have a very low solubility which limits its detailed characterization by standard solu-
tion-based methods.
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Figure 1.2 — Energy levels and optical excitation of acenes. (a): The energy levels of acenes
as one would derive by applying the method of zone-folding [9] to the band structure of poly-
acene [8]. If a simple tight-binding model for the m-electrons of polyacene is considered and
quantization conditions are imposed, the energy spacing between occupied (filled bars) and un-
occupied levels for acenes of finite length can be derived. In particular, the energy gap between
the highest occupied and first unoccupied level is decreasing with acene length. (b): The op-
tical longest-wavelength excitations of acenes are presented as reported in the literature and
correspond mainly to the HOMO-LUMO transition. The values for anthracene and tetracene
were obtained in solution [19] while the larger acenes were isolated in an argon matrix [17, 18].
A recent discussion of the optical absorption data of acenes is given in [20].

The primary goal of this thesis is to explore a way for the on-surface fabrication of
large acenes and to characterize their electronic properties at a single-molecule level.
In this regard, on-surface chemistry provides indispensable tools for the formation of
extended molecular structures which cannot be prepared by standard solution-based
methods due to reasons of solubility and stability. Designing vacuum-processable pre-
cursors and inducing the final steps of synthesis on-surface is an advantageous method
which has been proven to be a suitable approach to study molecular nano-architectures
[21-23]. Most notably, there are many examples of the atomically precise fabrication
of two-dimensional networks [24, 25] and molecular wires [26-28]. In the case of
graphene nanoribbons, thermally activated and surface-assisted carbon-carbon coup-
ling reactions followed by a cyclodehydrogenation (CDH) [29] can be employed to pro-
duce extended strips of graphene with atomically precise width and edge topology [30—
32]. Spurred by the recent approaches of the stabilization of nanographene molecules
through intramolecular surface reactions [33, 34], a novel way to fabricate acenes on a
surface is studied in this present work.



Experimental verification of the underlying synthetic strategy is crucial and relies on
the characterization of the obtained reaction products with high resolution. Recent ad-
vances in atomic force microscopy (AFM) with atomic resolution have demonstrated
that this method is well suited to elucidate surface reactions due to its powerful capabil-
ity to image the chemical structure of reaction products in real space. After the seminal
work by L. Gross and coworkers on sub-molecular imaging with a CO-functionalized tip
in non-contact mode [35], AFM has been applied to resolve the molecular structures of
thermally activated surface reactions [34, 36-38], single-molecule chemistry [7, 39-41],
as well as of natural products [42], mixtures [43], and solution chemistry synthesis [44].

Following on from the on-surface generation, studying the fabricated acene mo-
lecules with scanning tunneling microscopy (STM) and spectroscopy (STS) allows the
characterization of the electronic structure with sub-molecular resolution. In the field
of scanning probe microscopy (SPM), single-molecule investigation of pentacene can
be considered as a molecular model system which has been studied by many research
groups. These efforts led to groundbreaking insights and a fundamental understanding
of the adsorption [45], bond formation [46], ultrafast motion [47], single-electron trans-
fer [48], and high-resolution imaging of single molecules. The latter includes resolving
the chemical structure via AFM [35], mapping the molecular orbital resonances through
STM [49] and STS [50] with a metal tip, as well as a functionalized CO-terminated tip

[51].
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Figure 1.3 — Resonant Clar structures of acenes as illustrated for anthracene. The Clar
structure of the closed-shell form always features just one w-sextet which migrates along the
molecule. Therefore, the aromatic character (six m-electrons localized in a benzene-like ring) of
acenes decreases with the number of rings. In contrast, the open-shell form exhibits at least
two aromatic rings at the cost of losing one m-bond. The two unpaired electrons show an
anti-ferromagnetic coupling, i.e. are in the singlet state [62]. The observed low stability of large
acenes can be related to this increasing radical character in their structure [4].

Aside from the fundamental interest to make large acenes beyond pentacene ac-
cessible for on-surface and SPM investigations, they are predicted to present superior
properties for molecular electronics. The central idea of using single molecules to per-
form basic functions of electronic circuits goes back to a pivotal paper from A. Aviram
and M. A. Ratner [53]. In contrast to well-established organic technologies for light emit-
ting diodes, solar cells, and field effect transistors, functional devices based on a single
molecule are still more vision than a real technology. While there are many challenges
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for the fabrication and operation to make the step out of the laboratory [54], the joint
efforts from chemistry and physics have already showcased novel concepts to create
functionality at the ultimate smallest length scale. For instance, spin-polarized edge
states in nanographene structures with zigzag topography display a promising way to
use spin and charge of electrons for magnetic data storage or nano-scale and energy-ef-
ficient transistors [32, 55, 56]. Based on theoretical calculations, the ground state of
acenes beyond a certain length is also predicted to become spin-polarized. This term
refers to the fact that all electrons along one long zigzag edge would feature the same
spin direction while an anti-ferromagnetic coupling between opposite zigzag edges is
predicted [2, 57]. This intriguing property can also be illustrated in the following way:
The closed-shell ground state of any acene can be described qualitatively by the Clar
structure [52, 58] as depicted in Figure 1.3. One stabilizing aromatic sextet is shared
among all constituting six-membered rings. At a certain acene length, it becomes ener-
getically beneficial to break up the w-conjugation in favor of a second Clar sextet leading
to a biradical structure with two unpaired m-electrons. In a similar way, one can think of
a polyradical form which matches the predicted spin-polarized state [59, 60]. This mag-
netic property as well as a small but finite bandgap could be the cornerstone to use spin
and charge transport in a single-molecule device. Thus, extended acenes are a particu-
larly intriguing class of nano-scaled materials with possible applications for organic and
molecular electronics, as well as important implication for the field of scanning probe

microscopy.

Chapter 4 * ' Chapter 5
tetracene anthracene, tetracene
synthesis self-assembly

Cu(111) . Au(111)

AFM with CO tip STM with metal tip

Chapter 7 Chapter 6
heptacene hexacene
structure orbital resonances
Au(111) Au(111)

STM with CO tip STS with metal tip

Figure 1.4 — Graphical outline of the experimental results. For each of the four Chapters, the
studied acene molecule, the point of emphasis, used surface, and key technique is given. In
addition, the findings are supported by theoretical modeling as implied by the shown visualiza-
tions.



This thesis is structured as follows: The underlying fundamentals of the employed
SPM techniques are introduced in Chapter 2. Following that, a description of the used
experimental setup, materials, and methods is given in Chapter 3. The key empirical
findings of this thesis are presented in the following Chapters as shown by the graph-
ical summary in Figure 1.4. First, a novel surface-assisted way to stabilize acenes in-situ
is explored on Cu(111) via AFM with atomic resolution (Chapter 4). Using specially de-
signed precursors with incorporated oxygen atoms has substantial implications for the
self-assembly of fabricated acene molecules as studied on Au(111) in Chapter 5. After
the thorough description of the formation of tetracene and anthracene via deoxygen-
ation, the method of on-surface reduction is successfully applied to the larger hexa-
cene as demonstrated in Chapter 6. Thus, this highly unstable molecule is imaged and
characterized via STM and STS for the very first time. Chapter 7 shows the efforts
to combine two surface reactions to explore the fabrication of acene-based polymers.
Surprisingly, the data shows the stabilization of heptacene (7-acene) despite the use
of Br-substituted precursors. While the chemical structures of the studied molecules
are obviously similar throughout this thesis, they show an increasing complexity, and
many experimental conclusions can only be derived by the systematic comparison. Be-
sides, different scanning probe methods are employed to shine a light on the adsorbed
acenes. Notably, all the experimental images of single molecules in Figure 1.4 show
intramolecular resolution of the highest quality but rely on different fundamental prin-
ciples. First, AFM measurements (Chapter 4) benefit from the fact that this technique is
sensitive to the total electron density of the respective molecule. Therefore, the image
contrast is determined by the atomic structure. Second, STS measurements resolve
the extended molecular orbital resonances with their pronounced intramolecular corrug-
ation as presented in Chapter 6 and 7. Third, STM measurements with a functionalized
tip (Chapter 7) can be used to probe the atomic structure as well as the frontier orbital
densities depending on the used imaging parameters. Finally, Chapter 8 presents a
summary and aims to put the obtained results into perspective.

6 1 Introduction



2 Fundamentals of scanning probe
microscopy

Scanning probe microscopy (SPM) allows investigations of a sample by moving a phys-
ical probe over the surface. Unlike optical microscopy, the spatial resolution is not lim-
ited by diffraction but instead is determined by the size of the sample-probe interaction.
In this Chapter, the most important principles of the used SPM techniques are presen-
ted.

2.1 Scanning tunneling microscopy

2.1.1 The working principle

Scanning tunneling microscopy (STM) was designed [61] and experimentally realized
[62, 63] in 1982 and soon acknowledged as pioneering tool in the field of nanotechno-
logy by awarding the Nobel Prize in physics to G. Binnig and H. Rohrer. The underlying
fundamental principle is presented in Figure 2.1a and shows an atomically sharp metal
tip which can be laterally scanned over a metallic substrate at a precisely controlled
tip-surface height by the help of piezoelectric actuators (piezos). If the vacuum gap d
between both conducting electrodes is in the sub-nanometer range, the overlap of the
electron wave functions of tip and substrate becomes crucial and enables tunneling
through the vacuum barrier.

In the simplest case, the electron states of both electrodes are filled up to the
respective Fermi energies Er; and Egs which can be shifted relative to each other by ap-
plying a bias voltage V to this metal-vacuum-metal junction as depicted in Figure 2.1b.
Despite the fact that their associated energy eV is small compared to the work func-
tions @®; and @ of tip and substrate, electrons can still penetrate through the barrier and
a tunneling current / across the junction becomes measurable. Here, the convention is



(a) principal set-up: (b) metal-vacuum-metal junction:

'EF,s
V
vacuum
Jo ’
sample \/\/\/\/\\
vacuum barrier \/\/\/\ R
0 d z

Figure 2.1 — Basics of scanning tunneling microscopy. (a): An atomically sharp tip is scanned
over a substrate. Due to the exponential decay of the tunneling current with the distance d, the
apex atom of the tip is dominant for STM imaging. During constant-current scanning, the tip
height is determined by the applied bias V and set tunneling current /. (b): Energy diagram for
the general metal-vacuum-metal junction. (c): Real part of the electron wave function ¥ plotted
for a one-dimensional potential barrier.

used that a positive bias establishes a net flow of electrons from the tip to the sample.
If one treats this tunneling phenomenon as one-dimensional problem by applying ele-
mentary quantum mechanics as in [64], an incoming electron from the tip described by
the time-independent wave function 1(z) has a finite probability of being localized in the
sample at the position d:

[9(d)]? o [9(0)]? exp (-2kd) ,  with k = %\/me(d)t +ds—eV) (2.1)

This relation is valid if eV is small compared to the work functions @ of the tip and
substrate, respectively. The corresponding schematic Figure 2.1¢ shows that the wave
function is exponentially damped within the barrier. Furthermore, the tunneling current
| across the whole junction can be expressed as follows:

I(d) o< exp (-2kd) (2.2)

The high spatial resolution of STM relies primarily on the fact that the tunneling current
decays exponentially as a function of the tip-surface gap d. Assuming similar materials
with a typical value of ® ~ 5.1 eV for gold, the decay parameter k can be simplified to:

1 1

K = 5 2me® ~ 12nm~ (2.3)
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Consequently, if the tip height is increased by 1 A (Angstrom, 1 x 107'9m = 0.1 nm), the
tunneling current will drop by approximately one order of magnitude. Due to this strong
decay, the majority of the electrons tunnel between the sample and the last atom of the
tip making the current very sensitive to the atomic structure of the substrate. By using
a feedback loop to adjust the tip-sample height while scanning, STM is usually carried
out in the constant-current mode. While keeping the tunneling resistance V// constant,
the recorded tip height can then be plotted as a function of the lateral coordinates x and
y to give an apparent height image of the scanned surface topography. For imaging,
the range of the tunneling resistance is usually between 108 Q and 10'? Q. On the
contrary, the STM tip can also be scanned at constant-height without any feedback
system; however, this requires high stability in the experimental setup and an atomically
flat surface.

In the following, a more rigorous way to describe the tunneling current based on
the formalism from J. Bardeen [65] is presented. In this approach, tip and sample are
considered to be separate parts of one system, and if both are far apart [66], the cor-
responding electron wave functions ¥; and Vs just decay into the vacuum. In proximity,
the presence of a counter-electrode is treated as a perturbation potential for the respect-
ive unperturbed states. Hence, the probability that an electron is transferred from one
electrode to the other is related to the tunneling matrix element M; s which is defined
as:

Mis=——— [ (W Vs - WUVWT) dS (2.4)
2me 5

This integral is calculated over any surface X separating tip and sample, and through
which the entire tunneling current flows. Accordingly, the probability w; s that an elec-
tron in the state ¥; at the energy E; tunnels into a state ¥ and Es is known as Fermi's
golden rule and given by:

2
Wis = %er,sFé(Et ~Ey) (2.5)

Here, the §-function ensures that the energy is conserved and only elastic transitions are
considered. The tunneling current at applied bias V is then obtained by calculating the
sum over all possible states. Since electrons can only transfer from an occupied state
into an unoccupied one, the Fermi-Dirac distribution f(E) must be taken into account
to include the mean occupation probability of a state at energy E. Furthermore, one
needs to subtract the transmission in the opposite direction to obtain a value for the net
current:

4
| = %e ;{f(Et)[’l — f(Es + eV)] = f(Es + eV)[1 = F(EQ)T}

My s]?6(E; - (Es + eV) (2.6)

2.1 Scanning tunneling microscopy 9



where a factor of two for spin degeneracy is included. This equation holds true for a
small bias eV « @®. Further, it can be expressed as energy integral by introducing the
density of states (DOS) p; and ps for tip and sample, respectively.

/= 47’;9/ CIHEr - 6V + E) = f(EF + )]

- 0dlEF — eV + E)ps(Er + E)\MI(E, V)2 dE (2.7)

The Fermi energy of the sample Ers = Ef is chosen as reference point for the energies,
hence the tip Fermi energy Ef; is equal to Ef + eV. In the limit of low temperatures, the
Fermi-Dirac distribution can be replaced by a step function and a simpler expression for
the current is given by:

4 Er+eV
/o Ze[ ol E = eVps(ENIMIE, V)2 dE
Er

eV
= 4%6 A pt(E = eV)ps(E)MI(E, V)|? dE (2.8)
The second equation is obtained if Er = 0 is set for convenience. At this point, it
becomes apparent that the tunneling current is a convolution of the DOS of tip and
sample. Since the exact tip and sample wave functions are generally unknown in STM
[67], the tunneling matrix element M; s has to be approximated.
One of the most widely used approaches is based on the model of J. Tersoff and
D. Hamann [68, 69]. Figure 2.2 shows that the tip is assumed to be point-like with
radius R centered at 1, thus the associated wave function has a spherical symmetry,
i.e. s-wave character. The sample states are modeled by functions that can propagate
freely on the surface but decay exponentially into the gap. By inserting this assumption
in Equation 2.4, the following relation for the tunneling current between tip and sample
is obtained:

lo<V - pilEp) - ) |Wslio)P6(Es — Er) = V - il EF) - ps(i, EF) (2.9)

Consequently, the tunneling current is proportional to ps(7), EF) which is the local dens-
ity of states (LDOS) of the sample at the Fermi energy and position of the tip apex
atom. If the STM tip is scanned at constant current over the sample, the Tersoff-Ham-
ann model shows that the contour of constant LDOS is probed. One should keep in
mind that a number of assumptions and approximations were needed to obtain this
result. Most importantly, only elastic tunneling in the limit of low temperatures was
considered. The point-like tip allows one to calculate simple STM images; however,
this modeling is usually not good enough to reproduces sub-atomic features in a tip-

10 2 Fundamentals of scanning probe microscopy



Tersoff-Hamann model

Figure 2.2 - Tunneling geo-
metry of the Tersoff-Hamann
model. Schematic picture of the
assumed geometry. Center of tip
curvature is labeled as i with a
distance of R + d to the surface.
Adapted from [68].

molecule-surface system. In addition, Equation 2.9 is only true for a small bias, i.e.
eV « &. Otherwise, one needs to take into account that electrons with a higher en-
ergy have a larger tunneling probability because of the reduced barrier height. In the
case of larger bias values, Equation 2.8 can for example be treated by the semi-clas-
sical Wentzel-Kramers-Brillouin approximation for planar electrodes [70]. In contrast to
the Tersoff-Hamann model, it does not accurately describe individual sample wave func-
tion but introduces a bias-dependence via the one-dimensional transmission function T,
assuming a trapezoidal barrier [71]:

~ 4 [2m ((pr—E+eV)¥? - (ps - E)¥?
T(E, V) = exp [—3dw/hz- ( it btV ) (2.10)

The dependence for the tunneling current is then given by:

eV
[=A- / o (E—eV)ps(E)T(E, V) dE (2.11)
0

with a constant factor A. Here, the quantity ps(E) T(E, V) can be seen as the generalized
LDOS (E) in terms of the Tersoff-Hamann model since it is a measure for the charge
density that reaches the tip electrode.

