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Abstract

In this thesis, the synthesis of low dimensional organic nanostructures on metal
surfaces under ultra-high vacuum conditions is studied. Furthermore, post-
synthetic treatments of nano-architectures either to decouple them from the un-
derlying substrate or to transform them into new structures have been investi-
gated. Three speci�c cases are presented here.
In the �rst case, decoupling of nanostructures from metal substrates is explored.
Many important coupling reactions proceed on reactive metal surfaces. How-
ever, for many applications, e.g. electronics, conducting supports are precluded.
Therefore, methods are introduced to reduce the electronic coupling between
synthesized organic networks and metal surfaces. Here we show the detachment
and electronic decoupling of synthesized polyphenylene networks on Ag(111) and
Au(111) substrates through intercalation of an iodine monolayer. This is achieved
through exposure of the sample to iodine vapor. The idea of using iodine for this
purpose originates from results of 1,3-diiodobenzene on Cu(111), where in con-
trast to usual Ullmann couplings, the reaction products were adsorbed atop a
closed iodine monolayer.
In the second case, structural transformations of nanostructures through anneal-
ing are presented. Room temperature deposition of a thiol-functionalized aro-
matic molecule on Au(111) results in a less well ordered molecular assembly
due to kinetic trapping, stabilized by intermolecular adatom mediated S=Au=S
linkages. This assembly is converted into more ordered Au-thiolate chains by
annealing. Moreover, an additional step of annealing leads to the formation of
covalently linked Sierpinski triangles through a chemical transition, i.e. conver-
sion of Au=thiolate to covalent thioether linkages.
In the third case, a topochemical photopolymerization is targeted to form a de-
fect free long-range ordered covalent structure. The underlying concept was to
use an ordered non-covalent assembly and convert it into a covalent network,
while maintaining the order. Among various polymerization methods, topochem-
ical photopolymerization provides maximal control of supplied energy at reactive
sites of the self-assembled structure. Therefore, the fantrip molecule (FAN) with
three photoactive anthracene blades was chosen for this experiment. Yet, the
self-assembled structure of FAN on Au(111) deemed not suitable for the pho-
topolymerization, due to improper molecular arrangements steered by strong
molecule-substrate interactions. However, a self-assembled structure with ap-
propriate molecular arrangements can be engineered by passivation of Au(111)
with an iodine monolayer. While the current data are promising, prospective
experiments are needed to prove the success of the photopolymerization.
All nanostructures are characterized by scanning tunneling microscopy (STM)
and two powerful surface-sensitive spectroscopic techniques, namely X-ray pho-
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toelectron spectroscopy (XPS) and near edge X-ray absorption �ne structure
(NEXAFS). STM and NEXAFS reveal structural properties of nanostructures,
while XPS provides information about the chemical state of speci�c elements.
Moreover, XPS and NEXAFS have the potential to clarify the electronic struc-
ture of organic adsorbates on surfaces. Hence, the combination of these three
techniques facilitates a comprehensive characterization of synthesized nanostruc-
tures.
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Chapter 1