2.1.2 Scanning tunneling spectroscopy

The experimental investigations with STM are not limited to image acquisition but can
be extended to spectroscopic measurements at the atomic scale. In the simplest case,
the tip is stabilized over a desired position on the surface. While keeping the tip height
constant, the applied bias voltage is varied and a change in the tunneling current can
be recorded. The first derivative of the current with respect to the bias is of funda-
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mental importance for scanning tunneling spectroscopy (STS). Using Equation 2.8, the
following relation can be obtained [72]:

eV
ar _4me d [/ p+(E = eV)ps(E |MEV|2dE]

av =~ A av
_Ame
= 77; [e 0:(0) - psleV) - [M(eV, \/)|]
4dme ev 0 9
ﬁ[/o pslE)=; [,otE eV)|MI(E, V) ] dE] (2.12)

The second term in this equation can be approximated to be zero if the usually unknown
DOS of the tip as well as the average transfer probability |[M(E, V)|? is assumed to be
constant over the considered bias range. Therefore,

d/

Ame?
- U [pt - psleV) - |Me\/V)|]o<pseV) (2.13)

Consequently, the slope of the tunneling current with respect to the bias is proportional
to the DOS of the sample at the energy £ = eV. In the experiment, the d//dV signal can
be obtained by a using standard lock-in amplification technique. The applied bias is then
usually modulated with a small voltage of a certain frequency w, i.e. V = Vo + V; sin(wt)
with V; « V4. If the tunneling current is expanded as a Taylor series around the point
V = Wy, the following equation can be obtained:

dl(Vp) . d?1(Vp)
qv Vi - sin(wt) + qv2

(Vo + Vy sin(wi) = (Vo) + V2sinf(wi) + ... (2.14)

In this approximation, the second term describes the tunneling current modulation with
the frequency w while all the higher-order terms have a shorter periodicity in time.
Since the lock-in amplifier basically acts as bandpass for the particular frequency w, the
amplified signal is directly proportional to the amplitude of the first harmonic. Hence,
the signal is proportional to d//dV at V = V4. Interestingly, the amplitude of the second
harmonic can be used to study processes where energy of the tunneling electrons is
dissipated through vibrational [73] or rotational excitation [74]. This technique is called
inelastic tunneling spectroscopy (IETS). Taking Equation 2.8 into account, the following
explicit result for / can be obtained [75]:

e(Vo+ Vi sin(wt))
[ / ps(E) dE

[ e / E) dE + psleVp)eV, sin(wit) +

d,Os(eVo) 2\/2 .2(

4V 3 wit) + ... (2.15)
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By comparing Equation 2.14 and 2.15, the lock-in d//dV signal is directly proportional
to the sample DOS at the energy E = eVf as expected. However, this relation is again
derived by the low bias approximation; therefore, the description of the d//dV signal
based on the WKB approximation is usually more appropriate for STS measurements
with a larger voltage range of up ~ £3V. Since the transmission function T as defined
by the exponential dependence in Equation 2.10 increases strongly with the bias value
V, the sample DOS tends to be hidden in an increasing background current. Thus, it
can be beneficial to consider the normalized differential conductance as follows [72]:

-1
dl/dv 1 [ev T(E, V)
W ~ ps(eV) - [e\//o pS(E)T(TV,\/) dE] (2.16)

Due to the fact that second factor slowly varies with voltage [72], the normalized differ-
ential conductance is an alternative way to present spectroscopic data as it is approxim-
ately proportional to the sample DOS at eV.

In STS experiments, the tip height is stabilized at a certain sample position. Then
the feedback loop is usually switched off and the applied bias is ramped with the lock-in
amplifier on to obtain a spectrum of the DOS of the sample at this point. Furthermore,
the surface can also be scanned while recording the d//dV signal at a desired bias
voltage. Similar to image acquisition, these d//dV-maps can be carried out at constant
current to make sure that the tip will not crash into the surface. The integrator time
of the current feedback loop should then be large enough that no interference with the
applied modulation bias can occur. Importantly, the resulting map does not only depend
on the DOS but is a convolution with the sample topography [71, 76].

2.1.3 Single-molecule investigations

In contrast to classical and spatially averaging spectroscopy techniques, STS has the
distinct advantage that investigations at the atomic scale are made possible. There-
fore, this method is well suited to investigate various electronic properties of single
organic molecules adsorbed on metal surfaces. Molecular orbital theory is usually the
cornerstone to approximate experimental phenomena in a single-particle wave function
picture, i.e. the electronic levels of a many-electron system are described by one-elec-
tron orbitals [77, 78]. In the general case of a m-conjugated system and closed-shell
electronic ground state Sy, the energy levels of a molecule can be described by a set of
orbitals each associated with a certain energy. The core orbitals established by o-bonds
between neighboring atoms are usually strongly localized and large energies are needed
to probe these levels. In contrast, m-orbitals are energetically close to the vacuum level
and can host electrons extending over the whole backbone of the molecule. Taking into
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(a) molecule in gas-phase: (c) adsorbed molecule:
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Figure 2.3 — Simple energy level diagram of a molecule. (a): Energy levels of a molecule in
gas-phase. The electron configuration coincides with the ground state. For simplicity, the elec-
tron affinity level is referred to as LUMO level while the ionization potential level corresponds
with the HOMO level. (b): For a molecule in vacuum and a simple picture, the electron con-
figurations of the ground state (Sy), first excited state (S;), electron attached state (N + 1), and
electron removed state (N — 1) are shown. If correlation effects are included, the number and
complexity of possible other electron configurations contributing to the first excited, anionic, or
cationic state are much larger [78, 79]. (c): Shifting and broadening of the levels into resonances
is observed if the molecule adsorbs on a metallic surface.

account the Aufbau and Pauli principle [64], the configuration of the ground state is de-
termined by a number of occupied orbitals each populated by two electrons of opposite
spin. Figure 2.3a shows that the occupied level which is the highest in energy is referred
to as highest occupied molecular orbital (HOMO). The next higher level is called lowest
unoccupied molecule orbital (LUMO) and leads a number of unoccupied orbitals. Natur-
ally, the energy difference between the frontier molecular orbitals (HOMO and LUMO)
is crucial to describe the electronic, chemical and transport properties of a molecule.
However, the definition of this HOMO-LUMO gap is not straightforward [80].

Strictly speaking, molecular orbitals and their absolute energies cannot be meas-
ured [78, 81] since any probing experiment changes the ground state configuration as
illustrated in Figure 2.3b. For instance, optical spectroscopy uses photon absorption to
promote the system from the ground to the first excited state S;. The energy Eopt
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needed to excite an electron from the HOMO to a then singly-occupied LUMO tends to
strongly differ from the energy difference between HOMO and LUMO due to Coulomb
interactions. If the energy levels are probed via electron addition or removal, ionic states
of the molecule are created, and the energy measurements correspond to one-electron
differences. By calculating the energy difference between the frontier ionization (IP) and
affinity level (EA), the fundamental gap Etund of the isolated molecule in vacuum is ob-
tained. Figure 2.3a presents these quantities for a molecule in gas phase and suggests
that the energy of the HOMO with respect to the vacuum level is equal to ionization
potential IP while the LUMO energy coincides with electron affinity EA. However, this is
a crude approximation known as Koopmans' theorem [80] and does not take relaxation
processes into account which are non-negligible for electron removal or addition to form
the cationic or anionic state, respectively. While the energy value of the HOMO level
turns out to be usually a good approximation for the ionization level, this is usually not
the case for LUMO and the first affinity level. Placing an electron into the LUMO level
strongly lifts the energy of the anionic state due to Coulomb interaction [82]. This effect
is the reason why the fundamental gap tends to be much larger compared to the optical
HOMO-LUMO gap. Experimentally, combined ultraviolet photoelectron and electron at-
tachment spectroscopy in gas-phase can be used to derive a value for IP-EA. Since STS
experiments of adsorbed molecules also acquire a spectrum by electronic probing of
molecular levels, the nomenclature should be simplified, and the frontier ionization and
affinity levels will be referred to as HOMO level and LUMO level, respectively.

If a molecule approaches a metal surface as depicted in Figure 2.3c and adsorbs at a
certain height above the substrate, the discrete molecular levels are broadened into res-
onances and energetically shifted due to interaction with the continuous states of the
metal [83]. Here, the coupling strength and height between adsorbate and substrate
is crucial for the description of the energy states at this interface [84]. Addressing the
electronic properties in the low coupling regime known as physisorption has the advant-
age that the molecular levels still correspond to the ionization and affinity levels of the
molecule in gas phase. Those resonances are accessible via STS if the associated en-
ergies are within the resonant tunneling regime and the electronic structure can then
be mapped with the high spatial resolution of STM. If the tip of the STM is positioned
above an adsorbed molecule and the differential conductance is probed with STS, peaks
in the spectra can occur and indicate an energy resonance. At certain bias values, the
conductance is enhanced due to resonant tunneling [77]. In contrast to the case of the
tip being above the bare surface, electrons can then tunnel from the tip via an unoccu-
pied molecular level into the substrate as shown in Figure 2.4a while tunneling from the
sample via an occupied molecular level into the tip can also occur if the particle energy
and molecular level match. One way to describe this process is the following [86]: Elec-
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(a) STS junction: (b) screening effect:
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Figure 2.4 — Organic-metal interface as probed by STS. (a): STS junction with a resonant bias
value. Thus, electrons can tunnel from the tip via an unoccupied level of the adsorbed molecule
into the sample. In a similar way, occupied levels can be probed if a negative bias is applied to
the STS junction. (b): Screening effect of the surface for a single point charge. If an electron is
transfered from the tip into a sample via the transient occupation of the LUMO level, screening
effects will also occur. Adapted from [85].

trons are assumed to tunnel one-by-one between tip and sample which means that the
system can return to its ground state between two tunnel events. Since the molecule
with N electrons is physisorbed directly to the metal, tunneling through the STS junc-
tion can be viewed as a coherent process. This term describes the electron transfer
through the gap as one-step process; however, the molecule retains its individuality
[77]. If the Fermi level of tip or sample matches the energy of one of the molecular
levels, a resonance occurs. For simplicity, one can refer to empty-state resonances
as LUMO, LUMO+1, ... while filled-state resonances can be called HOMO, HOMO-T1,

In a similar way, one can call the energy separation between conduction peaks
around the Fermi level as the HOMO-LUMO gap of the molecule. However, one should
keep in mind that strictly speaking transient electronic configurations of the molecule
with (N + 1) and (N = 1) electrons contribute to these occupied and unoccupied level
resonances, respectively.

The extracted value for the HOMO-LUMO gap by STS experiments tends to be re-
duced with respect to the fundamental gap value due to electrostatic screening effects
at the organic-metal interface [87, 88]. This effect can be understood by the method
of image charges as introduced in classical electrostatics as in [89]. If a point charge is
placed at the distance a from a metal surface as presented in 2.4b, polarization effects
are induced and the resulting electric field (dashed lines) can be conveniently described
by the interaction between the actual charge and its mirror image inside the metal with
opposite charge value at the position —a. Due to the attractive Coulomb force and
the mutual interaction between point and image charge, the energy of the system is
lowered if the distance a is decreased. In the case of a neutral molecule on a metal
surface, an injected charge is stabilized in the same way [83, 85]. If for instance an
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electron tunnels from the STM tip into the sample via the transient occupation of the
LUMO, a positive image charge is induced in the metal (Figure 2.4b) essentially lower-
ing the energy value of the LUMO resonance [88]. Likewise, the HOMO level moves up
in energy with respect to the free molecule if probed by STS. This effect of the dynam-
ical electrostatic stabilization of both the ionization and affinity levels is enhanced with
decreasing adsorption height. Consequentially, the HOMO-LUMO gap obtained in STS
experiments on a metal surface is clearly reduced compared to the fundamental energy
gap and usually closer to the optical gap value obtained by absorption measurements.
One should again emphasize that this observation is not trivial since the optical value
is based on the photo-excitation of a single electron to promote the molecule from the
ground state Sy to the first excited singlet state Sj.

For weakly adsorbed molecules, electron transfer through molecular resonances can
become a predominant contribution of the tunneling current, and STM images at res-
onant bias values tend to show intramolecular features resembling the orbital density
structure [49, 50]. By scanning the tip over the molecule, the tip is able to capture the
lobes and nodes of the resonant states. Since the tunneling current at each pixel is pro-
portional to the squared sample wave function as derived from Equation 2.9, the orbital
densities of the molecule are probed as a first approximation [77]. Mapping the differ-
ential conductance signal has the advantage that it acts as a filter providing information
for the applied resonant bias energy eV only while the topography signal is obtained by
integrating over an energy range.

If imaged close to the Fermi energy single molecules often markedly appear as pro-
trusion in the STM topography even though the contributions by molecular resonances
should be negligible [76]. This observation can be rationalized in part by a local reduction
of the work function of the metal [83, 90, 91] since the molecule compresses the tail of
the electron wave functions of the substrate which would otherwise just decay into the
vacuum [88]. This so-called push-back effect leads to a collective shift of the molecu-
lar levels to lower energy values but leaves the HOMO-LUMO gap basically unaltered
[92]. In the case of the strong coupling regime, there are additional mechanisms at the
organic-metal interface which one needs to take into account. For instance, substan-
tial hybridization between molecule and substrate must be considered. This interaction
leads to direct charge transfer and tends to favor the occupation of the LUMO [91]. Ad-
ditionally, the stronger molecule-surface bonding can change the adsorption geometry
substantially and STM/STS data can eventually only be understood by detailed theoret-
ical modeling of the whole system under investigation.
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(a) principal set-up: (b) force versus tip-sample distance:
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Figure 2.5 — Basics of atomic force microscopy. (a): An atomically sharp tip is attached to an
oscillating cantilever and scanned over a surface. (b): The force between tip and sample is a
superposition of long-range (vdW) and repulsive (L.-J.) contributions.

2.2 Atomic force microscopy

Shortly after the invention of the STM, atomic force microscopy (AFM) was introduced
in 1986 by G. Binnig, C. Quate and C. Gerber [93]. Here, a sharp tip is also scanned over
a sample surface; however, images are created by recording the force acting between
the two as illustrated in Figure 2.5a. This method has the obvious advantage that it
be can also be performed on insulating substrates and works reliably under ambient
conditions. Thus, AFM has been established as most powerful and versatile tool in
nanotechnology and life science. In the following, the focus is however on the prin-
ciples used for high-resolution imaging using cryogenic systems and ultrahigh vacuum
conditions.

Atomic resolution of single molecules can be achieved by performing AFM in the
non-contact frequency-modulated mode [94]. Here, the tip is attached to a stiff force
sensor with a spring constant kg in the order 1 x 10* Nm~". Using a phase-locked feed-
back loop and driving piezo, the cantilever can be oscillated at a fixed and controllable
amplitude in the vertical direction z. If probe and sample are macroscopically far apart,
the tip with its effective mass m* oscillates at the resonance frequency fj:

1 [k

fo = —
0 2m N m*

(2.17)

The interaction with the sample surface leads to a frequency shift of Af as soon as the
tip is brought close. Figure 2.5b shows that this is caused by the force F;s as sum of
short range (Lennard-Jones-like) and long-range van der Waals interactions. In the limit
of a small oscillation amplitude, the effect of this force on the tip can be modeled as a
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perturbation with a simple linear response in the vertical direction [95]:

kys = ——= (2.18)

Thus and in a simple picture, the tip can be considered to be suspended between two
spring-like systems. For k;s <« kp, one can derive the following expression for the
frequency f of the tip within this cantilever-tip-sample system:

k2
fz) (2.19)
kO

fO kt,s

f=f0+§k70+0

The shift with respect to the undisturbed resonance frequency can be simplified to:

(2.20)

As first approximation, the recorded Af-data in AFM measurements at constant-height
is proportional to the force gradient [66]. Since the chemical structure of a molecule
is inherently connected to the short-range interactions [35], the force sensor must be
able to oscillate at a very small amplitudes below 1 A and with a quality factor Q = fo/6f
larger than 10°. In most cases, the experimental realization is based on the so-called
gPlus sensor which was first developed by F Giessibl [96] and allows simultaneous
STM and AFM measurement. The atomically sharp tip is then attached to one prong
of a quartz tuning fork with a eigenfrequency fy ~ 31 kHz. Further technical details are
presented in Section 3.2.

High-resolution AFM images of molecules are obtained by imaging at constant height.
Here, the tip is scanned in one plane over the molecule while constantly oscillating at
a fixed amplitude. The attractive forces between tip and sample are mainly caused by
intermolecular and additive van der Waals interactions. By using electrostatics, one can
show that the total force for this particular geometry follows a —1/z%-dependence [97].
However, the atomic structure of a molecule is probed via the chemical forces. For two
neutral atoms, the interaction consists out of a long-range attractive and short-ranged
repulsive contribution. While the former is again due to the van der Waals force, the
latter is frequently described as the Pauli repulsion of overlapping electron orbitals [97].
The pair potential can be model by the Lennard-Jones potential:

UL__J_=UO((ZZ°)12-2(ZZ°)6) (2.21)

where U is the binding energy and zg the equilibrium distance. For short distances with
z < 79, the repulsive potential becomes the dominant contribution and the associated
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Figure 2.6 — Scheme highlighting the difference of single-molecule imaging with AFM and
STM. Energy levels of a conjugated molecule formed by o- and m-electrons. The AFM image
is sensitive to the total electron density of the localized core electrons while STM images are
created by the tunneling conductance and usually dominated by the frontier orbitals which are
strongly delocalized over the molecule. Adapted from Figure 3 in [99].

force shows a +(zy/z)'3-dependence. Consequently, the total tip-sample force F; s is
dominated for small distances by the chemical interaction between the apex atom and
closest sample atom while the macroscopic van der Waals-interaction are the major
contribution for large tip-sample distances. Figure 2.5b illustrates this description and
makes it self-evident that Af > 0 is desirable to achieve atomic resolution of a planar
molecule. Interestingly, repulsive forces are usually observed on atoms and bonds,
since both are electron-rich regions [95]. The long-range forces of the different atoms
inside the molecule add up to an unspecific attractive (Af < 0) contribution which can
be observed as halo-like background around AFM images of planar molecules [35, 98].

Figure 2.6 illustrates the fact that AFM and STM can be considered to be compli-
mentary techniques since both are sensitive to different energy levels. While highly-re-
solved AFM images are related to the forces by the total electron density stemming
from core states and o-bonds, STM images are derived from the frontier orbitals of the
m-system. In the case of PAH, the orbital structure matches usually not the position
of the carbon atoms within the backbone and the molecular states close to the Fermi
levels are usually highly delocalized.

2.3 High-resolution imaging

The resolution in STM and AFM images of single molecules can be further increased by
using a functionalized tip. This term refers to the controlled transfer of a molecule from
the surface to the tip apex via vertical STM manipulation [100, 101]. Here, a metal-ter-
minated tip is placed above the desired adsorbate, and the tip-sample interaction is
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increased until the molecule is picked up and transfered to the tip. A successful ma-
nipulation becomes immediately apparent via STM imaging of the same surface area
again.

While there are many suitable options, carbon monoxide (CO) is most widely used
for tip functionalization. It can be easily deposited in-situ and transferred from the metal
surface or ultrathin insulating layer to the apex. For AFM imaging, this has the advantage
that the scanning probe is depassivated [95] and can be brought much closer to the
molecule under investigation without displacing it. This case is in contrast to the bare
metal-terminated tip with its high reactivity, where lowering the tip height triggers a
manipulation event before atomic resolution can be achieved. If instead a small CO
molecule acts as apex, the effective tip radius is reduced, and the lateral resolution
drastically increased, as demonstrated for many chemical structural elucidations by AFM
[95, 102]. It is important to emphasize that the CO is a flexible probe and its orientation
will tilt during high-resolution scans. Therefore, image distortions and sharpened bond
features can occur [98, 103].

In the case of STM measurements, the symmetry of the dominant tip states has
a distinct influence on the obtainable resolution. In general, a clean metal apex is con-
sidered to exhibit s-wave character and following on from the Tersoff-Hamann model
in Section 2.1, this tip allows one to probe the squared sample wave function. On the
other hand, CO-terminated tips are known to have a dominant p-wave symmetry [51].
Tunneling via the m-orbitals of a CO molecule allows an increased contrast since the
lateral gradient of the squared sample wave function is probed [104]. Consequently,
constant-current STM images at resonant bias carry sub-molecular features according
to the respective orbital densities, as shown for pentacene on Cu(111) [35]. If also an ul-
trathin insulating layer is used, the obtained image with a functionalized tip even directly
resembles the squared electron wave function of the frontier orbital of the gas-phase
pentacene [49, 51].