Introduction

The bottom-up synthesis of low-dimensional organic nanostructures is generally
divided into two main categories: supramolecular self-assembly and on-surface
polymerization. Synthesis of nanostructures by covalent coupling of monomers
on solid surfaces is subject of ever increasing research e�orts.[1, 2, 3, 4] Un-
matched mechanical, thermal, chemical, and electronic properties of covalent
nanostructures render them promising candidates for various nanotechnological
applications, as in photovoltaics, photocatalysis, and molecular electronics.[5, 6]
Therefore, with a view to potential applications, covalent networks o�er cru-
cial advantages over self-assembled supramolecular structures. Hence, on-surface
polymerization of several monomers with di�erent methods are investigated in
this work.
To be able to characterize on-surface synthesized nanostructures appropriate
surface-sensitive and chemically sensitive methods are necessary. Scanning Tun-
neling Microscopy (STM) as the main method is a powerful technique that re-
solves nanostructures with submolecular resolution. X-Ray Photoelectron Spec-
troscopy (XPS) determines chemical composition of the surface as well as chemi-
cal state of the elements of interest. Near Edge X-ray Absorption Fine Structure
(NEXAFS) clari�es adsorbate orientations with respect to the surface plane and
possibly provides information about the electronic structure of the nanoarchitec-
tures. These techniques are described in detail in chapter 2.
The �rst step towards understanding surface-supported nanostructures is to iden-
tify underlying parameters responsible for the formation of nanoarchitectures.
Therefore, a short overview of molecule-surface and intermolecular interactions
is presented in chapter 3. This chapter gives an overview of supramolecular self-
assembly and on-surface polymerization and covers the polymerization reactions
used in this thesis.
Diverse coupling strategies have successfully been employed for the on-surface
synthesis of covalent organic networks.[7, 8] Among di�erent on-surface synthetic
strategies, Ullmann coupling has matured into a well-established method.[9, 10]
Except for a few special cases,[11, 12] the critical step of Ullmann coupling, i.e.
carbon-halogen bond dissociation, requires reactive metal surfaces. The reaction
on metal surfaces, however, inevitably results in adsorption of reaction prod-
ucts, i.e. covalent nanostructures, on these strongly interacting and conducting
surfaces. This is unfavorable for electronic applications. Moreover, strong inter-
actions result in structural changes and hybridization of electronic states of the
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Chapter 1. Introduction

covalent networks and the underlying metal surface. Hence, the actual proper-
ties of the nanostructures are strongly modi�ed on metal surfaces. Consequently,
there is a high demand for straightforward methods for post-synthetic decoupling
of on-surface synthesized covalent nanostructures from metal surfaces. We pro-
pose a solution based on our observations from Ullmann coupling under idodine
excess conditions. Under these conditions, the Ullmann coupling does not pro-
ceed in a predictable manner. As a noteworthy example, the surface chemistry
of 1,3-diiodobenzene (DIB) on Cu(111) is presented in chapter 4. In this case,
reaction products adsorb atop a closed iodine monolayer formed on Cu(111), in-
stead of directly on the metal surface. In other words, covalent nanostructures are
detached from Cu(111) surface by an iodine bu�er layer. The a�nity of iodine to
metals is apparently strong enough to overcome interactions between the surface
and organic nanostructures.

Motivated by the above observations, the exposure of metal-adsorbed cova-
lent nanostructures to iodine vapor is investigated in chapter 5 as a novel and
straightforward approach for post-synthetic decoupling. Two-dimensional (2D)
porous covalent polyphenylene networks derived from 1,3-bis(p-bromophenyl)-
5-(p-iodophenyl)benzene (BIB) precursors on Ag(111) are chosen as the model
system. Moreover, the practicality of the protocol on Ag(111) is investigated on
more noble Au(111) surfaces.

With a view to electronic applications, fabrication of conductive nanostructures
is desirable. Speci�c linkages like RS=Au=SR are promising candidates for elec-
tronic applications due to their electric conductivity. Therefore, synthesizing
nanoarchitectures containing such linkages probably results in a material with fa-
vorable electronic properties. In chapter 6, 1,3,5-tris(4-mercaptophenyl)benzene
(TMB), a 3-fold symmetric, thiol-functionalized aromatic molecule, is studied on
Au(111) with the aim of realizing extended Au=thiolate-linked molecular archi-
tectures. The known a�nity of thiols to gold[13, 14] results in spontaneous for-
mation of Au=thiolate bonds on Au(111). Moreover, owing to both the extended
triphenylbenzene backbone and the three-point anchoring via strong thiolate-
surface bonds, planar adsorption is anticipated as an important prerequisite for
extended networks. However, extended 2D nanostructures based on RS=Au=SR
linkages were never observed. Yet, annealing the samples at 250 °C results in the
unexpected conversion of intermolecular Au=thiolate bonds to covalent thioether
linkages and formation of 2D Sierpi«ski triangles based on C=S=C bonds.

For nanotechnological applications, defect free long-range ordered covalent struc-
tures are advantageous. Yet, this is challenging due to the irreversibility of co-
valent bonds. A promising concept is to take an ordered non-covalent assembly
of molecules and convert it into robust covalent networks. Among various poly-
merization reactions, topochemical photopolymerization seems to be a promis-
ing candidate. Since, it facilitates the maximal control of the supplied energy
at reactive sites of the self-assembled structure. The fantrip molecule (FAN)
with three photoactive anthracene blades is chosen for this experiment. In chap-
ter 7, the self-assembly of FAN and its photopolymerization are studied. The
photopolymerization of FAN was previously studied in a single-crystal-to-single-
crystal approach.[15] However, bottom-up synthesis of 2D polymers (2DPs) by
photopolymerization on solid surfaces provides unmatched analytical possibilities
and allows us to study photopolymerization reactions on solid surfaces fundamen-
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tally. Moreover, the tedious exfoliation process essential to get individual 2DP
sheets in single-crystal approach is dispensable here. Yet, deposition of FAN on
Au(111) results in a molecular self-assembly that is not suitable for the photopoly-
merization, due to improper molecular alignments steered by strong molecule-
substrate interactions. To solve this, the self-assembled structure with appro-
priate molecular arrangements is engineered by passivation of Au(111) with an
iodine monolayer. With the suitable self-assembled structure of FAN monomers
on iodine terminated Au(111), photopolymerization of the structure is investi-
gated in chapter 7.
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Chapter 2

Tools to Study Surface-Supported
Nanoarchitectures

In this chapter the basic principles of the microscopical and spectroscopical tech-
niques and the corresponding theories are discussed. Scanning Tunneling Mi-
croscopy (STM) as main technique together with X-Ray Photoelectron Spec-
troscopy (XPS) and Near Edge X-Ray Absorption Fine Structure (NEXAFS) as
complementary techniques are utilized to study structures and chemical states of
organic adsorbates on surfaces. STM provides real space images of the surface-
supported nanostructures with resolutions down to the atomic scale, as well as
means for manipulation of atoms and molecules on surfaces.[16] STM is almost
insensitive to the chemical properties of the structures, hence XPS can be used to
gain information about the chemical state. XPS is sensitive to the topmost few
nanometers of the surface and provides detailed information about the chemical
environment of speci�c elements. In addition to STM, NEXAFS can add more
detailed structural information. Principally, it can also provide information about
the electronic structure of the nanoarchitectures. However, a well-established ap-
plication of NEXAFS measurements is to determine the orientation of adsorbates
or their subgroups with respect to (w.r.t.) the surface plane.
The combination of these three techniques facilitates a more complete charac-
terization of the surface-supported nanostructures. It is noteworthy that STM
provides local information of the surface due to the limitation of the scan area
to a few hundred nanometers. On the contrary, measurements areas of XPS
and NEXAFS depend on the size of the X-ray beam, which is usually on the
millimeter scale. Consequently, the acquired spectra represents the average infor-
mation of this area. In the following, the theoretical backgrounds and principles
of operation of each technique are introduced.

2.1 Scanning Tunneling Microscopy

In the last two decades STM has been extensively employed to study nanostruc-
tures on surfaces.[2, 10, 17] The STM's popularity in this �eld is related to its
variety of applications, from acquiring high resolution images with sub-molecular
resolution, to manipulation of the nanostructures on surfaces (see section 5.1 for
an example). Moreover, the possibility of recording topographic and spectro-
scopic data simultaneously (by using STM for Scanning Tunneling Spectroscopy
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(STS)) makes this technique more attractive. The local electronic structure of
metals, semiconductors, and thin insulators at the atomic scale with amazing
spatial resolution can be probed by STS.