While STM and AFM are in general considered to be complementary techniques
for molecule characterization, the former cannot only be applied to the frontier elec-
tronic structure of a molecule but also to get an image with atomic-resolution. Usually,
this requires entirely planar molecules which are then imaged at constant-height and
almost zero bias below any orbital resonance. This phenomenon was first systemat-
ically studied in 2008 by introducing molecular hydrogen into the STM chamber [105];
however, it could also be reproduced for a controllably CO-terminated tip later on [42,
106]. While the detailed understanding of the atomic contrast formation in such STM
measurements is still under debate [103, 107], short-range forces are considered to act
on the flexible CO-terminated tip and give rise to current modulations during scanning.
Thus, the apex molecule acts as force-to-current transducer [95, 108] and makes the
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atomic structure accessible for STM-based investigations. Whenever the tip is forced
to bend away from its relaxed geometry due to the repulsive forces of electron-rich
(bonds and atoms) areas in a molecule, sharp and spatially localized deviations from a
unspecific tunneling current background can be deduced and forms an atomic contrast
in the image of a single molecule.
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3 Experimental setup, materials,
and methods

Single-molecule investigations require an experimental setup of the highest stability and
cleanliness. In this Chapter, the experimental details on the microscope, materials, and
sample preparation used in this work are given. In addition, the employed modeling
methods are shortly introduced.

3.1 Low-temperature scanning probe microscope

The experiments were carried out in two different setups. All the results on Au(111)
were obtained at TU Dresden in a custom-built scanning probe microscope (SPM) from
SPS-Createc GmbH [109, 110] while a home-built modified version of this instrument
was used for the measurements on Cu(111). The latter system is optimized for com-
bined STM/AFM imaging of single molecules with the highest resolution and operated
at IBM Research—Zurich. Since both setups have a very similar principal design, the fol-
lowing description is mainly focused on the instrument used for STM measurements in
Dresden while a detailed description of the specifics for low-noise SPM measurements
can be found in the literature [111, 112].

All the experiments were carried out in ultrahigh vacuum (UHV) conditions with a
base pressure better than 1 x 1079 mbar. Such an environment is achieved by using a
combination of different pumps for the vacuum system as depicted in Figure 3.1a. The
setup is divided into three units separable by all-metal gate valves: load-lock, preparation
(PREP) chamber and STM chamber. The respective pressure values can be monitored
by ionization gauges at each stage. The benefits of having three different parts in one
UHV system (see Figure 3.1b) will be illustrated by describing the preparation process
of a sample. First, the substrate desired for on-surface experiments is inserted into the
load-lock at ambient conditions. By using a turbomolecular pump and optionally baking
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Figure 3.1 — UHV system used for the experiments. (a): Picture of the UHV system used
for experiments on Au(111) in Dresden. In principle, the shown system could also be used for
AFM investigation but was used for STM/STS measurements only. (b): Corresponding scheme
(top-view) showing that the setup is divided into three separable units: load-lock (LL), preparation
(PREP) and STM chamber.

out at 120°C, the pressure inside this small chamber can be reduced to the order of
102 mbar within approximately 1 h. Once a sufficiently low pressure value is reached,
the sample can be passed through a gate valve into the preparation chamber by mak-
ing use of a transfer stick. From this point on, the sample is handled via a manipulator
system which allows precise positioning inside the chamber within a limited range of
motion. A combined ion-getter and titan-sublimation pump is used in this part of the
system to maintain UHV conditions. To further analyze the rest gas, a quadruple mass
spectrometer can be utilized. Additionally, the preparation chamber houses a sputter
gun (Specs) and a gas inlet with a leak valve. These parts are essential to obtain an
atomically clean metal surface via sputtering. Furthermore, a temperature-controlled
evaporator (Kentax) can be used to deposit molecular material onto the surface. Once
the sample is prepared in the desired way, it is transferred into the microscope inside
the measurement chamber. At this point, one makes use of the fact that the manip-
ulator system can be cooled with liquid nitrogen to speed up the transfer process of
the attached sample from room temperature down to measuring temperature. Once
the sample reaches T ~ 77K, it is detached from the manipulator and put onto the
sample support inside the STM where it cools further down. The microscope itself is
always kept at T = 5K via coupling to a bath cryostat. Two shields of liquid nitrogen and
liquid helium ensure a low consumption and require refilling every 72-90 h only. While
the measurement chamber is also operated via a combined ion-getter and titan-sublim-
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Figure 3.2 — SPM scanner unit divided into two parts. (a): U-shaped base plate of the scan-
ning probe microscope with three coarse piezos. The sample (not shown here) can be put onto
the sample support and is then pushed against the base plate from below. (b): Fourth and
identically built piezo is attached to a sector ramp. The height difference between the high and
low segments of the ramp is 600 pm.

ation pump, the pressure close to the surface of interest within the microscope can be
considered to be markedly lower than the base value. This effect is related to the low
temperature and the cryogenic pump effect of the microscope walls. Therefore, the
sample surface can be investigated for a long time without any noticeable increase of
contaminations.

The design of the scanning probe microscope is based on the Besocke beetle-type
scanner [113]. In a nutshell, the sample remains in its position while the tip can be
scanned over the surface by a highly optimized mechanism. To this end, three tube
piezos are assembled on the base plate around the sample support as shown Figure
3.2a. The fourth main piezo is attached to the center of a sector ramp as depicted in
Figure 3.2b and can carry the sensor of the SPM via magnetic forces. If the scanner
unit is assembled, the sector ramp (see Figure 3.3a) rests on sapphire balls that are
glued to the three outer piezos. If an AFM or STM sensor is attached to the main
piezo, the tip-sample distance can be precisely controlled by the extension of this piezo
while a lateral motion is achieved by its bending. However, one of the main challenges
of any scanning probe microscope is to scan a surface with atomic precision and high
stability but also to have a coarse approach mechanism at the same time. In the present
setup, one can apply cycles of a suitable sawtooth voltage to the three outer piezos
which induces a kind of stick and slip motion of the entire ramp and allows coarse
movement and approaching of the surface after the sample was inserted. Here, the
ramp is designed in such a way that a vertical displacement of up to 600 pm can be
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Figure 3.3 — Assembled scanner unit. (a): Sector ramp with an STM tip attached to the main
piezo rests on the three coarse piezos. (b): Au(111) sample holder used for the experiments.

obtained. Thus, the distance between surface and apex of the sensor can be lowered
in a controlled manner until a microscopic gap is achieved.

Furthermore, all three coarse piezos can also be collectively actuated in such a way
that fine scanning of the entire ramp (including the tip) in the lateral (x, y) and vertical
z- direction is made up possible. This configuration was used for all experiment and
has the advantage that the main piezo is no longer needed to scan the surface and to
control the tip-surface height but can be used to drive the tuning fork of an AFM sensor.

Figure 3.3b shows the setup of the employed sample holder. Here, the Au(111)
sample is fixed on a button heater with an attached Ni/Cr-Ni (type K) thermocouple.
By soldering the thermocouple as well as the electrical contacts of the oven to the
contact plate, the sample can be heated while being attached to the manipulator of the
UHV system. A maximum current of about 3.5A can be passed through the heating
connections to achieve the desired annealing temperatures. Once the sample is inside
the STM, the same contact plate is used to apply the bias voltage to the substrate.

For measurements, the tip of the microscope is brought close to the surface until a
tunneling current becomes detectable. As a matter of fact, this current signal is conver-
ted via an amplifier (Femto) into a voltage signal with a typical gain of 1 x 10°VA~!. By
using a digital signal processor board, the measured current value is compared to the
set value of the feedback loop, and tip height is adjusted accordingly. Here, the three
coarse piezos are fed by a high voltage source to achieve the desired displacement
of the tip. In the case of STM experiments on Au(111) at 5K, the vertical resolution
is approximately 1 pm and the minimum obtainable stable current value is in the or-
der of 1pA. For scanning, the maximum lateral distance is about 300 nm in the x and
y-directions. The lateral resolution with a metal-terminated tip can be estimated to be
around 1A.
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3.2 Sensors and tip preparation

Two different sensors were used as shown in Figure 3.4a. STM measurements on
Au(111) were performed with an electrochemically etched tungsten tip prepared from
a wire with a diameter of 25um. This tip was subsequently flashed inside the UHV
system to get rid of the inevitable oxide layer. For Cu(111) and NaCl(2ZML) experiments,
combined AFM/STM measurements were carried out with the help of a sensor based
on the gPlus design featuring a Pt/Ir wire with a diameter of 25 um attached to a tuning
fork [96]. The SPM tip was prepared by focus ion beam cutting of the Pt/Ir wire. An
overview of the sensor characteristics is given in the panels b and ¢ of Figure 3.4.

An atomically sharp metal-terminated tip with s-wave symmetry was achieved in
both setups by repeated and controlled crashing of the apex into the clean metal sub-
strate and subsequent imaging until a satisfactory resolution was obtained. For the STS
measurements on Au(111), only those tips were used which showed the surface state
at —0.51V as the dominant feature in the tunneling spectra [114].

Atomic-resolution images of single molecules were obtained by functionalizing a
metal-terminated tip with a single CO molecule at its apex. This modification was
achieved in both setups by depositing CO molecules with a very low surface coverage
onto the respective samples kept at below 10K. Subsequently, controlled vertical ma-
nipulation [101] was performed to obtain a CO-terminated tip with pronounced p-wave
character as already discussed in Section 2.3. Starting with a metal-terminated tip, CO
molecules were imaged as circular depressions on the surface, and the tip could be
directly placed above a single CO molecule. By turning off the STM feedback loop and
lowering the tip height, the interaction with the molecule was increased enhancing the
chances of a manipulation event. If the CO molecule jumped to the apex, a sudden
change in the tunneling current was recorded. After turning the STM feedback loop on
again, the tip height over the bar metal appeared lowered.
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Figure 3.4 — Employed STM and STM/AFM sensors. (a): Photography of an STM tip (left)
and gPlus sensor (b): By sweeping the driving frequency, the extremely sharp resonance of
such a gPlus sensor becomes vivid. This measurement was obtained in-situ, i.e. at 5K and
UHV conditions. (c): Series of scanning electron microscopy images of the scanner shown in
(a): A conducting wire is attached to the lower prong of the tuning fork. After focused ion beam
treatment, the atomically sharp SPM tip has a total length of about 60 pm. This particular tip
was prepared with the help of L. Gross at the Binning and Rohrer Nanotechnology Center, IBM
Research—Zurich.
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3.3 Substrates

Scanning tunneling microscopy requires a conducting substrate. The high-symmetry
surfaces of coinage metals have the advantage that they are easily prepared by repeated
cycles of sputtering and annealing. To get rid of surface contamination and adsorbents
of any kind, noble gas ion sputtering with Ne* or Ar* at an ion energy of 1keV and a
PREP chamber pressure value of approximately 4 x 1072 mbar was employed. Since
this procedure also increases the roughness of the surface, subsequent annealing at
temperatures in the range of 700K - 900 K was applied to the substrate. This experi-
mental protocol leads to clean and atomically flat terraces with up to many 100 nm as
lateral dimensions. In the present work, clean Au(111) and Cu(111) surfaces with the
properties stated in Table 3.1 were used as substrates to investigate adsorbed single
molecules. The former surface was also shortly flashed to an elevated temperature to
obtain a clean surface reconstruction. The details of this feature will be introduced in
the following Section.

substrate | work function | bulk atom spacing || annealing temp. | time | flashing

Au(111) 5.35eV 288pm 723K 10min | 773K
Cu(111) 4.90eV 256 pm 900K 15 min no

Table 3.1 - Employed samples and their preparation parameters. The values for the work
functions are taken from [50, 84] while the values for the lattice spacing are from [115].

3.3.1 Au(111)

Gold has a close-packed face-centered cubic (fcc) crystal structure as presented in Fig-
ure 3.5a. The lattice constant is about 4.08 A for the bulk material [115]. This value
translates into a distance between neighboring atoms of about 2.88A. In surface sci-
ence, the (111) plane is one of the most widely studied facets of gold. It features a
hexagonal lattice and three close-packed directions as indicated by the triangle in Fig-
ure 3.5b. The atomic corrugation of the substrate can be visualized by STM as shown in
Figure 3.5¢; however, this kind of high resolution imaging usually requires a p-wave char-
acter of the tip. Here, atomic resolution was obtained by imaging with a functionalized
CO-terminated tip at constant height. The atomic lattice is used to calibrate the lateral
scale of the x, y- piezos. Similarly, the height difference of 2.35 A for the mono-atomic
step between two Au(111) terraces can be used to calibrate the scale for z-piezo.
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(a) face-centered cubic crystal: (b) close-packed (111) plane: (c) experimental image:

o Do

Figure 3.5 — Crystal structure of the used samples. (a): Unit cell of the face-centered cubic
crystal. The colored plane corresponds to the (111) facet. (b): The hexagonal lattice in the
(111) plane with the three close-packed directions. (c): Experimental STM image (17 A x 17 A)
acquired with a CO-tip at constant height shows atomic corrugation of Au(111). The hexagonal
lattice is superimposed.

One peculiar property of the Au(111) surface is the fact that it exhibits a reconstruc-
tion which is the energetically preferred state of the surface after flash-preparing. For
the topmost surface layer and along one of the three close-packed directions, every 23
atoms fit into 22 lattice sites [116]. Hence, there is a mismatch between the first and
second surface layer which gives rise to small height modulation of the surface. In a
nutshell, inherent strain in one closed-packed direction is relaxed over two dimensions
to form the reconstruction. While most parts of the top layer can either be associated
with an fcc-like or hexagonal closed packed (hcp)-like alignment, both regions are separ-
ated by a slight buckling which becomes apparent as straight ridges in the STM image
of a clean Au(111) surface. This motif governs the whole surface and leads to a char-
acteristic and long-range herringbone pattern as presented in Figure 3.6a. Particular
interesting adsorption sites of molecules on Au(111) are the so-called kink or elbow
sites as defined in the same Figure, since single molecules tend to be more strongly
attached compared to other terrace sites [60]. While the long-range pattern is easy to
image with a metal-terminated tip, atomic resolution on the same sample preparation
(see Figure 3.6b) was again obtained with a functionalized tip.

The (111) facet of noble metals is known to exhibit a Shockley surface state [117]
which stems from electrons at the interface with a quasi-free particle dispersion. In the
case of Au(111), the band minimum of the surface state is 0.51 eV below the Fermi
energy [114].
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kink site

Figure 3.6 — Long- and short-range periodicity of the Au(111) surface. (a): STM overview
scan (/ = 20pA, V = 0.2V) of one terrace on the clean substrate. The characteristic herringbone
pattern with alternating fcc and hcp domains is visible. In addition, the definition of a kink site
becomes apparent. The black and weight color scale refers to an apparent height difference of
20 pm. Scale bar is equal to 20nm. (b): Close-up scan (/ = 0.2nA, V = 0.2V) of the atomic
lattice obtained with an accidentally functionalized tip. Since the gold atoms also follow the
surface reconstruction, a continuous variation of the contrast is noticeably in the image. Scale
bar refers to 1 nm.

NaC
- (2

Figure 3.7 — STM overview of
the Cu(111) surface. Several ter-
races are visible which are separ-
ated by mono-atomic step edges.
In addition, a rectangular island
of two-layers of NaCl is visible.
Scanning conditions: 0.5V and
2 pA.
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3.3.2 Cu(111)

Copper features also the face-centered cubic crystal (fcc) structure; however, with a
distinctly smaller lattice constant of 3.62 A for the bulk phase [115]. This value translates
to a nearest neighbor distance of 2.56 A in the (111) plane. Importantly, this facet shows
no surface reconstruction.

In addition, NaCl was evaporated onto the Cu(111) surface at a sample temperature
of about T = 270K. This lead to the formation of (100)-oriented NaCL islands (denoted
as NaCl(2ML) in the Figure 3.7) with a thickness of two atomic layers. The crystal
structure of this system is again the fcc structure but with a two-atomic basis. The
nearest neighbor distance between the ions is equal to 2.82 A [115]. Despite the fact
that bulk NaCl is an insulator with a large energy gap of 8.6eV [118], electrons can
still tunnel through these ultrathin insulating films. However, the absolute tip height
over NaCl(2ML) must be clearly reduced compared to bare Cu(111) to obtain the same
tunneling current at a fixed bias.

3.4 Imaging

The vast majority of SPM measurements were performed in constant-current mode.
Only for high-resolution images of single-molecules with atomic resolution, AFM and
STM were carried out at constant-height. Here, the presented data was post-processed
using Gaussian low-pass and Laplace-filter. This procedure is a widely used technique in
image processing to detect edges and increases the contrast of sub-molecular or atomic
features in the SPM data. The software Gwyddion' was used for image processing.

Differential conductance images were always obtained at constant-current using a
metal-terminated tip. The first derivative of the tunneling current was detected by a
lock-in system with a modulation frequency of 833 Hz and an amplitude in the range of
20mV -40mV. Those maps were usually also low-pass filtered to increase the visibility
of sub-molecular features.

3.5 Molecular materials

3.5.1 Precursors

The investigated molecules, their chemical structures, and used abbreviation are shown
in Figure 3.8a. All four compounds with 1,4-epoxy groups were prepared by Diels-Alder
solution chemistry and provided by the group of Diego Pena at CiQUS, University of

TGwyddion 2.39, free and open source software, http://www.gwyddion.net
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molecular weight: 260.3 molecular weight: 742.0

Figure 3.8 — Molecular materials used in the experiments. (a): Four different precursors mo-
lecules which were investigated in this thesis. In all cases, the epoxy group is at the 1,4-position
of the backbone meaning that two carbon atoms at opposite sites are bridged via one oxygen.
(b): The four diastereomers of Hn30.

Santiago de Compostela in Spain. Further details on the synthetic strategy to prepare
epoxyacenes and detailed characterization of Tn20 and Hn3O can be found in [119,
120].

For on-surface experiments, the molecular compounds were sublimated from a
quartz crucible in a Knudsen cell inside the preparation chamber at UHV conditions. In
order to ensure that preparations could be carried out in a controlled and reproducible
way, | designed a LabView-based program called tTp-Recorder from scratch. The graph-
ical user interface is shown in Section A.1 of the Appendix and allows one to monitor
pressure values as well as to control the crucible temperature with highest precision.
The used crucible temperatures and investigated annealing experiments are shown in
Table 3.2.