2.1.1 Theoretical Principle

STM's operation principle is based on the quantum mechanical tunneling e�ect.
Selected areas on a surface can be scanned with a sharp tip positioned approx-
imately one nanometer away from the surface. According to classical physics,
electrons of either tip or sample can not penetrate the gap between the tip and
surface. However, according to quantum mechanics view of wave-particle duality,
electrons can also behave as waves. If the gap between the tip and sample is small
enough that the wave functions of their electrons can overlap, it is possible for
the electrons of tip and sample to tunnel from one to the other. This results in an
electrical current which can be ampli�ed and used as the signal for indirect mea-
sure of tip-sample distance. Gerd Binnig and Heinrich Rohrer constructed such
a microscope in 1981, that was able to measure the tunneling current between
a sharp tip and a conductive surface while scanning the substrate. Their inven-
tion was honored with the Nobel Prize in physics in 1986. The �rst signi�cant
application of STM was the image of a 7×7 reconstruction of Si(111).[18]
A detailed description of the basic principle of the STM can be found in text
books.[19, 20] Considering the standard quantum mechanical problem of a par-
ticle encountering a rectangular one-dimensional potential barrier facilitates the
understanding of the tunneling process.[20] In the tunneling junction the electrons
tunnel between tip and sample until the Fermi levels of both materials become
equal. To maintain the tunneling current a voltage has to be applied between
sample and tip. The tunneling current is directly linked to the transmission prob-
ability of the electrons through the energy barrier from �lled into empty states
of the tip or the substrate. The transmission probability can be determined by
the wave function of the electrons using Fermi's golden rule. In conclusion, the
tunneling current can be expressed in terms of the equation 2.1.

IT �
EF∑

En=EF−eV

|Ψn (0)|2 e−2κd (2.1)

with EF as the Fermi energy, En the energy of the state n and V the tunneling
voltage. Ψn is the wave function of the electrons of the state n. d is the distance
between tip and sample. The decay constant κ is equal to κ = ~−1

√
2m(ϕ− E),

with ϕ as the potential barrier height, E the energy of the electron, and m the
electron mass. Equation 2.1 can be rewritten in terms of the local Density of

States (LDOS: ρ (0, EF ) ≡ 1
eV

EF∑
En=EF−eV

|Ψn (0)|2) at the Fermi level for su�-

ciently small tunneling voltages:

IT � V ρ (0, EF ) e−2kd (2.2)

From equation 2.2, it is evident that the tunneling current decays exponentially
with the tunneling distance. This makes STM highly sensitive to the variations of
the surface electron density of the outmost atomic layers. For instance, a decrease
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2.1. Scanning Tunneling Microscopy

of the sample-tip distance of 1 Å results in a ten times larger tunneling current.
The high vertical resolution of STM is based on this fact. Moreover, the tunneling
current is proportional to the applied voltage and the local Density of States
(LDOS) near the Fermi level. Therefore, STM images result from the convolution
of the surface and tip's geometric and electronic properties at each point. For
this reason, STM images don't feature the pure topographic properties of the
surface. Consequently, the measured heights in STM images can not readily be
interpreted as geometrical heights of the nanostructures on the surface. A speci�c
structure with larger LDOS, that is geometrically lower than other structures may
appear in STM brighter and higher. A well-known example is the adsorption of
oxygen atoms on metal surfaces. In STM images adsorbed oxygen atoms appear
as depressions despite sitting on top of the metal surface.[21, 22, 23]