Notably, all shown precursors larger than An10 are a diastereomeric mixture which
means that it contains a number of (stereo)isomers. For Tn20, the two epoxy groups
can either be in syn- or anti-configuration. Both diastereomers? have approximately the
same share as confirmed by nuclear magnetic resonances spectra [119]. The larger
precursors HN30 and Hp4Br30 with three epoxy groups are a mixture of four and three
different isomers, respectively. Figure 3.8b displays all four possible configuration of
the Hn30. The presence of functional groups has strong implications for the gas-phase
geometry of the molecules under investigation as presented in Figure 3.9.

2For simplicity, diastereomers will also be called isomers throughout this thesis.
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molecule | crucible temp. substrate annealing temperatures
An10 320K Au(111) as-prepared, 340K, 390K
Tn20 410K Cu(111), Au(111) as-prepared, 390K
Hn30 470K Au(111) 390K, 420K

Hp4Br30 620K Au(111) 470K, 530K

Table 3.2 — Preparation parameters for the presented on-surface experiments. The indic-
ated crucible temperature was needed to obtain a sub-monolayer coverage after depositing for
30-60s. Annealing experiments were carried out via keeping the stated temperature for 5 min.

At
e A

Figure 3.9 — Simple gas-phase model of the hexacene precursors Hn30. All four possible
diastereomers are shown with their pronounced non-planar geometry.

3.5.2 Perimeter free electron model

After a successful deoxygenation, the reduced forms of the investigated precursors
feature a planar and fully m-conjugated polycyclic backbone. In that case, the so-called
perimeter free electron model [121] is a simple but intuitive model to rationalize the
HOMO-LUMO gap as function of acene length n. Each carbon atom contributes one
m-electron which can move freely around the oval-shaped molecular perimeter embed-
ded in an infinite potential. Thus, the (2 + 4n) electrons in the m-system of an n-acene
are treated as non-interacting particles confined on a 1D ring and a simple plane wave
as function of the ring angle ¢ solves the corresponding Schrodinger equation of the
system. Conceptually, this is very similar to the quantum mechanical model of a particle
in a box but with periodic boundary conditions. Therefore, the following expression for
the energy E,4 can be derived:

£ = 200 (9)° B

with g = 0, £1,£2, ... as quantum number and L = (2 + 4n)a as perimeter length using
the carbon-carbon interatomic distance a. Given the spin and level degeneracy, four
electrons can occupy each state with g > 0. Thus, the highest occupied level E4 for an
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n-acene is obtained for g = n and the HOMO-LUMO gap can be calculated:

w2 h2 1 1
AEn = 2mea? (2n+ 1 ) “n 3-2)

Accordingly, the energy spacing scales with 1/n and reproduces the trend in available
experimental data for short acenes [121, 122] illustrating the delocalized nature of the
frontier orbitals. Obviously, this model is extremely crude and more sophisticated ap-
proaches are needed to describe the energy separation of the molecular orbitals accur-
ately. From a fundamental point of view and within the simple model, the predicted
increasing radical character of the ground state [57, 123] is at odds with a vanishing
energy gap for n — oo, since a transition from a closed-shell to an open-shell shell
ground state is conceptually equivalent to the break down of the full w-conjugation of
the molecule [52, 124].

3.6 Modeling

The analysis of scanning probe investigations of single molecules can be tremendously
improved by the help of theoretical modeling. In this work, the adsorption geometry
of non-planar precursors, intermediates, and acenes were addressed via density func-
tional theory (DFT) calculations while the differential conductance maps of single mo-
lecules were simulated by the elastic scattering quantum chemistry (ESQC) code. In
this thesis, all the shown sophisticated models and calculations were performed by
Thomas Lehmann under the supervision of Dmitry A. Ryndyk and Christian Joachim. In
contrast, the shown geometry and frontier orbital calculations of free molecules were
obtained by the help of ArguslLab®.

3.6.1 Density functional theory

In physics and chemistry, this theory is a well-established and widely applicable general
method to derive the properties of a many-body system in the ground state [125]. Based
on a theorem from P Hohenberg and W. Kohn [126], the electron density ne = f(7) of
interacting electrons determines the potential V/(r) and thus also the ground state wave
function of this system uniquely. In addition, the total ground state energy Eigt Of
system of electron and ions* can be expressed as unique functional of ng [127]:

Erotlnel = Tslnel + Eign {Ra, [ne) + Eqylnel + Exclnel (3.3)

3Arguslab 4.0.1, M. A. Thompson, Planaria Software LLC, Seattle, WA, http://www.arguslab.com
“treated in the widely applied Born-Oppenheimer approximation
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where the five summands have the following meaning: kinetic energy of the electrons,
electron-ion energy, electron-electron Coulomb energy, exchange-correlation energy,
and the classical electrostatic repulsion energy between the ions. For the system to
be in the ground state and the correct choice of the functional ne, the total energy must
become minimal. Finding the electron density is equivalent to solving the single-particle
Kohn-Sham equations [128]:

Fxi = eixiln (3.4)

where ng = ) |x[?. Here, €; and x; are the Kohn-Sham eigenstates and eigenvalues,

respectively. The Kohn-Sham operator Fis given by

ne(r’)

el (3.5)
771

.
F= =597 + Vo) + Vil +

where Vgyt and Vic are the external ionic and the exchange correlation potential, re-
spectively. In practice, the ground state is obtained by solving in a self-consistent cycle
the Kohn-Sham equations. The accuracy of the obtained solution depends critically on
the used approximation for the exchange-correlation potential.

The adsorption geometry of molecules on metals was determined by DFT calcula-
tions implemented in the quickstep code of CP2K [129]. The used exchange-correlation
was based on the Perdew-Burke-Ernzerhof functional [130]. The Cu(111) and Au(111)
surfaces were modeled by a periodic slab of five and six layers, respectively with the
three bottom layers being fixed at their bulk position during relaxation. By exploring the
potential energy surface for several initial positions, the preferred adsorption geometry
was obtained.

3.6.2 Elastic scattering quantum chemistry

Following on from the previous Section, the obtained adsorption geometry is the start-
ing point for the image calculation of STM/STS measurements of a single molecule. If
the tip is modeled beyond a simple point-like completely symmetric Tersoff-Hamann ap-
proach (see Section 2.1), the arising quantum mechanical interactions between the tip
and sample are complex. One sophisticated approach to address the electronic proper-
ties of this system is based on the elastic scattering quantum chemistry (ESQC) code
as it takes the full geometry of tip, molecule, and substrate into account. In the case
of hexacene adsorbed on Au(111), tip and substrate were both modeled by six layers of
Au atoms with the former being arranged in a pyramidal shape.

The employed ESQC code was developed by P Sautet and C. Joachim [131-133].
Unlike many other simple methods for image calculations, the tunneling from one elec-
trode to another is treated as scattering problem for a single-electron Hamiltonian. The
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system is formally divided into different parts, where the electrodes are modeled peri-
odically by identical layers while the molecular region (including tip apex and tunneling
gap) is the one layer which breaks the translational symmetry. If this central part is
first neglected, the asymptotic electron states for each of the two electrodes can be
calculated by taking the chemical nature of all atoms into account [134]. As a next step,
the elastic scattering of those states at the molecular region is addressed in a single-
particle approximation. The corresponding scattering matrix is calculated by including
the spatial position and chemical structure of all atoms in the molecular region. The
guantum chemistry interactions can be constructed by tight-binding, extended Huckel,
or Hartree-Fock theory. Finally and very similar to Equation 2.7, the tunneling current /
for the junction at a given bias is computed via the Landauer formula [64]

/= 4:9/ T(ENAE)  A(E - eV)] dE (3.6)

oo

Here, fs and f; are again the Fermi functions for each electrode. While T(E) is the
transmission function as obtained by numerical solving the scattering problem for the
in- and outgoing electron states between both electrodes.

A two-dimensional map is calculated by moving the tip over the surface and just
alternating the molecular region of the system accordingly. A constant-current tip tra-
jectory can be used to obtain an image for the topography as well as for the differential
conductance maps for the molecular resonances.
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4 Tetracene formation on Cu(111)

The work presented in this Chapter is centered around the deoxygenation as novel sur-
face reaction and has been published as article in the peer-reviewed journal ACS Nano.
Parts of the text and figures are reproduced from reference [119] with permission from
the American Chemical Society.

In this Chapter, the surface-assisted reduction of epoxyacenes to obtain the correspond-
ing acenes on a metallic surface is introduced. This novel surface reaction is demon-
strated by depositing molecules with two epoxy groups at the terminal rings (Tn20) and
inducing their deoxygenation to form genuine tetracene on Cu(111). The precursors are
a mixture of two diastereomers with the epoxy groups in either syn or anti configura-
tion as depicted in Figure 4.1. The on-surface reaction is achieved by STM tip-induced
manipulation as well as by thermal activation and can be conclusively demonstrated by
means of AFM with atomic resolution. In particular, the adsorption geometry of pre-
cursors and the actual nature of the intermediate and reaction product can be drawn on
solid grounds by using this high-resolution imaging technique. All AFM measurements
were acquired in the frequency-modulation mode at constant-height with a bias V = 0V
and an oscillation amplitude of ~ 0.5A = 50 pm.

Designing precursors with epoxy groups at the terminal rings of their molecular
backbone has a definite influence on their geometry and electronic structure compared
to tetracene. First, the four oxygen-bridged carbon atoms are sp3-hybridized leading
to a pronounced non-planar structure in gas-phase. Second, the largest sp2-hybridized
system of carbon atoms in the syn/anti-Tn20 is limited to the two central benzene rings
leading to a larger HOMO-LUMO gap and a higher stability compared to the four-ring
system of genuine tetracene. In solution chemistry, the reduction of epoxy precursors
is a nontrivial transformation which requires the use of reducing reagents [135-138].

39



(R - (LI —

syn-Tn20 anti-Tn20
- -
tetracene (Tn) Tn10

Figure 4.1 — Surface-assisted reduction. A mixture of diepoxytetracenes is reduced on a
metallic surface via the intermediate epoxytetracene to form genuine tetracene.

4.1 Imaging of the precursors

The molecular precursors were investigated on a Cu(111) surface with islands of bilayer
NaCl, referred to as NaCl(2ML). Since the mixture of the two diastereomers was depos-
ited onto the sample kept at a temperature of approximately 10K, the sticking coeffi-
cient for the adsorption of the tetracene precursors syn/anti-Tn20 on the bare Cu(111)
and NaCl(2ML) was close to one. Therefore, both diastereomers were present on the
surface and could be resolved as single molecules on the metal and the ultrathin insu-
lating layer as shown in the STM image in Figure 4.2. In addition, this scan shows round
depressions which are identified to be CO molecules.

&° NaCl(2ML)

single
molecule

Figure 4.2 — STM overview im-
age after molecule deposition.
Single molecules appear as pro-
trusions (bright) while CO mo-
lecules are imaged as depres-
sions (dim). Constant-current
scan with a metal-terminated tip
acquired at +0.1V and 2 pA.
single

molecule

low apparent high
High-resolution images were obtained in the following way: Isolated molecules were
first localized with STM scans at constant-current since this mode allows a faster oper-

ation mode. High-resolution and slow speed AFM measurements with a functionalized
tip at constant height were performed at the last step. Starting from a certain set point,
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the tip was gradually brought closer to the surface until the short-range, and repuls-
ive forces of the molecule could be sensed via the recording of Af-signal. Due to the
pronounced non-planar adsorption geometry (see top row in Figure 4.3), the outer up-
right segments of the molecules interacted strongly with the tip. Thus, these parts
showed a less negative frequency shift than the faint contribution of the two inner
planar benzene rings. With decreasing tip height, the strong repulsive contrast of the
outer parts became even more pronounced in the raw AFM images (see Section A.2
in the Appendix) before the more closely to the surface adsorbed benzene rings could
be fully resolved. Figure 4.3 presents the Laplace-filtered Af images with enhanced
contrast. In particular, panels a and b display typical images obtained for syn-isomer on
bare Cu(111) and NaCl(2ML), respectively. It is evident that they are characterized by
their symmetric shape and reveal additional details at the center of their images due to
the applied Laplace-filtering. Apparently, there is no significant difference between the
molecular structures on Cu(111) and NaCl(2ML) and the images show that two upright
CH groups are pointing toward the tip on either side of the molecules. All the imaged
syn-isomers featured this particular configuration and no molecule with both oxygens
pointing away from the surface was observed. One can conclude that the preferred
adsorption geometry coincides with the oxygen-rich side of the molecules facing the
surface. On the contrary, adsorbed anti-isomers featured always one protruding oxygen
atom. This geometry is illustrated by the DFT-based calculated model in Figure 4.3d.
The resulting Laplace-filtered AFM images were identified by two dissimilar sides as this
oxygen atom leads to a different contrast which is shown in Figure 4.3e for anti-Tn20
on NaCl(2ML).

When constant-height AFM measurements with two different tip height domains
were employed, the molecular structure, as well as the underlying atomic lattice could
be resolved. This technique was used to determine the adsorption site of the syn-isomer
on NaCl(2ML). The experimental gray-scale image in Figure 4.3e corresponds to the un-
filtered but distortion corrected Af data and features a sharp edge where the tip-height
was switched from low (lattice) to high (molecule). Since the Cl atoms give a stronger
repulsive (bright) contrast if imaged with a CO-functionalized tip [139], the atomic struc-
ture of the NaCl lattice could be superimposed to identify the adsorption position. A
laterally displaced ball-and-stick model of the free molecule illustrates that the elec-
tronegative oxygen atoms are in close proximity to the Na atoms. This observation
further rationalizes the experimental images of 4.3a and 4.3b, since the oxygen-rich
side of the molecule is indeed facing the surface.

4.1 Imaging of the precursors 41



S syn-Tn20 t ! anti-Tn20 4

Figure 4.3 — Tetracene precursors on Cu(111) and NaCIl(2ML). DFT-based adsorption geo-
metry on Cu(111) is shown in the top row. (a,b): Laplace-filtered AFM images of syn-isomer on
bare Cu(111) and NaCl(2ML), respectively. (c): Ball-and-stick-model of anti-isomer's geometry
as calculated for this molecule after full relaxation on a Cu(111) surface. A corresponding ex-
perimental AFM image is given in Figure A.2 in the Appendix. (d): Laplace-filtered image of
anti-isomer on NaCl(2ML) with different contrast on the right-hand side due to protruding oxy-
gen. (e): Observed adsorption site of a syn-isomer on NaCl(2ML). Experimental gray-scale AFM
data (unfiltered) and modeling are superimposed. All scale bars refer to 5A.

4.2 On-surface conversion

4.2.1 Single-molecule chemistry

One of the outstanding features of STM is the fact that it cannot only be used to image
but also to manipulate single atoms and molecules. After the first demonstration by
D. Eigler and his group at IBM Research—Almaden [140, 141], many research groups
followed this path. Most notably, by applying voltage pulses with the tip of an STM,
conformational changes [142, 143] and chemical reactions [40, 41, 144-146] can be
induced in a molecule. Obviously, the fact if a reaction can be successfully triggered
by STM relies on some parameters. For instance, the activation energy of the desired
reaction needs to be in tune with the interaction between tip, adsorbate, and surface.
If the binding of the adsorbate to the surface is too low, voltage pulses will lead to a
displacement event of the molecule rather than a chemical reaction [147]. Additionally,
if the interaction between tip and adsorbate is increased beyond a certain threshold,
the molecule will be transferred to the tip before a reaction can be observed.

Due to the larger coupling of single precursors directly on Cu(111) compared to
the adsorption with the ultrathin NaCl(2ML) in between, the controlled manipulation
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Figure 4.4 — Constant-current STM images acquired with a metal-terminated tip on
Cu(111). (a): Images of a single anti-Tn20 and a syn-Tn20 molecule acquired at +0.1V and
2 pA. (b-d): Set of images (+0.1V and 0.5 pA) which illustrate the tip-induced molecular conver-
sion. (b): Two syn-Tn20 molecules imaged as protrusions with a dumbbell shape. In addition,
a defect is visible in the bottom right corner. (c): The resulting intermediates Tn10 after STM
imaging at a bias of +2.2V are shown. (d): Upon application of another higher-voltage scan at
+2.6V to the molecule on the lower part, the final conversion to tetracene was obtained. All
scale bars refer to 20 A.

of such small molecules proved to be more feasible on the metal. Therefore, all the
observations described in the following were obtained on Cu(111).

First, the unreacted molecules were imaged by STM with a metal-terminated tip
at a low bias of 0.1V. As one can see in Figure 4.4a, both isomers appear as dumb-
bell-shaped protrusions; however, the anti-isomer features two dissimilar sides. These
STM images could be correlated to the AFM images of both isomers; therefore, the
initial molecules were unambiguously characterized. A chemical conversion was then
already obtained by constant-current STM imaging with a metal-terminated tip at a
higher bias voltage. The corresponding threshold for any first tip-induced reaction was
found to be at 2.2 V. This value was derived by many subsequent STM scans at gradu-
ally increasing bias (starting value = 0.1V, step size = 0.05V) and at a constant current
of 0.5pA for ten different precursor molecules. While scanning, a sudden contrast
change of the molecular topography indicated the successful conversion. This observa-
tion could be confirmed by a subsequent STM scan at low bias of 0.1V. In the case of
syn-isomers, on-surface reactions were usually triggered in a two-step process via the
formation of an intermediate. Figure 4.4b shows two syn-isomers before manipulation.
After a tip-induced reaction at 2.2V, both molecules appear flattened on one side as
presented in Figure 4.4c. Additionally, very shallow depressions close-by can be recog-
nized (see arrows). A second manipulation step applied to the lower intermediate lead
to an additional faint indentation, and the resulting molecule appears distinctly smaller
in apparent height than the precursor. AFM imaging with a CO-terminated tip at con-
stant height was then performed to characterize both the intermediate as well as the
final product of the reaction.
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Figure 4.5 — Intermediate Tn10 and final product tetracene. Both were obtained after tip-in-
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duced conversion of a syn-Tn20 molecule on Cu(111). (a,b): Constant-height AFM image and
Laplace-filtered data of the intermediate Tn10 after the first oxygen detachment. (c): Con-
stant-height AFM image of the resulting tetracene molecule after complete deoxygenation. (d):
Constant-current STM image (+0.1V, 2 pA) of the same molecule. The arrows point to close-by
shallow depressions and suggest the presence of atomic oxygen. Scale bars refer to 5 A.