2.1.2 STM Image Analysis

The STM calibration can be done by imaging atomically resolved single crystal
surfaces. The main challenge after acquiring the STM images is the assignment
of the observed features to a structural model based on the chemical structure of
the molecular building blocks. In this process, the contrast of the STM images
plays a crucial role. An STM image can be a�ected by parameters such as elec-
trostatic or chemical forces, the distance between tip and surface, or the applied
voltage. [22] Out of these parameters, the applied tunneling voltage, especially
its polarity in�uences the STM contrast the most. To understand the contrast
mechanism on a surface with adsorbates, the new tunneling junction, i.e. tunnel-
ing through the molecules, must be considered. Figure 2.1 illustrates the energy
level diagram of the substrate and the STM-tip and the position of the fron-
tier molecular orbitals HOMO (Highest Occupied Molecular Orbital) and LUMO
(Lowest Unoccupied Molecular Orbital) of the adsorbed molecules for di�erent
tunneling voltage polarities. The work functions of the substrate and the tip (Φ)
are assumed to be equal. The positive tunneling voltage is de�ned as electrons
tunneling from the sample into the tip. Hence, a positive tunneling voltage cor-
responds to a negative sample bias. Figure 2.1(a) demonstrates the case of the
positive tunneling voltage, whereby the electrons tunnel out of HOMO into the
empty states of the tip. By reversing the polarity of the tunneling voltage, the
electrons tunnel from �lled states of the tip into the LUMO as shown in Figure
2.1(b). The tunneling junction shown in Figure 2.1 is based on two assumptions:
1) molecule-surface interactions are strong enough that applying a voltage be-
tween the substrate and tip does not change relative positions of energy levels of
substrate and adsorbed molecules, 2) these interactions are weak enough to allow
considering single molecular energy levels instead of hybridized states. Depend-
ing on the predominantly involved molecular orbitals in the tunneling process,
the same molecular structure might appear with di�erent contrasts and features
in STM images.
In reality the situation may be signi�cantly more complex as shown in Figure
2.1. For example, the electronic coupling between adsorbate and metal substrate
results in broadening and shifting of the molecular orbital energies, and con-
sequently a�ects the STM contrast. Moreover, the thermal broadening of the
electron energy distributions has to be taken into account.

7



Chapter 2. Tools to Study Surface-Supported Nanoarchitectures

Figure 2.1: Schematic representation of the energy levels for a typical STM tun-
neling process through an organic molecule for a) positive tunneling voltage (neg-
ative sample bias) and b) negative tunneling voltage (positive sample bias). EFS
and EFT are the Fermi energies of substrate and tip respectively. The approx-
imate position of HOMO and LUMO can be estimated by pinning the vacuum
level of the isolated molecule to that of the substrate. [25]

For the e�ect of tunneling voltage polarity on the STM contrast, an interest-
ing observation is presented in chapter 4. The di-radicalic terphenyl adsorbed
atop of an iodine monolayer on Cu(111) was imaged by positive sample voltages.
However, the same structures were invisible to STM with negative sample volt-
ages. The decisive point in this case is the existence of the iodine monolayer
between the adsorbates and the metal surface. The iodine layer acts as decou-
pling layer and also reduces the broadening and shifting of HOMO and LUMO
energy levels of the terphenyl. Further examples of contrast variations owing to
changes in the electronic coupling of the adsorbate to the surface are presented
in sections 5.1 and 5.2. Nevertheless, in many cases the STM contrast of or-
ganic adsorbates is independent of the tunneling voltage within a certain range.
This phenomenon was explained by the resemblance of HOMO and LUMO of the
investigated structures.[24]

Although understanding the underlying reasons of the observed STM contrast is
a great help for deriving structural models, in some cases the assignment is not
trivial. For instance, if the monomers undergo an unanticipated chemical reaction
on the surface, the reaction products might be unidenti�able. The �rst step
to determine the observed structures is to overlay the STM images with scaled
optimized geometry of proposed chemical structures. The perfect match is not
su�cient to interpret the acquired STM images completely. Supplementary tools
such as STM image simulation can yield decisive information. It links theoretical
and experimental results and provides a basis for a reasonable determination of
the observed architectures.
Modeling of the STM images can be broken down into four steps: creating a
model of the surface and of the tip, modeling the interactions between the tip
and surface, and last but not least calculating the current. A detailed explanation
of all the steps can be read in the work of Hofer and the references herein.[22]
There are four main approaches for estimating the tunneling current: (i) the
Terso��Hamann approach,[26] (ii) the transfer Hamiltonian or the Bardeen
approach,[27] (iii) the scattering or Landauer�Büttiker approach,[28] and (iv) the
Keldysh or non-equilibrium Greens function approach.[29] The Terso��Hamann
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2.1. Scanning Tunneling Microscopy

model has established itself as the standard model for three dimensional tunneling
in the research of molecular adsorption. Despite several simplifying assumptions,
this model provides a reliable qualitative picture of the surface topography. The
Terso�-Hamann approach has also been applied to simulate STM images of stud-
ied system in chapter 4.

2.1.3 Experimental Methods and Setup

There are two di�erent measurements modes for STM experiments: constant
height and constant current mode. In constant height mode the average height
of the tip is �xed and consequently surface's corrugation and topology result in
variations of the tunneling currents. The advantage of this mode is the feasibility
of fast scanning, since the tip height over the surface doesn't need to be adjusted
by the feedback loop. However, for rough surfaces the possibility to damage the
tip is very high. In the constant current mode the tunneling current is kept
constant through a feedback loop. Depending on the changes in the LDOS of the
surface or its topography at each point, the tip-surface distance is adjusted with
a piezoactuator to keep the current constant. Hence, the changes in tip height
are the signal in this mode.

All the STM images in this thesis are acquired with the constant current mode
under ultra-high vacuum (UHV) conditions at a base pressure below 3Ö10−10

mbar. The bias voltages were applied from the sample to the tip. Two di�erent
home-built microscopes were used. The STM images in chapters (4 and 6) were
acquired with a beetle type STM driven by a SPM100 controller from RHK. The
rest of the STM images were acquired with another home-built STM driven by a
Nanonis BP4 SPM control system. The main di�erence between the two micro-
scopes used in this work is their coarse approach mechanisms. Although, both
are based on the known stick-slip e�ect, the structural design of the approach
unit is di�erent. In beetle type STM, the position of the tip is �xed and piezo-
electric tubes are used for sliding the sample holder on its ramps. In the second
microscope the position of the sample holder is �xed and a stacked piezo is used
in a nanopositioner to move the tip.[30]

To achieve atomic resolution the systems have to be isolated from internal and
external vibrations. Therefore, both UHV chambers are installed on optical tables
with four pneumatic damping legs to minimize the disturbing external vibrations.
The scanning unit can be suspended by three springs, and additionally using eddy
current for damping by a set of mounted magnets, reduces the vibrations further.

Low temperature imaging at sample temperatures ∼80 K was done by connect-
ing the STM's scanning unit to a continuous �ow cryostat for liquid nitrogen.
All STM experiments were done with electrochemically etched tungsten tips.
Cu(111), Ag(111) and Au(111) single crystal surfaces and epitaxial Au(111) �lms
on mica were prepared by repeated cycles of Ne+ or Ar+ ion-sputtering and
electron-beam annealing. The surface cleanliness was veri�ed by STM imaging
prior to deposition of the monomers.
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Chapter 2. Tools to Study Surface-Supported Nanoarchitectures

Figure 2.2: Energy level diagram for the emitted photoelectrons in XPS to illus-
trate equation 2.3.

2.2 X-Ray Photoelectron Spectroscopy

XPS is a powerful surface sensitive spectroscopic technique. It is commonly uti-
lized to obtain information about chemical composition of the surface as well as
chemical state of the elements of interest. Furthermore, XPS also provides de-
tailed information about electronic properties of the adsorbates. An example is
presented in section 5.1, where a change in the XP spectra of C 1s from an asym-
metrical line shape to a symmetrical line shape indicates electronic decoupling of
the nanostructures from the metal surface.