Panels a and b of Figure 4.5 show the resulting AFM data after the first manipulation
event and demonstrates that one oxygen atom was separated by two C-O bond cleav-
ages, i.e. the molecule Tn10. Tip-induced excitation of the molecule was followed by
energy dissipation to break bonds, and a partial planarization of the remaining molecule
took place in the presence of a surface. Hence, an additional benzene ring becomes
visible in the AFM image. After the second manipulation step, the molecule was com-
pletely planar and an aromatic backbone of four linearly fused benzene rings could be
resolved, as indicated in the unfiltered Figure 4.5c. This image is in accordance with
the AFM images of the previously investigated pentacene on Cu(111) [35]. In particu-
lar, it shows the same apparent feature that the outer rings are imaged more repulsive
(brighter) than the two inner ones. Therefore, the structure of the final product of the
reaction is unambiguously determined to be tetracene. Further STM images with a
CO-terminated tip (see Figure 4.5d) revealed that the detached oxygen atoms were situ-
ated near to the newly formed tetracene molecule. They were imaged as indentations
which are only observed on the surface after a successful tip-induced reaction. One
should emphasize the fact that tip-induced reactions are frequently applied for single
o-bonds’; however, that the dissociation of oxygen atoms from a carbon backbone via
two bond breaks has not been reported before.

"For instance, tip-induced cleavage of a carbon-halogen bond [40, 41, 145].
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It is worth noting that applying the same manipulation protocol to anti-Tn20 did not
lead to the full conversion to tetracene. After the first successful reduction step, AFM
imaging showed that the intermediate molecules Tn10 could be identified but with the
remaining oxygen atom pointing away from the metal surface. If these intermediates
were scanned at a higher voltage at up to 3.0V, the second reduction could not be
obtained in the experiment. Even if the rate of single-molecule conversions may also
depend on the particular tip shape, this observation still suggests that the tip-induced
cleavage depends on the orientation of the oxygen with respect to the underlying sub-
strate. Apparently, a larger O-Cu interaction is favorable for a tip-induced on-surface
reduction. Accordingly, all successfully triggered reactions were accompanied by a dis-
placement of the molecule while the separated oxygen atoms remained close to their
presumed adsorption site.

4.2.2 Thermally induced reaction

To extend this single-molecule reaction to a general preparation method, a thermally
induced conversion was also investigated. The sample with a low molecule coverage
was transferred out of the STM/AFM chamber and annealed at a temperature of 390 K
for 5min. Then it was cooled again and transferred back into the microscope chamber
without breaking the UHV conditions at any time. After heating and due to the low
coverage, the terraces were mostly empty and molecules assembled solely at Cu step
edges. As a matter of fact, an exemplary overview image after annealing is given in
Figure 3.7 in Section 3.3. Panels a-c of Figure 4.6 illustrate the fact that all atomically
resolved AFM images showed the presence of tetracene on the surface, and no pre-
cursors could be observed anymore. More importantly, no molecules with one oxygen
atom still attached were found in the experiment. This implies that the temperature
activated reaction took place at a high rate and regardless of the oxygen orientation
of the precursors. Nevertheless, the latter observation is not necessarily a proof that
molecules of anti-Tn20 react in the same way as syn-isomers. After the first reduction
step, the resulting intermediate Tn10 may still have considerably different activation
barriers to form tetracene depending on the orientation of the remaining oxygen. Upon
annealing, molecules diffuse on the surface to more reactive step edges/kink sites or
may even switch their oxygen configuration and are then fully reduced due to the en-
hanced coupling to the Cu; however, the true reaction path remains elusive.
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Figure 4.6 — Product of the on-surface reduction on Cu(111). (a,b): AFM and its Laplace-
filtered image of an on-surface produced tetracene. (c): AFM image of three tetracene mo-
lecules assembled along a step edge. (d): By repeating the same scan with a minimal bias of V
= 1mV, the tunneling current can be recorded. All images were acquired at a constant height
and with a CO-terminated tip. All scale bars refer to 5 A.

Finally, the obtained AFM images of the on-surface generated tetracene are of the
highest quality since even the bonds between carbon and hydrogen atoms can be re-
cognized in Figure 4.6a and b. Therefore, one can assume that the adopted adsorption
geometry on Cu(111) is very similar to the one of pentacene which has been intensively
studied before [148]. The high interaction with the metal leads to a small adsorption
height and parabolic trough geometry along the molecular long axis as also found by
DFT modeling for tetracene (see Figure 4.5). As a result, the electronic structure of
the molecules is strongly influenced by the surface and investigation of the molecular
orbitals is difficult. If the adsorbed tetracenes are imaged at a minimal bias of V = 1mV,
the obtained STM images show pronounced sub-molecular features as demonstrated
by Figure 4.6d. This observation is a strong hint that the tunneling electrons can access
a molecular resonance even though the applied bias is almost zero. In other words, one
molecular resonance is centered around the Fermi level Er of the unpolarized (zero-bias)
tunnel junction which is usually related to a strong coupling and partial charge transfer
between substrate and molecule [88].
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4.3 Discussion

In summary, this Chapter demonstrates the on-surface reduction of a diepoxyacene to
produce the corresponding acene on Cu(111). Notably, thermally induced experiments
allow one to induce the tetracene formation in a very efficient manner regardless of the
starting diastereomer. Single molecule experiments show a different behavior of syn
and anti diastereomeric diepoxyacenes which suggests that the O-Cu interaction lowers
the activation barrier and is crucial for the deoxygenation. It is clear that the role of the
metallic surface is not limited to the deoxygenation but extends to the planarization
after bond cleavage. Therefore, the shown reaction leads essentially to the extension
of an aromatic system from two to four rings on a metallic surface. Given the various
strategies to obtain acenes from different precursors [149, 150], other approaches may
also work on the surface effectively. The strong electronic interaction between the
generated molecules and the underlying copper substrate makes subsequent investig-
ations of the electronic structure at this interface difficult. Therefore, it is desirable to
extend the acene formation to less reactive surfaces.
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5 Molecular self-assembly on
Au(111)

The work presented in this Chapter is centered around the observed molecular ordering
of the precursors as well as of the generated acenes and has been published as article
in the peer-reviewed Journal of Physical Chemistry C. Parts of the text and figures are
reproduced from reference [151] with permission from the American Chemical Society.

In this Chapter, the experimental investigation on the surface-assisted formation of
short acenes is extended to the Au(111) surface. Since this substrate is considered
to be less reactive than the copper substrate [152], this shows that the reaction is more
widely applicable. In contrast to the experiment presented in the previous Chapter,
all the compounds were deposited onto the surface kept at room temperature instead
of 10K. Upon adsorption, the thermal energy of the substrate translates into kinetic
energy of the molecules. At room temperature, this value is typically large enough to
overcome the diffusion barrier of the gold surface. Hence, the molecules can move and
explore preferred surface sites which are determined by molecule-substrate interactions
and can also self-assemble into supramolecular structures due to molecule-molecule
interactions [153]. Since the STM measurements were always carried out at a tem-
perature of 5K, the dynamics of the surface diffusion could not be captured in the
experiments; however, the obtained overview images showed the molecules at pos-
itions which are energetically favorable. STM investigations are particularly suited to
study molecular self-assembly since a real-space image is obtained which allows one
to shed light on the influence of functional groups for intramolecular bonding and the
molecule-substrate interactions [154, 155].

The focus of this Chapter is on the role of the incorporated oxygen bridges in the
molecular backbone at the terminal rings. In particular, the aim is to describe the distinct
influence of this moiety on the molecular self-assembly of two different epoxyacenes.
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Figure 5.1 — Chemical structure, adsorption geometry, and reduced form of the investig-
ated molecules on Au(111). (a): An10 molecule which is reduced to anthracene upon anneal-
ing. (b): The two diastereomers of Tn20 and tetracene as a product of on-surface deoxygena-
tion. The shown adsorption geometries were derived by DFT.

First, the anthracene-derivative An10 (see Figure 5.1) with one epoxy group at the
terminal ring only was studied. This system allows the detailed understanding of the
adsorption geometry and modeling of observed nanostructures. Once this system is
comprehensively described, the experimental observations for the tetracene-derivatives
Tn20 are addressed. Obviously, the presence of two epoxy groups in either syn or
anti-configuration leads to a more complex system.

5.1 Formation of anthracene trimers

5.1.1 Self-assembly of precursors

The An10 molecules (Figure 5.1a) were deposited with low surface coverage onto the
Au(111) surface kept at room temperature. STM images showed that molecules on
terraces were isolated or formed triangular-shaped nanoassemblies with two different
chiral motifs § and \! as presented in Figure 5.2a. The former could be recognized by
a teardrop-shaped topography which corresponds to a non-planar adsorption geometry.
DFT calculations proved that single molecules preferably adsorb with the oxygen-atom
facing the surface, thus two C-H groups are upright and give rise to a distinctly en-
hanced apparent height at one side of the molecule as visible in the close-up image
of Figure 5.2b. The triangular nanostructures were formed by the self-assembly of
three An10O molecules with the non-planar ends coming close to each other. This geo-
metry was modeled by DFT calculations to prove that the relaxed structure of three
molecules on Au(111) as presented in Figure 5.2c indeed corresponds to an energet-
ically favorable structure on the surface. The calculated geometry suggests that the
trimers are stabilized by three hydrogen bonds formed by intermolecular interactions

"Both motifs are mirror-symmetric, thus called enantiomers.
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Figure 5.2 — STM image of An10 molecules as deposited on Au(111) kept at room tem-
perature. (a): Overview STM image acquired at 0.5 V and 80 pA. Two symmetric mirror forms
of trimers, as well as fcc and hcp domains of the surface reconstruction, are visible. Scale bar
refers to 5nm. (b): STM image (V = 0.1V, / = 100 pA, scale bar equal to 1 nm) of one isolated
An10 molecules as well as one An10 trimer. (c): DFT-based modeling of the trimers. (d):
Stabilization based on hydrogen bonds between oxygen and hydrogen as indicated by dashed
lines.

between electronegative oxygen and hydrogen at the sp®-hybridized bridgehead carbon
atom as shown in the Figure 5.2d.

5.1.2 Chemical conversion

As a next step, thermally induced experiments were performed to investigate the ob-
served structures upon induced deoxygenation. Figure 5.3 shows the different ad-
sorbed molecular species after annealing. Investigations of the substrate after heat-
ing at 340K allows the direct comparison between isolated An10 and anthracene mo-
lecules as the reduction was not yet achieved at a very high rate. Precursors were
identified by their characteristic teardrop shape while on-surface produced anthracene
appeared flat with a clearly reduced apparent height (see the color scale in Figure 5.3a).
Similar to the precursors, anthracene molecules were either found to be isolated or
in a trimer assembly. Thus, Figure 5.3a shows all frequently observed motifs for this
preparation in one close-up STM image. By superimposing the molecular structures, it
becomes evident (see Figure 5.3b) how three anthracenes are aligned in such a triangu-
lar-shaped assembly. However, it is not clear how this structure is stabilized since the
interaction between hydrocarbon molecules without any functional groups should not
favor directed intermolecular forces but rather be based on non-selective van der Waals
force [153]. By considering possible intermolecular interactions which can be pertinent
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Figure 5.3 — STM image of
precursors and anthracene
on Au(111) after annealing a
An10-covered Au(111) surface
at 340 K. (a): Close-up STM
image (V = 0.1V, 80 pA, scale
| bar equal to 2nm) showing
prevailing structures observed
on the surface. (b): By superim-
posing the molecular long axis of

' single molecules onto the trimers
0 B 1 A 2.2 . .
z (& u observed in (a), the triangular

b nanostructures are elucidated.
\ Both trimers are overlaid in the
central box to show the slightly
I'ﬁ - different molecular orientation
/ within those two trimers.

on metal surfaces [156] and bearing in mind the induced surface reaction, it seems likely
that this kind of assembly of three anthracene molecule is supported by the byproduct
of the on-surface reduction, i.e. cleaved oxygen atoms. First, the molecules adsorb in
such a way that all three oxygen atoms face the surface and are positioned at the center
of the trimer. Upon thermally induced deoxygenation, the three cleaved oxygen atoms
remain presumably close to the initial adsorption position and stabilize the anthracene
molecules. Resolving single oxygen atoms at the center of the trimer assembly is diffi-
cult by STM; however, closer inspection of the constant-current images shows that the
molecules within those trimers appear slightly bent, e.g. by comparing the isolated an-
thracene and the bottom left molecule within the trimer assembly (Figure 5.3a) makes a
slight difference evident. This observation may be a hint that the proximity of the atomic
oxygen has a distinct influence on the electronic structure of anthracene and causes the
small distortion in the STM image. After annealing the An10-covered sample at 390K,
no precursors were observed anymore but isolated anthracene and trimers only.

While the focus of this Chapter was not on the electronic structure, it is still in-
teresting to note that STS measurements of single molecules were challenging to ob-
tain and frequently led to a lateral manipulation as soon as a bias larger than 1V was
reached. However, trimer structures proofed to be more stable and spectra at the cen-
ter of both unreacted and reacted trimers could be measured. Figure 5.4 shows that
three self-assembled anthracene molecules have a very strong and particularly broad
resonance at around 2.4V which stems from the spatial overlap of three unoccupied
molecular state resonances. In contrast, there is only a small increase in the differen-
tial conductance at the center of for three unreacted An10 molecules compared to the
bare metal substrate.
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Figure 5.4 — STS measurements
of trimers. The corresponding
STM image is given in Figure
5.3a. The tip was stabilized at
the center of an An-trimer (blue
curve) as well as at the center of
an An10-trimer (red curve). The
tip-sample height was stabilized
at 140 pA and 2V for both cases.
The gray curve shows a back-
20 3.0 ground spectrum.
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5.2 Supramolecular networks of tetracene

5.2.1 Self-assembly of the precursors

The Tn20 molecules were deposited on Au(111) with a slightly higher coverage than
in the case of An10; however, the important experimental observations for the as-pre-
pared surface were in line. Single Th20 molecules also adsorb with a non-planar geo-
metry and were accordingly imaged as dumbbell-shaped protrusion as presented in
Figure 5.5 and in agreement with STM images? on Cu(111). Similar to the case of
An10, self-assembly patterns were observed which are however not limited to isolated
nanostructures. This fact can be attributed to the higher coverage and the presence of
two moieties that favor directed interaction on both ends of the molecule. The majority
of the molecules were stabilized in assemblies with two or three molecules coming
close to each other as indicated by the arrows in Figure 5.5a. Notably, the dimeric
structure features an off-center arrangement and the trimeric structure is equivalent to
the triangular nanostructure observed for An10. Further, one can find hexagonal motifs
which are composed of six Tn20 molecules forming trimeric or dimeric patterns with
an inner hexagon of six Tn20 molecules. Figure 5.5b singles two mirror symmetric ex-
amples out where individual molecules are marked with white bars. Large-scale scans
(Figure 5.5¢) showed that one could occasionally find honeycomb domains formed by
several adjacent hexagons to form an open-porous 2D network. Hence, a simple se-
lective and directed hydrogen bond interaction gives rise to a complex and intriguing
self-assembled network which is not limited in size by the underlying surface recon-
struction. In the field of surface science, there are many examples of supramolecular
networks formed by intermolecular bonds between oxygen and hydrogen of neighbor-
ing molecules on coinage metal surfaces [157-160]. Since the diffusion barrier is low

2For comparison, see Figure 4.4a
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Figure 5.5 — STM images of Tn20 molecules as deposited onto the Au(111) surface. (a):
STM image acquired at V= 0.1 V and / = 100 pA showing a single molecule (labeled with Tn20)
as well as self-assembled dimeric and trimeric structures. Scale bar refers to 2 nm.(b): STM
image (V =1V, / =100 pA, scale bar equal to 5nm) showing regular hexagons. (c): Large-scale
STM image (V = 1V, | = 100 pA, scale bar equal to 10nm) of complex networks including
regular honeycomb domains (white frames). This supramolecular network can be interpreted as
a Kagome lattice as will be discussed in Figure 5.7.

on such surfaces, hydrogen bonds strongly dominate the molecular assembly despite
the fact that the associated force is considered weak [156].

5.2.2 Chemical conversion

Thermally induced experiments for Tn20 on Au(111) showed that an annealing temper-
ature similar to the An10 experiments was needed to trigger the on-surface reduction.
After heating at 390K (Figure 5.6), one could not observe any precursors but the re-
duced form of the molecules only, i.e. tetracene. Similar to the anthracene formation, a
successful reaction became apparent by a distinctly different topography of single mo-
lecules. Figure 5.6a shows that tetracenes appeared as elongated featureless protru-
sions if imaged at a bias close to the Fermi level. Furthermore, the STM measurements
indicated that isolated molecules had the tendency to be easily dragged by the tip during
scanning. One can recognize several imaging artifacts in the Figure 5.6a which corres-
pond to tetracene molecules that suddenly jumped to a different surface position during
scanning and hence appear longer or just as fragments. This high surface mobility at
cryogenic temperatures was also observed for the on-surface produced anthracene as
well as reported in the literature [161] for tetracene on Ag(111) at 8 K. By contrast, mo-
lecules in supramolecular assemblies were found to be less prone to STM tip-induced

54 5 Molecular self-assembly on Au(111)



Figure 5.6 — STM image of tetracene molecules on Au(111) after annealing a Tn20-covered
surface. (a): STM image acquired at V = +0.1 V and / = 80 pA showing on-surface fabricated
tetracene molecules. The used annealing temperature was 390K. Scale bar refers to 2nm.
(b): STM image (1 V, 100 pA, scale bar refers to 2 nm) recorded at another region of the same
sample preparation showing ordered structures.

movement and could always be imaged in a stable manner. Notably, scans of large
surface areas occasionally showed parts of the surface with well-ordered domains. It is
apparent from the detail image in Figure 5.6b that single molecules within this regular
lattice display three different adsorption orientations with the same three-fold symmetry
as the underlying hexagonal gold lattice. If the center coordinates of single molecules
are considered, the spatial distribution of molecules can be described by a Kagome lat-
tice as presented in Figure 5.7a where two hexagons (marked in blue) and two triangles
join at each vertex. This kind of self-assembly of linear molecules has been reported in
the literature [162, 163] on-surface for simple oligophenylenes functionalized with two
nitrile groups which are however clearly ditopic meaning that they feature two distinct
binding sites on either side. By contrast, no experimental observation of such assembly
for hydrocarbons without any functional group has been presented so far. Performing
the control experiment and depositing tetracene directly onto a clean gold sample kept
at room temperature led to the observation that no Kagome lattice was observed for the
as-prepared surfaces as well as after annealing at 390K as described in Section A.3 of
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the Appendix. Therefore, it seems likely that the oxygen separated from the precursors
adsorb on the surface as atomic oxygen and stabilize the self-assembly of the acenes.
This is supported by the fact that the minimum annealing temperature needed to fully
reduce the An10 and Tn20 molecules is just 390 K. Previous studies of chemisorbed
atomic oxygen on Au(111) have reported that a sample temperature of about 500K to
550K is needed to detect its desorption as molecular oxygen [164, 165].

One can conclude that this regular lattice of tetracene molecules is connected to
the self-assembly of precursor molecules and persists even after the thermally-induced
reduction. Accordingly, the open-porous networks occasionally observed for as-pre-
pared surface with Tn20 molecules (Figure 5.5¢) and first introduced as hexagonal as-
sembly can also be viewed as Kagome lattice by marking the position of single mo-
lecules instead of trimeric centers. The result is shown in Figure 5.7b and illustrates
that the ordered self-assembly of the Tn20 molecules as well as of their reduced form
can be described in an equivalent way by the Kagome lattice (see Figure 5.7¢ for the
ideal two-dimensional lattice) with similar spatial dimensions. A large-scale comparison
between both self-assemblies can be seen in panels d and e of Figure 5.7. Thus, the
ditopic character of the precursors with two preferred intermolecular hydrogen binding
sites lays the basis for the regular pattern for the tetracenes after on-surface reduction.

56 5 Molecular self-assembly on Au(111)



Figure 5.7 — Supramolecular assemblies described by Kagome lattices. (a,b): Close-up STM
images (7.5nm x 10 nm) of surface-produced tetracenes (a) and as-deposited Tn20 molecules
(b). The center position of single molecules (black bars) are marked by blue dots while the
blue areas correspond to the hexagons of the Kagome lattice. (c): Ideal Kagome lattice where
two triangles and two hexagons meet at each lattice point. (d,e): Large-scale STM image of
surface-produced tetracenes (d) and as-deposited Tn20 molecules (e). Image sizes are 40 nm x
40 nm.
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5.3 Discussion

In summary, this Chapter shows the nanostructures and networks that are formed by
epoxyacenes on Au(111) after room temperature deposition as well as annealing exper-
iments. In the case of the non-symmetrical anthracene derivative An10 with a single
terminal epoxy group, trimer nanostructures are favorable assemblies due to the pres-
ence of intermolecular hydrogen bonds, as confirmed by DFT calculation. Notably, these
trimer structures persist even after the oxygen is cleaved using thermally induced on-sur-
face reduction. The experimental observations for the tetracene derivatives Tn20 with
two terminal epoxy groups show a clear overlap. First, the stabilization of trimeric pat-
terns is rediscovered and can be identified as principal building block for well-ordered
hexagonal domains. Second, STM images after annealing at 390 K showed the reduced
form (tetracene) as the only molecules on the surface. Surprisingly, one occasionally
observed also a Kagome lattice formed of tetracenes which one would not expect for
symmetric hydrocarbons without functional groups. Bearing in mind the induced on-sur-
face reaction, it seems likely that this well-ordered structure is carried over from the
self-organization of the epoxyacenes.

The implications of these results are self-evident. \While high-symmetry acenes tend
to form densely packed and well-structured layers on coinage metal substrates [161,
166-168], inserting an epoxy group breaks the symmetry and favors directed interac-
tion. Consequently, on-surface generated acenes will not form well-aligned structures
but their assembly is governed by the supramolecular ordering of the precursors. There-
fore, if the complexity of precursor molecules is further increased to make large acenes
accessible via on-surface reduction, disorder at the organic-metal interface should be
expected.
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6 Electronic structure of hexacene
stabilized on Au(111)

Most of the work presented in this Chapter has been published as a communication in
the peer-reviewed journal Chemical Communications. Parts of the text and figures are
reproduced from reference [120] with permission from the Royal Society of Chemistry.

In this Chapter, the method of acene formation is applied for the on-surface prepara-
tion of unstable hexacene. The isolation and characterization of this molecule has been
a long-standing chemical challenge since 1939 [5, 169-171]. Due to its high sensitiv-
ity to light and air, it took almost 70 years before a first reproducible synthesis of this
compound was reported in 2007. Hexacene quickly undergoes dimerization in solution
and could be stabilized in a poly(methyl methacrylate) matrix for 12 h only until it was
slowly oxidized by diffusing molecular oxygen [172]. In the corresponding work from
D. Neckers et al., hexacene was photochemically generated from a diketone precursor
by the expulsion of two CO molecules. The same approach was used by the group of
H. Bettinger at the University of Tubingen to obtain hexacene in a solid argon matrix [17]
which allowed absorption spectra measurements. Recently, Chow and coworker repor-
ted the properties of hexacene crystals obtained from a monoketone precursor in 2012
by thermal expulsion of one CO molecule [16]. They found that the solid-state phase
of hexacene has a larger stability and could be stored in the dark in air; presumably
because the oxidation is limited to the surface of the crystal.

Nevertheless, no vacuum-processable strategy towards hexacene on surfaces has
been presented so far. By designing air-stable epoxy precursors Hn30 (see Figure 6.1a),
the surface-assisted reduction can push the boundaries set by stability and allow single
molecule investigations for the first time. Using scanning tunneling microscopy (STM)
and spectroscopy (STS), the thermally induced deoxygenation of Hn30 on Au(111) is
described in this Chapter via the detailed characterization of selected intermediates as
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Figure 6.1 — On-surface route towards hexacene. (a): Generation of hexacene from triepoxy-
hexacenes (HN30). (b): Selected epoxy intermediates observed on Au(111).

indicated in Figure 6.1b. In addition, sub-molecular STM imaging of the final product
of the reaction shows the stabilization of hexacene and spectroscopy measurements
reveal its detailed electronic structure.

6.1 On-surface generation

6.1.1 Thermally induced synthesis

Hn30O molecules were deposited as a mixture of the four possible diastereomers on a
clean Au(111) surface kept at room temperature. Subsequently, the sample was directly
annealed at 390 K to induce surface-assisted deoxygenation as introduced in Chapter 4.
Figure 6.2a presents a constant-current STM image of the resulting preparation with
sub-monolayer coverage recorded a bias voltage close to the Fermi level. One can
observe single molecules as elongated protrusions and recognizes various species con-
cerning distinct peaks in their topography. For instance, the isolated molecule at the
top right of Figure 6.2a features a marked dumbbell shaped topography. Density func-
tional theory (DFT) calculations were performed to model the adsorption of all relevant
molecules on Au(111) and proved that this particular topography is connected to the ad-
sorption geometry of the syn-diastereomer of Hn20 with both remaining oxygen atoms
facing the surface as illustrated in Figure 6.2b. Since the as-prepared surface without
an annealing step was not investigated in depth, isolated precursors could not be found
in the experiment. In fact, DFT-based modeling of the adsorption of Hh30 showed that
exploring an energetically-favorable geometry on Au(111) was difficult and sometimes
led to meta-stable position only. Due to the highly non-planar structure of all four iso-
mers (see Figure 3.9), deposition on the surface kept at room temperature is most likely
already followed by a deoxygenation reaction to adopt a more favorable geometry. Mo-
lecules without a pronounced peak in their topography are of particular interest since
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Figure 6.2 — Surface-assisted deoxygenation on Au(111). (a): After annealing, the surface
showed the presence of hexacene molecules as well as partially deoxygenated intermediates.
STM scan (V = 0.1V, | = 45pA) features isolated hexacene (Hn) adsorbed at a kink site of the
surface reconstruction while a protrusion with a dumbbell shape close-by indicates the presence
of the syn-diastereomer of diepoxyhexacene (Hn20). In addition, self-assembled molecules with
different topographies are present. (b): Ball-and-stick model of the fully relaxed syn-Hn20 mo-
lecule obtained by DFT. (c): Minimum energy adsorption configuration of physisorbed hexacene
with its two middle benzene rings centered above fcc sites of the Au(111) surface. (d): Hexa-
cene imaged with a CO-terminated tip at constant height and V = -bmV.

this species indicates the successful formation of hexacene and can be clearly seen
for the isolated molecule at the top left of Figure 6.2a. Thus, the final product of the
deoxygenation and various intermediates (see a self-assembled cluster of molecules in
the overview scan in Figure 6.2a) were present on the surface after annealing at this
particular temperature.

Surface-assisted cleavage of all three oxygen atoms from a hexacene precursor is
accompanied by a full planarization of the molecule. Hence, the aromatic system is
extended to six linearly fused benzene rings. The adopted planar geometry is shown as
a DFT-based model in Figure 6.2c and is beneficial for detailed investigations by STM.
After functionalizing the tip apex with a single CO molecule, the resolution in STM
images of planar hydrocarbons could be increased as has already been demonstrated
in many different cases before [35, 51, 106]. Here, this technique was used to image a
single hexacene molecule with its chemical structure. After the functionalized tip was
stabilized over the bare surface with a set point of V = —=0.7V and / = 10pA, the tip
height was decreased by 2.2 A and then kept constant during scanning. The recorded
tunneling current data in Figure 6.2d shows that six linearly fused benzene rings can be
clearly resolved, thus confirming the formation of hexacene. It should be emphasized
that the applied bias is close to zero and can be considered as off-resonant. If the
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same molecule was imaged with a metal-terminated tip, the constant-height image
was featureless and qualitatively similar to the constant-current topography. Clearly, the
CO-terminated tip is needed to sense the atomic structure of the molecule.

On the same sample preparation, a detailed comparison between the two diaste-
reomers of the Hn20 intermediate was obtained. Figure 6.3 shows the differences
between the topography, adsorption geometry, and electronic resonances of the isol-
ated syn- and anti-Hn20, respectively. Both were imaged on Au(111) as dumbbell
shaped protrusions as indicated in panels a and b of Figure 6.3. There is, however,
a notable difference between the topography of both species, as the syn configuration
is symmetric in its extent, the anti diastereomer shows one tapered part. This side
coincides with a single oxygen atom facing away from the surface while the wide part
of the dumbbell is related to the fact that two CH groups are pointing towards the tip
on this side of the molecule. As a matter of fact, these two particular intermediates are
very similar to the used precursor for the tetracene generation in Chapter 4 except that
the aromatic core is increased from two to four benzene rings. By probing the differen-
tial conductance regarding tunneling spectroscopy at edge positions of the molecular
topography, clear resonances could be singled out for both diastereomers as shown in
Figure 6.3c.

In the case of syn-HN20, the corresponding resonant bias values for occupied and
unoccupied level are at —=1.15V and 2V, respectively. These values are shifted to slightly
larger values for anti-Hn20 and account for —1.05V and 2.05V. Nevertheless, the en-
ergy difference between frontier resonances is very similar for both diastereomers.
The constant-current images of the differential conductance at the respective reson-
ance energies are depicted in Figure 6.3d and 6.3e with a further analysis of the data
being shown in the panels f and g. Notably, the maps for syn-Hn20 reveal that the
recorded images of the molecular resonances are symmetric with respect to two axes,
despite the fact that the simultaneously acquired topography image (Figure 6.3a) shows
an asymmetry of the apparent height of the two maxima. On the contrary, the d//dV
maps at resonances bias values of the anti diastereomer display two dissimilar sides
as one would expect from the asymmetric molecule configuration. For comparison, the
topography and HOMO resonance of the isolated Hn10a molecule is given in Figure
6.4. Here, ten lobes are in total visible if the differential conductance is mapped at a
bias of —0.85V. This resembles the pentacene-like aromatic system of the molecule.
Notably, only one configuration of this intermediate with the oxygen pointing towards
the surface was observed during the measurements.
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Figure 6.3 — Topography and electronic resonances of intermediates Hn20 on Au(111).
(a,b): STM images (V = 0.5V, I = 30pA) of syn- and anti-Hn20, respectively. Additionally, the
adsorption configuration of both are shown as derived by DFT. (c¢): d//dV spectra of syn- (lower
curve) and anti-Hn20 (upper) taken on the position as indicated by blue and red marks. Spectra
are shifted vertically for clarity. (d): d//dV maps for syn-Hn20 at 2V (top), -1.15V (down), and
V = 0.1nA. (e): dI/dV maps for syn-Hn20 at 2.05V (top), —=1.05V (down), and | = 0.2 nA. All
images are 1.3nm x 2.6nm. (f): Extracted line scans along the d//dV maps as indicated by
white dashed lines in the images in d and e. The curves were normalized and shifted for clarity.
(g): Laplace-filtered images of the lower half of the HOMO maps.
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Figure 6.4 — Intermediate Hn10a on Au(111). (a): STM image acquired at V = 0.1V and
| =40 pA. (b): Constant-current (/ = 0.1 nA) map of the differential conductance at V = -0.85V.
Image size: 1.3nm x 2.6 nm. (c): Line scan along as indicated by dashed line in b.
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6.1.2 Self-assembly

Following on from the experimental findings in Chapter 5, one should at least shortly
address the observed self-assembly of hexacene precursors and hexacene itself. While
the presence of epoxy moieties again clearly favors hydrogen bonding between single
molecules, the observed structures are to a great part not regular and without any
recurring pattern. Since the precursors feature three oxygen atoms and are a mixture
of four different diastereomers, the self-assembly upon adsorption should be complex
and remains irregular after annealing as shown for the molecular cluster in Figure 6.2a.
Notably, one can occasionally find trimeric structures which are very much in line with
the observed anthracene trimers and trimeric tetracene patterns. The corresponding
Figure 6.5 shows that intermediates syn-Hn20 are again stabilized through hydrogen
bonding at their terminal rings. Nevertheless, these ordered domains are too small in
size and the assembly after the on-surface generation appears mostly irregular.

Figure 6.5 — Self-assembly ob-
served for Hn20 molecules.
Surface was studied after anneal-
ing at 390 K. Constant-current im-
age acquired at V = -0.65V and
| = 80pA showing syn-Hn20 in-
termediates forming two regular
self-assembled trimeric patterns.

0

6.1.3 Higher annealing temperature

N - (A +2.2

To further explore the on-surface reaction mechanism of the hexacene generation, the
sample was investigated after annealing at a higher temperature of 420K. The com-
plexity of different observed molecular species was drastically reduced, since no pro-
nounced peaks in the topography of single molecules were observed anymore. Con-
sequently, this finding indicates that the oxygen atoms at the terminal rings were very
efficiently reduced from the precursors. However, thorough examinations showed that
not all the molecules featured the same flat topography and slight deviations gave a hint
that the central oxygen atoms was not reduced from all precursors. High-resolution ima-
ging at constant-height with a CO-terminated tip as in Figure 6.6 helped to disentangle
the true nature of the observed molecular species. Hexacene molecules were imaged
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Figure 6.6 — Sample after annealing at a higher temperature. Constant-height measurement
of the surface annealed at 420K with a CO-terminated tip and at an applied bias V = -5bmV.
Hexacene as well as Hn10b are present and can be distinguished by a different contrast at
the third benzene ring (marked by a star). Inset shows the same surface area as imaged at
constant-current and at a bias of V = —0.1V. Since the apparent height scale is the same as in
Figure 6.2a, the successful deoxygenation at the terminal rings is immediately clear.

with a sub-molecular corrugation where all six rings appear with the same contrast.
However, a fraction of the molecules showed a different contrast at their third benzene
ring (marked with a star in Figure 6.6) which is most likely related to the attached center
oxygen and matches the structure of the intermediate Hn10b. This finding suggests
that the activation barrier to cleave the middle oxygen is crucial and must be consider-
ably higher than the barrier involved in the deoxygenation of a terminal ring. Notably,
the on-surface generation of hexacene from intermediates Hn20 via Hn10a is obtained
in a very efficient manner.

6.2 Molecular orbital resonances

Scanning tunneling spectroscopy (STS) was performed on single hexacene molecules to
investigate the electronic structure in more detail. After STM imaging with a metal-ter-
minated tip as depicted in the panels a and b in Figure 6.7, differential conductance
spectra on the periphery of the molecular topography showed strong conductance
peaks. By positioning the tip on the end position (red cross in Figure 6.7a), maxima
at 1.20V and 2.55V were obtained as shown by the red curves in Figure 6.7c. For con-
venience, one can refer to these electronic molecule resonances as the lowest (LUMO)
and second lowest unoccupied molecular orbital (LUMO+1) of the hexacene molecule,
respectively. In contrast, probing the occupied molecular levels was achieved by pos-
itioning the STM tip on a corner position of the molecule. Typical spectra (see Figure
6.7¢c) showed well-defined resonances at —0.65V and -1.65V, and a weaker peak at
around -2.25 V which one can assign for simplicity to the bias values of the highest
(HOMO), second highest (HOMO-1) and third highest (HOMO-2) occupied molecular
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Figure 6.7 — STM and STS measurements of single hexacene. (a): Constant-current STM
image of a single hexacene molecule at 0.2V and 30pA. The scale bar refers to 5A. (b):
Apparent height profile along the molecular long axis in the previous image. (c): Three separate
differential conductance spectra recorded at constant-height; the blue spectrum was obtained
on the corner position while the red curves were acquired at the end position of the molecule
as indicated by the STM image in (a). Tip heights were stabilized at V = 1V and, from the
left, / = 0.15nA,0.15nA and 0.06 nA. (d): Normalized differential conductance (differential
conductance multiplied by tunneling resistance) for the three respective molecule spectra as
well as for one measurement of the bare gold surface (gray curve).

orbitals, respectively. The bias value of the frontier orbital resonance is close to the
Au(111) surface state [114] at —0.51 V; however, both features can be well separated by
comparing typical spectra of the bare gold surface as shown in Figure 6.7d. In contrast,
spectroscopy measurements of single pentacene on Au(111) displayed the LUMO level
at 1.3V and HOMO at —0.9V [50]. Therefore, one can conclude that the HOMO-LUMO
gap probed with STS on Au(111) decreases from 2.2 eV to 1.85 eV. These values are
remarkably close to the respective optical gaps determined in an argon matrix [17].
Mapping the spatial distribution of the d//dV signal allowed one to image in detail the
electronic structure of adsorbed hexacene, confirming that the observed resonances
are coming from tunneling channels built up from the molecular states of hexacene.
What all the maps shown in Figure 6.8a have in common is the fact they appear later-
ally expanded in comparison to the topography' and show the highest intensity at the
molecular periphery. In fact, this compares well to the measurements for pentacene
[50] and is mostly related to the constant-current imaging mode [173]. Here, topography
and DOS are convoluted, and the tip interacts more strongly with the w-orbitals when

"Notably, the images in Figure 6.7a and 6.8a have the same lateral dimensions.
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the tip height is lowered at the periphery. The HOMO signature, in particular, illustrates
conclusively the aromatic backbone of six linearly fused benzene rings as it shows two
times six lobes separated by a nodal plane along the molecular long axis. This sym-
metry resembles the structure of the frontier orbital density of the free molecule which
is in line with previous experiments on pentacene weakly coupled to ultrathin NaCl films
[49] or physisorbed on Au(111) [50]. In the experimental image of hexacene, four pro-
nounced lobes are spaced over the whole molecule with a peak-to-peak distance of
16.2 A along the molecular long axis. Additionally, eight faint inner lobes can be identi-
fied from the line scans in Figure 6.8b.