2.2.1 Theory

The working principle of XPS is based on the external photoelectric e�ect. Ir-
radiating the sample with X-ray results in the interaction of core level electrons
with the X-ray and consequently the ionization of atoms. These photoelectrons
are collected and their kinetic energy is measured by an analyzer. By knowing
the kinetic energy of the emitted electrons, their binding energy with respect to
the Fermi level can be calculated from equation 2.3, with hν as the known photon
energy of the monochromatic X-ray radiation and Φ as the work function of the
sample. Figure 2.2 shows the related energy diagram to visualize equation 2.3.

EB = hν − EKin − Φ (2.3)

The only missing part to be able to calculate EB is the work function of the sam-
ple. However, simultaneous determination of the work function and a reference
level for the binding energy is experimentally challenging. The solution in the
modern spectrometers is to connect the sample and the analyzer electrically to
equalize their Fermi levels and use the work function of the spectrometer.

10
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The binding energy of the core level electrons is element speci�c. Accordingly,
recording the kinetic energy distribution of the emitted photoelectrons makes it
possible to determine the chemical composition of the sample. Moreover, the
concentrations of each constituent in the sample can be calculated as well. The
stoichiometric ratio of the di�erent chemical species can be determined from the
ratio of the di�erent peak intensities in a spectrum. However, the peak intensity
also depends on the photoionization cross-section. The photoionization cross-
section is in turn element speci�c and a function of the X-ray energy. Taking
these aspects into account, the number of detected photoelectrons per unit time
for element x is given by:

Ix = nxfσxθyxλinAT = nxSx (2.4)

In equation 2.4 nx is the number of atoms of an element x per cm3, f is the
X-ray �ux, σx is the photoionization cross-section for the core level under inves-
tigation, θ is the angular e�ciency factor of the instrument, yx is the e�ciency
in the photoelectron formation process, λin is the inelastic mean free path of
the photoelectrons, A is the analysis area on the sample, and T is the detec-
tion e�ciency.[31] Introducing the parameter Sx, the atomic sensitivity factor, as
Sx = fσxθyxλinAT simpli�es the equation. Consequently, the concentration of
each element x can be attained by:

Cx =
nx∑
i

ni
=

Ix/Sx∑
i

Ii/Si
(2.5)

In principle, this can also be used to determine the coverage of organic nanos-
tructures on the surface, for instance by calculating the ratio of CC to CSubstrate.
However, the problem is that the substrate peak doesn't include only the pho-
toelectrons from the �rst monolayer. Yet, the intensity of the substrate peak
without the photoelectrons from deeper atomic layers can be roughly estimated
using the inelastic mean free path of the photoelectrons (λin) in the substrate.
The corrected intensity of the substrate peak can be used to calculate the cov-
erage of nanoarchitectures approximately. Nevertheless, the more exact solution
is having the ratio of CC to CSubstrate from a sample with de�ned monolayer
coverage and use it as the reference for other experiments.
Apart from the hard X-ray photoelectron spectroscopy, the typical energy range of
the X-ray in XPS measurements is around 100-1500 eV. Although the penetration
depth of the X-ray with this energy in the sample amounts to several microns,
the information depth of XPS is in the range of 1 to 10 nm.[32] The reason is the
small inelastic mean free path (λin) of electrons in solids on the order of nm (0.5
nm to 5 nm).[32] Therefore, only photoelectrons generated in the top few atomic
layers can leave the sample, rendering XPS a surface sensitive spectroscopic tool.

2.2.2 XP spectra and types of the lines

XPS spectra record the photoelectron intensity at di�erent binding or kinetic
energies. A typical spectrum consists of well-de�ned sharp peaks (photoelec-
tron lines) originating from the electrons from inner shells of the atoms over a
background. There is always a slight increase of the background towards higher
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Orbital Orbital quantum number l j± = l ± s Intensity ratio=2j−+1
2j++1

s 0 1/2 -
p 1 1/2, 3/2 1/2
d 2 3/2, 5/2 2/3
f 3 5/2, 7/2 3/4

Table 2.1: Quantum numbers relevant for understanding the spin-orbit splitting
and the intensity ratio of spin-orbit-doublets in XPS.