LUMO  LUMO+1®

HOMO

HOMO-1
HOMO-1
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o
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Figure 6.8 — Imaging of molecular orbital resonances of hexacene. (a): Constant-current
maps of the differential conductance at respective resonant bias values. Image sizes are 1.3nm
x 2.6nm. Current values are, from the top, 0.3nA, 0.5nA, 0.2nA, 0.2nA, and 0.4nA. (b):
Extracted line scans along the d//dV maps as indicated by white dashed line in the image in
(a). The curves are normalized and shifted for clarity. Despite the used metal-terminated tip, the
sub-molecular features become immediately apparent. (c): Calculated differential conductance
maps at the corresponding energy resonances using ESQC.

If one compares this result with the HOMO map obtained for the key intermediate

syn-Hn20 (see panel d in Figure 6.3), the on-surface generation can be rationalized
through the differences in the measured conductance maps. If the two terminal oxygen
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atoms are still attached, the largest aromatic system are the four central linearly fused
benzene rings. Therefore, the spatial distribution of the four strongest conductance
peaks of the HOMO appeared not extended over the whole molecule but were strongly
confined to the central part with a peak-to-peak distance of 10.4 A along the long axis
as is shown in Figure 6.3f. The fact that the ratio 16.2/10.4 ~ 1.56 is close to 6/4
further proves that this confinement of the d//dV map is a quantitative and qualitative
fingerprint of the tetracene unit in syn-HNn20O. Besides the four major lobes, one can
also identify four very faint inner lobes in the HOMO map of this intermediate (see line
scans in Figure 6.3f and Laplace-filtered image in Figure 6.3g). Eight lobes separated by
a nodal plane along the molecular long axis matches the symmetry of the frontier orbital
of the free tetracene molecule. A similar observation can be made for the intermediate
Hn10a with the pentacene-like aromatic system as shown in Figure 6.4. Consequently,
the HOMO maps for different molecular species is ideal to illustrate the on-surface
generation of extended aromatic systems.

The spectroscopic measurements show that the first four observed electronic res-
onances of hexacene (from HOMO-1 to LUMO+1) are well separated in energy and
appear as non-degenerate resonances based on the comparison with calculated differ-
ential conductance maps. The mono-electronic elastic scattering quantum chemistry
(ESQC) approach [131] was adopted to simulate constant—current d//dV maps for hex-
acene physisobed on Au(111) at the corresponding resonant energies. Panels a, b and
¢ of Figure 6.8 show the striking agreement between experiment and theory as the
structure, symmetry, and corrugation of nodes and lobes match very well. Two differ-
ences stand out: First, the two second outermost lobes of the LUMO+1 are not visible
in the experiment, most likely because they are too low in intensity to be picked up
from the metall-terminated tip. Second, the four most inner lobes at the position of
the third and fourth benzene rings of the experimental HOMO map are particularly pro-
nounced. This feature is not well reproduced by the corresponding ESQC map. How
this peculiar image contrast is depending on the adsorption on Au(111) would need fur-
ther investigations. Furthermore, it is worth mentioning that the measured d//dV map
at the resonance named HOMO-2 largely deviates from what is expected for the STM
image of a pure HOMO-2 calculated in a mono-electronic approximation. Further details
are given in Section A.4 of the Appendix. One can conclude that an intermixing of mo-
lecular orbitals is building up this HOMO-2 electronic resonance, similar to the case of
adsorbed pentacene [50].
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6.3 Discussion

In summary, this Chapter reports on the surface-assisted preparation of hexacene and
its first detailed characterization by STM and STS. Notably, the results prove that the in-
troduced acene formation by on-surface reduction of epoxyacenes is not limited to short
acenes but also works for larger acenes on a low reactivity Au(111) substrate. This sub-
strate is beneficial for the subsequent investigations of their intrinsic properties since
the electronic coupling between fabricated nanographenes and gold can be considered
weak [174]. Therefore, the frontier orbital resonances as well as HOMO-1/LUMO+1
levels of hexacene could be visualized in the experiment and showed a conclusive agree-
ment with calculated d//dV maps. Further, the spectroscopic measurements show that
the Fermi level of hexacene adsorbed on Au(111) is well separated from any molecular
resonances?, i.e. the LUMO resonance is clearly above zero bias while the HOMO res-
onance is well below. In that sense, the adsorbed molecule retains a semi-conducting
property and the charge transfer between substrate and molecule is small. If a strong
charge transfer from the substrate to the molecule were present, the spectrum would
lose the semi-conducting character, and the LUMO resonance should be pinned close
to the Fermi level as observed for pentacene on more reactive metal substrates [88,
92].

2By subtracting the metallic background curve from the molecular spectrum in Figure 6.7d, this property
becomes evident.
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7 Br-substituted precursors of
heptacene on Au(111)

Substituting hydrogen atoms with halogen atoms changes the chemical reactivity of
the precursors and increases the complexity of possible surface reaction. However,
this Chapter shows that unsubstituted heptacene can be imaged on the surface.

The success of on-surface synthesis as a bottom-up strategy towards the fabrication
of atomically precise nanostructures has been mainly connected to the Ullmann type
intermolecular coupling reaction [21]. By designing halogen-substituted precursors, se-
lected bonds of deposited molecules can be activated via thermally-induced dehalogen-
ation [24]. This is related to the fact that bonds between carbon and halogen atoms
are considered substantially weaker than bonds between carbon and hydrogen [175].
Upon diffusion, precursor molecules are then likely to fuse through C-C coupling at the
preselected activated sites and can form extended covalent structures. \While conven-
tional sublimation of large molecular systems would eventually lead to their fragment-
ation due to the required high thermal energy, employing the Ullmann type surface
reaction is a truly vacuum-processable approach to fabricate 1D and 2D structures on
a metal substrate. This has been instrumental in the formation of networks [24, 25],
molecular wires [26, 28], and graphene nanoribbons of various edge topography and
width [29-32].

In this Chapter, the experimental efforts to combine on-surface reduction, bond activ-
ation, and Ullmann type coupling to fabricate extended covalent structures with acene
subunits are shown. Starting from the molecular precursor Hp4Br30 as depicted in
Figure 7.1a, the Br-substituted terminal rings are likely to become activated for C-C
coupling reactions while intramolecular reduction should lead to a heptacene-like seven
aromatic ring system. Once the Br atoms are dissociated, the structure of the interme-
diate (see Figure 7.1a) can be considered as aryne-like radical in the o-electron system
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Figure 7.1 — On-surface chemistry of a Br-substituted epoxyacenes. (a): Precursor molecule
tetrabromotriepoxyheptacene (Hp4Br30). (b): One possible idea of heptacene-based polymer
based on Ullmann-type coupling as proposed by the group of D. Pefa at the University of Santi-
ago de Compostela. (c): Unsubstituted triepoxyheptacene (Hp30) and its reduced form hepta-
cene. The aromatic Clar sextets are marked with gray.

which shows an exceptional high reactivity even at cryogenic temperatures [40]. The
main idea is that many of such activated intermediates diffuse on the surface and can
couple to each other. For the reaction scheme, one can expect that extended covalent
1D copolymer structures are formed through subsequent C-C coupling steps at the ter-
minal rings as shown in Figure 7.1b. It is important to emphasize that this route cannot
lead to the fabrication of polyacenes.

Given the fact that each heptacene-subunit would have an extraordinary low gap
between the HOMO and LUMO level, the resulting polymer should be a promising
material with a finite but very low transport gap. By performing so-called lifting experi-
ments with the tip of the STM [26, 28, 176], the transport conductance could be further
studied for possible applications in molecular and organic electronics.

7.1 On-surface chemistry

By analogy with a suitable heptacene precursor with four aromatic sextets' as shown
in Figure 7.1c, the closely-related derivative Hp4Br30 was used for on-surface experi-
ments. It was deposited onto the Au(111) substrate kept at room temperature and the

"Following the discussion of E. Clar [58], four aromatic sextets in the Clar structure of the precursor
increases the stability drastically compared to the closed-shell state of genuine heptacene with just
one aromatic sextet.
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resulting surface preparation was intensively studied after annealing the surface first at
470K and then 530 K. A key experimental observation was that no extended structures
could be found in large-scale STM images; however, mostly self-assembled structures
of finite size. Further STM images are given in Section A.5 of the Appendix. Similar
to the case of the hexacene generation (see Chapter 7), isolated molecules were pre-
dominately found at the elbow site of the surface reconstruction and could be studied
in greater detail. In fact, after annealing at 470 K most molecules appeared completely
flat or with one peak in their topogaphy. Both cases will be discussed in the following.

Br ] ! l [ [ l ! Br
Br Br
H H

Figure 7.2 — Imaging of the chemical structure of heptacene. (a): Constant-height image
recorded with a CO-terminated tip at V = —=5mV. The lower image corresponds to the Laplace-
filtered data. Image size: 1.5nm x 3nm. (b): Three chemical structure which are in principal
possible for the observed single molecule; however, the data proofs that the genuine heptacene
(bottom row) is observed in the experiment.

First, typical high-resolution images of single flat molecules with a CO-terminated tip
at constant-height and small bias showed clearly seven linearly fused rings as demon-
strated in Figure 7.2a. Thus, one can conclude that the separation of all three oxygen
atoms worked; however, the structure of the terminal rings was not immediately clear.
Figure 7.2b shows three possible cases which one should take into account based
on the designed experiment. Since the experimental constant-height image does not
show any peculiar features at the end rings, the Br-substituted heptacene (top structure
in Figure 7.2b) can be ruled out based on the fact that Br atoms would give a pro-
nounced contrast as demonstrated in high-resolution SPM images of single molecules
[41]. Second, the intermediate case (middle structure) is known to be highly reactive,
and AFM measurements of the aryne structure with atomic resolution have proven that
this particular radical structure bonds strongly to the metal surface [40]. Given the fact
that no Ullmann-based long-range structures were observed on the surface and Figure
7.2a looks very similar to the current image of hexacene (see Figure 6.2d), one can con-
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clude that the observed structure is genuine heptacene. Since the crucible temperature
needed to sublime the precursors was high due to the large molecular weight, it is reas-
onable to assume that the bromine atoms were already dissociated during deposition.
Even though all the experiments were carried out in UHV conditions, residual hydrogen
is always present in the vacuum chamber and the dominant part of the rest gas spec-
trum. Thus, the four activated bonds of the precursors were passivated with hydrogen
before a coupling reaction could occur.

e 1160

apparent height (pm)

0 1 2 3
o A ¥ lateral dimension (nm)

Figure 7.3 — Imaging of an intermediate and tip-induced reaction to form heptacene. (a):
STM image of intermediate at V = 0.1V and / = 100 pA. (b): STM image of the same molecule
at V =2V and / = 100 pA. (c): Imaging at 2.2V induced a chemical reaction during scanning.
(d): STM image (V = 0.1V, | = 100 pA) after the manipulation event. Notably, if this molecule
is now imaged under the same conditions as in (b) (not shown here), the peak at the center of
the topography is not present anymore. (e): Comparing two line scans along the molecular long
axis as indicated by the dashed line in (a) (dark blue curve) and (d). All scale bars refer to 1 nm.

Second, single molecules which appeared elongated but not entirely flat at small
bias (see Figure 7.3a) showed a strong bias-dependence for the topography. The con-
stant-current STM image at a higher bias of 2V features one pronounced peak at the
center as indicated by Figure 7.3b and can be assigned to the intermediate with one
oxygen atom still attached.? This strong contrast change directly at the oxygen posi-
tion can be rationalized in a simple way as follows. If the epoxy group is still attached,
the largest aromatic core of this intermediate is equal to two anthracene-units. For

?In fact, intermediates with one off-center peak at high bias were also observed corresponding to the
remaining oxygen atoms at the off-center position.
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large enough bias values, the LUMO resonance of these two acene-like subunits® be-
comes accessible and shows its strongest intensity at the end positions accordingly
to the measurements in the previous Chapter. Since two anthracene-units are fused
via the epoxy group, the center of the intermediate is a high-conductance point of the
molecule. Thus, the apparent height must be clearly increased in this region if the mo-
lecule is scanned at constant-current and large enough bias. One should emphasize
that this strong bias-dependence is a clear electronic effect and not directly related to
the geometry of the molecule. In fact, it is very difficult to deduce information about the
configuration of the oxygen bridge, i.e. whether it is pointing up or down. Similar to the
experiments on Cu(111), scanning at higher bias occasionally triggered the transition to
the completely planar state as illustrated in the panels c-f in Figure 7.3. While this tip-in-
duced reaction was not systemically studied, heating at 530K led to the observation
that virtually all isolated molecules at kink sites could be identified to be flat.
Evaporating the precursors onto the warm surface kept at 470 K to increase diffusion
while deposition lead to the observation of the same principal structures on the surface.
This empirical fact supports the assumption that the Br-dissociation already took place in
gas-phase, leading to transient states which are then quickly passivated with hydrogen
before Ullmann-coupling reaction could be triggered on the surface. While one could
occasionally find two or three molecules covalently fused through a single carbon-car-
bon bond as shown in Figure A.7 in the Appendix, the rate of this process is too low to
be of any interest. However, the fabrication of unsubstituted heptacene molecules is an
intriguing result and further proofs the applicability of on-surface reduction to stabilize
large acenes. In the following parts of this Chapter, the properties of single molecules
are investigated in greater detail. At this point, one should emphasize the fact that the
synthesis of unsubstituted heptacene dates back to the earliest attempts from E. Clar
in 1942 [6]. Nevertheless, it took more than 60 years until an unambiguous evidence
for its isolation could be obtained [177]. Similar to their work on hexacene, the group
of D. Neckers obtained heptacene from a diketone precursor which was found to be
stable up to 4h in a polymer matrix. The characterization in solution and in thin films
were very recently achieved via temperature cracking of a diheptacene precursor [178].

7.2 Heptacene stabilized on Au(111)

7.2.1 Bias-dependent topography

Single heptacene molecules were studied in more detail. In particular, the topography
was imaged with a functionalized tip. STS measurements proved to show the sur-

3See Section 5.1 for the description of the LUMO resonance of anthracene.
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Figure 7.4 — Bias-dependent topography of heptacene. (a): Differential conductance spectra
acquired of a heptacene molecule (black curve) and of the bare Au(111) surface (gray curve).
For simplicity, the peaks in the spectrum are referred to the orbitals of the free molecule. (b):
Constant-current topography acquired at / = 0.3 nA and the indicated bias values. Image size:
1.8nm x 3.6 nm. (c): Laplace-filtered topography. (d): Contour plot of LUMO and HOMO of the
free heptacene molecule as derived by ArgusLab.

face state of Au(111) in a spectrum of the bare metal (see Figure 7.4a) while imaging
of the molecule gave a strong intramolecular resolution. In particular, if a heptacene
molecule was probed at constant-current with a bias close to the LUMO and HOMO
resonances, the respective topography images showed a corrugation corresponding
to the symmetry of the gas-phase frontier orbital densities as proven in Figure 7.4b.
After Laplace-filtering (see Figure 7.4c), this became even more clear and showed the
high-quality of the obtained images. These observations match the experimental finding
for the bias-dependent topography of pentacene on Au(111) [50]; however, with much
more pronounced internal structure due to the employed functionalized tip. All nine
lobes could be resolved in the LUMO topography while the differential conductance
maps of pentacene [50] and hexacene measured with a metal-terminated tip showed
less sub-molecular contrast. Notably, if heptacene was imaged at a small and off-reson-
ant bias, the recorded topography appeared almost featureless despite the used func-
tionalized tip. This observation is in stark contrast to the reported measurements of
single pentacene on Cu(111) [45]. Due to the stronger coupling to the substrate, the to-
pography of pentacene measured with a pentacene-terminated tip at a small bias of V =
—0.1V appeared with a LUMO-like structure and indicated the stronger charge transfer
and stronger shift of the molecular energy levels on this surface.
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It is worth noting that the obtained constant-current topography at the bias corres-
ponding to the HOMO-1 resonance shows the same sub-molecular structure as the
image at the HOMO resonance. This observation can be explained by the fact that the
topography is obtained by probing at a constant tunneling current. Following Equation
2.8 in Chapter 2.1, the current is connected to the integral of tip and sample states
from zero to the desired bias value. Therefore, information of the resonant states of
both HOMO and HOMO-1 are included in the topography; however, the former dom-
inates the recorded image at this bias. In contrast, the differential conductance at a
desired bias (see Figure 7.4a) is directly proportional to the sample DOS at this voltage
as introduced by Equation 2.13. If the d//dV signal is recorded at the HOMO-1 bias,
the lobe structure of this molecule orbital resonance should be recovered in the image.
This will be demonstrated in the next Section.

7.2.2 Differential conductance measurements

Starting from the differential conductance spectra shown with the functionalized tip, the
measurements of single heptacene molecules were repeated with a purely metal-ter-
minated tip. The first two empty state resonances were obtained by performing tun-
neling spectroscopy on the end position of the molecule and showed the LUMO and
LUMO+1 resonance at 1.0V and 2.25V, respectively. Mapping of these two reson-
ances led to the images shown in Figure 7.5a. Notably, the maps are again dominated
by two high-intensity peaks at the molecular end positions while only a faint lobe-cor-
rugation is visible at the center. This structure is very similar to the data for hexacene.
By measuring tunneling spectra with a comparable large molecule-tip separation, a third
peak at 3.2V could be resolved as shown in Figure 7.5b. However, this resonance is
already at a bias range where the tunneling electrons can trigger a dehydrogenation of
the molecule, hence there is a finite chance that the molecule is drastically manipulated
during imaging. This is why the obtained map (see Figure A.9 in the Appendix) of this
high-order resonance of heptacene does not show the same high quality as the other
maps, and the structure is not discussed in greater detail.

In the case of the occupied states, the obtained d//dV images of the first two res-
onances at —0.55V and -1.4V, respectively are depicted in 7.5¢c. Subsequently, the
zigzag edge of the molecule was probed with particular care via bias-dependent differ-
ential conductance measurements. The STM tip was scanned at constant height along
the molecular long axis but off the center as defined by the white dashed lines in Figure
7.5c. Starting from the smallest bias of —1.75V, the applied bias was increased after
each line with a step size of 25 mV until the final voltage of —0.25V was reached. The tip
was stabilized between two spectra with switching the feedback loop on and using al-
ways the same tunneling parameters to make sure that all the line spectra were carried
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out at the same height above the molecule. The resulting differential conductance data
was normalized and the metallic background contribution subtracted. The two-dimen-
sional color plot in Figure 7.5d is a convenient way to depict the data with the horizontal
axis showing the spatial dimension along the zigzag edge and the vertical axis equal to
the applied bias. It becomes immediately clear that the two molecular resonances of
HOMO and HOMO-1 are visible in the map. In particular, the broadening with respect
to the applied bias is apparent.
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Figure 7.5 — Molecular orbital resonances of heptacene. (a): Constant-current (/ = 0.3nA,
metal-terminated tip) maps of the differential conductance acquired at 2.25V (upper image)
and 1.0V, respectively. Image size: 1.8nm x 3.6nm. (b): Differential conductance spectra
on a single heptacene molecule. (c): Constant-current (/ = 0.3nA) maps of the differential
conductance acquired at —0.55V (upper image) and —-1.4V, respectively. Image size: 1.8nm x
3.6nm. (d): Bias-dependent normalized conductance measurements along the zigzag edge of
heptacene.

Not surprisingly, the heptacene showed also a HOMO-2 resonance as presented in
Section A.5 of the Appendix. The observed symmetry is again entirely different com-
pared to the HOMO and HOMO-1 resonances. Consequently, the obtained differential
conductance data on the orbital resonances are very similar to the results on hexacene
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Figure 7.6 — HOMO resonance of heptacene mapped with two different tips. (a,b): Con-
stant-current (/ = 0.3 nA) maps of the differential conductance acquired at a bias of —0.55V with
a metal-terminated tip (a) and functionalized tip (b), respectively. Image size: 1.4nm x 2.8 nm.
(c): Extracted line scans along the differential conductance maps as indicated by white dashed
line. The dark blue curve corresponds to image (b).

but with the expected difference for a seven-ring molecule. In particular, Figure 7.6
proves that the d//dV map at HOMO-resonance can be imaged with a metal-termin-
ated and CO-terminated tip to resolve 14 lobes. Interestingly, the inner lobes follow a
particular intensity distribution with the central fourth lobe showing the highest differen-
tial conductance for both used tips. Finally, the resonant bias values are shifted closer to
the Fermi level as shown in the Table 7.1 and the HOMO-LUMO gap is further reduced
to 1.55eV.

molecule | HOMO-2 | HOMO-1 | HOMO | LUMO | LUMO+1
hexacene | -2.25V | -1.656V | -0.65V | 1.2V 2.55V
heptacene | -2.15V -1.4V -0.55V | 1.0V 2.25V

Table 7.1 — Bias values of molecular resonances for adsorbed hexacene and heptacene.
Summary of the obtained resonant bias values for the first four orbital resonances. The dif-
ferential conductance spectra were acquired at equivalent positions and with metal-terminated
tips.

7.3 Discussion

In this Chapter, the experimental results on the Br-substituted heptacene precursors
showed that the proposed idea of the fabrication of heptacene-based polymers could
not be obtained on Au(111). Since STM images with high-resolution indicated the stabil-
ization of genuine heptacene with hydrogen termination on the surface, Br-dissociation
is likely to take place in gas-phase before any surface-assisted coupling reaction could
occur. In fact, a previous field-effect device study of the Z. Bao group [179] supports
this fact since they found that a similar but smaller molecule with a pentacene core and
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four Br-atoms at the same peripheral positions in the terminal rings could not be heated
beyond 420K without starting to degrade the material via gradual Br-loss. While the
comparison of sublimation temperatures of sub-monolayer preparations and thin-film
fabrications in two different setups are not always without a doubt; it is another strong
hint in this case that the investigated precursor is not vacuum-processable with stand-
ard sublimation methods. In contrast, the on-surface deoxygenation proved again to
be a capable approach to prepare an extended ring system. In fact, the shown single-
molecule topography and differential conductance images, as well as the energy value
between HOMO and LUMO levels, are all very much in line with the results on hexa-
cene.
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8 Summary and outlook

This final Chapter is devoted to giving an overview of the most relevant experimental
results and a brief discussion of their importance. Secondly, the challenges and chances
for future acene-based investigations and applications are addressed.

8.1 On-surface synthesis

In summary, this work shows a novel and surface-assisted route for the stabilization
of acenes on Cu(111) and Au(111) from air-stable precursors. The AFM images with
atomic resolution in Chapter 4 introduces this reduction conclusively for diepoxytetra-
cenes. While the fabrication of non-reactive tetracene is undoubtedly more of scholastic
importance, the observed stabilization of the highly elusive hexacene and heptacene in
Chapter 6 and 7, respectively is remarkable. Without a doubt, the used UHV system is
highly beneficial for this kind of study and allows the investigation of a large acene with
utmost precision and stability while the same molecule would degrade or react within
a split-second if treated in any other environment.

The results display the scalability of this on-surface approach as a synthetic tool to
access extended acene systems at the single molecule level. By designing the suitable
precursor, this method should have the potential to generate oligoacenes beyond the
size limit of what has been experimentally observed so far, i.e. larger than nine rings'
While the photoinduced decarbonylation (CO as leaving group) reaction as used for mat-
rix isolation of nonacene [18] may also be extended, it becomes increasingly difficult to
confirm the acene generation from a collective absorption spectra alone. Here, SPM
investigations with high spatial resolution are beneficial since one can distinguish and
select between final reaction products and intermediate molecules in-situ as demon-
strated in Chapter 6. Moreover, the surface fabrication is highly favorable for planar and

T After the submission and before the defense of this thesis, the on-surface stabilization of nonacene [180]
and decacene [181] was indeed reported.
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molecular-scale applications. Here, it would be useful to also explore surface mechan-
isms to generate large acenes on less-reactive substrates, possibly also through the
activation with light, or the in-situ transfer to semi-conducting or insulating substrates
after the synthesis.

Obviously, the role of the supporting metal surface is crucial in the presented exper-
iments and can be paraphrased by three terms: adsorption, deoxyenation, and planar-
ization. First, imaging of the short epoxy-precursors showed that they preferably ad-
sorb with the oxygen atoms facing the surface as confirmed by experiments and DFT-
based modeling. Second, different behavior of diastereomeric diepoxytetracenes during
single-molecule experiment indicated that a high interaction with the metal is favorable
for deoxygenation. One can argue that the substrate substantially lowers the activation
barrier which is needed for reduction. Thus, the catalytic effect of coinage metals allow
deoxygenation to occur at rather low temperatures, similar to what has been observed
before for dehalogenation barriers [29]. Third, while one cannot rule out the possibility
that larger epoxyprecursors are partially deoxygenated during sublimation due to the
supplied thermal energy, the interaction with the surface is still key for planarization.
One should emphasize the fact that isolated precursor and intermediates are highly
non-planar in gas-phase and the stabilization of transient states after deoxygenation to
form a planar structure is favored by the presence of a surface. With increasing pre-
cursor complexity and number of epoxy groups, there is growing competition between
the optimum gas-phase structure and favorable elongated adsorption geometry. In va-
cuum, the sp3-hybridization of the oxygen-bridged carbon atoms favors a non-planar
structure while aromatic benzene rings preferably adopt a planar adsorption on a metal-
lic surface. The results on the stabilization of hexacene and heptacene suggest that
the elongated adsorption geometry holds the upper hand and is perhaps even causing
oxygen separation during deposition already.

The large-scale investigation of Chapter 5 made it clear that the pattern formation of
in-situ generated acenes differ from what one would expect for such a high-symmetry
molecules. The fact that the observed self-assembly before and after reduction can be
described in a similar way makes the implications of an on-surface synthesis for the
ordering at the metal-organic interface vivid.

8.2 Electronic properties

The stabilization of highly reactive hexacene and heptacene on Au(111) allowed STM
and STS measurements of their electronic properties. Since the acenes are physisorbed
on the surfaces, their frontier resonance levels, even if broadened and energetically shif-
ted due to interaction with the continuous states of the metal [83, 87], still correspond

82 8 Summary and outlook



[)
(o2

| ; r % - T I T T T T T T T T T [ 5
I LUMO+T  — 13 | 26
= 2 N 2.4
5 | | |
3 1-a
= A\A\A A r2.2
S 1 LUMO > | S
o ] 21 120 2
@© 1 g
B —4-5 S ! >
— O_: b - —1 8 9
c ] o1 O o
e HOMO o |go | T~ 116 ©
@11 o ' O D\n '
S _ - 1.4
HOMO-1__ —— |
L1 @ i 1.2
5 6 7 5 6 7 8 9
number of benzene rings number of benzene rings

Figure 8.1 — Electronic resonances of adsorbed pent-, hex-, and heptacene on Au(111). (a):
Resonant bias values as confirmed by STS measurements of single acenes. The experimental
values for pentacene are taken from [50]. The respective errors are smaller than the shown
symbols. The corresponding energy values (scale on the right) are calculated via the work
function of Au(111). (b): The HOMO-LUMO gaps as derived from (a) (red dots, error value
as large as symbol) in comparison to the optical Sy — S transitions (blue curve) obtained by
absorption measurements at 30K and in a solid argon matrix [17, 18].

to the gas phase ionization and affinity levels. Therefore, the frontier orbital resonances,
as well as HOMO-1/LUMO+1 levels of both large acenes, could be quantified and visu-
alized in the experiment. As it turned out, the planar structure and extended molecular
resonances of these hydrocarbons are particularly suited to obtain high-resolution im-
ages.

First, the bias values of molecular resonances should be discussed. As illustrated in
Figure 8.1a, the energy spacing between the accessible molecular levels in STS meas-
urement is clearly reduced as one makes the transition from pentacene [50] to hep-
tacene. This trend is in line with a simple particle-in-a-box model of a smaller level
spacing for a weaker spatial confinement of the frontier orbitals. In a similar way, the
calculated energy gap between the HOMO and LUMO resonances in STS experiments
can be plotted versus the number of linearly fused rings as shown in Figure 8.1b and
indicated the drastically reduced HOMO-LUMO gap. Interestingly, the experimental val-
ues match the optical gap values as determined by H. Bettinger et al. [17, 18] well,
even though the underlying fundamental principle to obtain the respective values are
different, and STS values depended critically on surface polarization effect. This ob-
servation is illustrated by the fact that pentacene which was electronically decoupled
from Au(110) using a NaCl monolayer showed a HOMO-LUMO gap as large as 4.0eV
in single-molecule STS experiments [47]. Second, studying the electronic resonances
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of acenes directly on the metal has the advantage that several molecular orbital reson-
ances become accessible in the usable bias range. While pentacene showed only four
conductance maxima in tunneling spectra [50], hex- and heptacene featured five and six
resonances, respectively. This class of molecules is an ideal system to study the image
formation in differential conductance maps. In fact, measurements of all three acenes
showed that the sophisticated ESQC method is needed to simulate the obtained maps
correctly. Images acquired at the frontier orbital resonances are well reproduced while
higher order maps tend to be more difficult to be calculated as already pointed out in the
work on pentacene. This is a clear proof that the one-electron picture of orbitals is only
a limited and simplifying description of the electronic structure of molecular resonances
in STS experiments where the interaction of tip, molecule, and substrate needs to be
considered.

In a nutshell, the obtained spectroscopy measurements of hexacene and heptacene
are very much in line with the pentacene and with one would expect for a larger fully
m-conjugated system. Despite the theoretically predicted open-shell ground state for oli-
goacenes larger than pentacene [59] or hexacene [2], the interaction with the underlying
metal makes it difficult to access a possible radical character in the electronic ground
state of adsorbed hexacene and heptacene. In the case of extended atomically precise
graphene nanoribbons, the transfer to a thin insulating NaCl film was needed to detect
the intrinsic properties of electronic states localized at zigzag edges [32, 56]. Simil-
arly, the radical character in the m-electron system of triangulene could not be detected
on the bare metal but on a ultrathin film of xenon only [7]. In accordance, while the
metal substrate is favorable for the on-surface synthesis of large acenes, a decoupling
from the metal would be favorable to provide access to the anticipated unique ground
state. In combination with spin-sensitive measuring methods, e.g. spin-polarized STM,
this approach will pave the way for the unraveling of the electronic structure of large
acenes.
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A Appendix

A.1 Designed LabView program

Controllable and reproducible deposition of the molecular precursors is of paramount
importance for their on-surface investigations. Therefore, | have designed a LabView-
based program which allows one to monitor and to record the pressure values in all
three parts of the UHV system while also giving access to an Eurotherm-based temper-
ature controller of the evaporator pocket. Due to the vacuum conditions, a temperature
stability better than 0.1 K can easily be achieved and maintained for a long time. Thus,
the molecular materials can be thoroughly gassed out at a below-deposition temperat-
ure. During deposition, it is convenient to monitor the pressure inside the preparation
chamber (blue curve in Figure A.1) as well as the temperature increase (orange curve)
of the crucible inside the evaporator. Correlating both curves can give an important hint
for the optimum deposition parameters.
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A.2 Additional AFM data of the tetracene precursors

Figure A.2 shows unfiltered AFM measurements with a CO-terminated tip for the two
precursors on both possible adsorption sites. Due to the strong non-planar adsorption
geometry, it is difficult to identify atomic features in the raw data.

syn-Tn20 anti-Tn20

NaCl(2ML)

A. 2 - Raw AFM frequency shift data of syn/anti-Tn20 on Cu(111) and NaCIl{2ML), respect-
ively. All scale bars refer to 5A. Measurements were acquired in constant-height modus at
V = 0V with a positive offset Az corresponding to a distance decrease with respect to an STM
set-point current of / = 2pA at V = 0.1V above the clean Cu(111) and NaCl(2ML) surfaces, re-

specﬂtively. (a): syn-Tn20 on Cu(111) with Az = +0.4 A (b): syn-Tn20 on NaCl(2ML) with Az =
-2.4A (c): anti-Tn20 on Cu(111) with Az =-0.3 A (d): anti-Tn20 on NaCl(2ML) with Az =-1.6 A.

A.3 Control experiment with genuine tetracene

A.3.1 As-prepared on Au(111)

As a control experiment, genuine tetracene was deposited on the Au(111) surface kept
at room temperature. Due to the fact that it belongs to the short acenes, tetracene is
stable enough to be directly deposited from a crucible via heating it to 390K. Figure
A.3 shows that the self-assembly for genuine tetracene does not favor any trimeric or
dimeric patterns and tend to form densely-packed assemblies if the coverage is high
enough. Thus, the surfae looks completely different than the patterns observed for the
on-surface generated tetracene. This is a strong indicator that the process of on-surface
deoxygenation is crucial for the observed networks.
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A. 3 - STM images of genuine tetracene on Au(111). (a): Preparation with sub-monolayer
coverage. V = 0.1V and / = 30 pA. Image size: 70nm x 70nm. (b): Preparation with monolayer
coverage. V = 1.5V and / = 70 pA. Image size: 12nm x 12nm. An accidentally functionalized
tip allows one to resolve sub-molecular features in the densely-packed assembly.

A.3.2 Annealing experiment

Figure A.4 shows the surface after annealing a tetracene-covered sample at 390K. It is
apparent that the ordering is similar to the one observed before annealing.

A. 4 — STM images of genu-
ine tetracene on Au(111) after
annealing. Preparation shown
in Figure A.3a was annealed at
390K. Image size: 70nm x
70 nm.
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A.4 Additional data for the electronic structure of adsorbed
hexacene

The obtained differential conductance images of hexacene at resonant bias values show
clear features of the gas-phase orbital densities. This observation is particularly clear for
the HOMO resonance; however, also the HOMO-1, LUMO, and LUMO+1 resonances
show similarities qualitatively if compared with their respective gas-phase orbital dens-
ities. For instance, by comparing with DFT-based calculations shown in the supporting
information of [20]. Nevertheless, if adsorbed hexacene is probed with the tip of the
STM, affinity/ionization levels are accessed, and a two-dimensional image is mapped.
Thus, the sophisticated ESQC-approach is needed to simulate the resonant maps.

By calculating the transmission function spectrum with the tip at one particular po-
sition over the molecule, the molecular eigenstates can be identified as sharp peaks
in the spectrum as shown in Figure A.5. Subsequently, the differential conductance
map of the molecule can be simulated at the identified resonant bias values. In the
case of the HOMO-2 resonance, the ESQC-map (Figure A.5) did not match with the
experimental image. Instead, a superposition of several molecule eigenstates were
necessary to reproduce the experimental image.

energy spectrum

log(T)

=5.0p

325 —12.0 -115 <—110 —105 <-100 =95 =00 =85
E [eV]

A. 5 — Computed transmission function of hexacene adsorbed on Au(111) using ESQC.
Hexacene adsorbed on the surface bridges the vacuum gap between tip and sample. Several
sharp peaks of the transmission function are visible in this range of the spectrum and indicate
resonance with the molecular eigenstates. The inset shows the simulated pure HOMO-2 map.
The calculation were performed by T. Lehmann.
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A.5 Additional STM data for Br-substituted precursors

Large-scale STM images (see Figure A.6) failed to show promising long-range and linear
structures after thermally induced experiments. The features which are observed on
the surface can mainly be attributed to self-assembled clusters of molecules. Due to
the densely-packed ordering, it was difficult to disentangle their true nature. However,
detailed imaging of isolated but larger adsorbates showed that some of the heptacene

molecules are fused in a kinked way as shown in Figure A.7.

A. 6 — Large-scale scans of two different Hp4Br30 preparations on Au(111). (a): After
annealing at 530 K. (b): After depositing on the clean surface kept at 470 K. Images acquired at
V =0.5Vand /=30pA. Size: 150nm x 150 nm.

| -
A. 7 - Two heptacene molecules fused by a single carbon-carbon bond. One example of
a covalent structure found after deposition on the warm surface. (a): STM image acquired at
V = =14V and |/ = 0.1nA. (b): Differential conductance map of the LUMO resonances at

V =1.1V. (c): Differential conductance map of the HOMO resonances at V = -0.55V. All scale
bars refer to 1 nm.

C
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A.6 Additional STS data for adsorbed heptacene

Similar to the case of hexacene, probing the higher-orders resonance of heptacene
on Au(111) was difficult. First, the HOMO-2 resonance tends to be just a shoulder in
differential conductance spectra as indicated by Figure 8. Second, the resonance value
of the LUMO+2 is beyond 3V. At this value, the non-destructive imaging is difficult.
Nevertheless, Figure 9 shows the obtained higher-order resonances, as well as the
HOMO resonance of the same molecule.

A. 8 — Extended tunneling spec-
tra of a single heptacene. The
black curve showing three reson-
ances was acquired for a single
heptacene molecule while the
gray curve shows the metallic
background. Due to the relatively
large tip-sample separation, the
HOMO was not resolved as indi-
vidual peak but as broad reson-
ance.

25 20 -1_'.5 40 -05 00
bias (V)

A. 9 — Higher order resonances of heptacene. Constant-current maps (/ = 0.1 nA) of the
differential conductance for an isolated heptacene showing a HOMO-2 (left image, —2.15V) and
LUMO+2 (right, 3.1V) resonance for spectroscopic measurements. The central image shows
the map acquired at the HOMO resonance. Features from a slight double tip are apparent in all
three images. Image sizes are 5nm x 5nm.
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