binding energies (lower kinetic energies) after each peak. Part of the photoelec-
trons lose part of their kinetic energy through inelastic scattering in the sample;
consequently this results in the increase of the background at higher binding en-
ergies. Beside photoelectron lines, there are other types of peaks and features in
XPS spectra. The most important ones are Auger lines, shake-up lines, X-ray
satellites, spin-orbit splitting, and valence lines/bands. A detailed explanation
of each feature can be found in the handbook of XPS.[31] Here, the spin-orbit
splitting is described; because of its relevance for the measurements in this thesis.
For electrons from the same core level, spin-orbit coupling results in the emergence
of two peaks (spin-orbit doublet) in XP spectra. The reason for the existence of
two energy sub-levels for the electrons in the same core level is the interaction
between their spin magnetic momentum and orbital angular momentum. In other
words, the magnetic �eld form the electron spin interacts with the magnetic �eld
from its rotation around the nucleus. Two possible spin orientations, namely up
and down, result in existence of two energy sub-levels. Moreover, the splitting
of the core levels takes place only for the shells with a non-zero orbital quantum
number (l 6= 0). Therefore, the spin-orbit e�ect doesn't exist for s orbitals.
From the quantum mechanical point of view, all electron's energy states in an
atom can be described by assignment of four quantum numbers (the principal n,
the azimuthal (orbital) l, the magnetic ml, and the spin s quantum number) to
each electron.[33] A detailed explanation of these quantum numbers can be found
in quantum mechanics text books. [33, 34] As mentioned before the spin-orbit
coupling is the result of the interaction between spin magnetic momentum and
orbital angular momentum, related to the quantum numbers s and l respectively.
The total angular momentum j± = l±s of the core level characterizes the allowed
energy states due to this interaction. With spin quantum number s = 1

2
, the total

angular momentum is equal to j± = l ± 1
2
.

The energy spacing and intensity ratio of spin-orbit doublets have de�ned values.
The number of degenerated states amounts to 2j+1 for each quantum number j.
Therefore, the intensity ratio of the two peaks in the doublet can be calculated
accordingly as shown in the table 2.1.
For instance, the spin-orbit coupling of the electrons in the p orbital results in
two states for each quantum number j, namely p1/2 and p3/2 with intensity ratio
of 1/2. The state with larger j (e.g. 2p3/2) has the lower binding energy. An
example is shown in Figure 2.3 indicating the XP spectrum of a S 2p doublet of
the molecules studied in chapter 6.

The energy di�erence between the peaks of the doublet is larger for stronger spin-
orbit coupling. The stronger the interaction of the electrons with the nucleus, the
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Figure 2.3: XP spectrum of S 2p consists of a 1/2 and 3/2 spin-orbit doublet.
The two peaks of the doublet (S 2p1/2 and S 2p3/2) with a �xed energy separation
of 1.2 eV and a �xed intensity ratio of 1/2 are indicated.

more distinct is the energy spacing of the doublet. Consequently, for states with
the same n and l the energy spacing increases with increasing atomic number Z.
For light elements (Z<18) the energy spacing in the doublet is very small and
can only be resolved by high resolution spectrometers.[35] For same Z, the energy
spacing decreases with increasing n for the same l values and with increasing l
for the same n. The weaker interaction of the electrons with the nucleus can
be explained through the larger distances of the electrons in energy levels with
higher n and l to the nucleus.

2.2.3 Interpretation of XPS-Data

To �t an XPS peak appropriately two factors have to be considered: type of
background and shape of the photoelectron line (singlet or doublet). The di�erent
background signals, such as Shirley and Tougaard are discussed in various XPS
books.[35] In this work linear backgrounds were subtracted from all XP spectra,
suggested by the linear routine of the background progression. Although it is a
simple approach, it can provide reasonable results. The most challenging part
is to determine the number of components of the peak. For peaks consisting
of more than one component, the choice of the number of components has to be
done based on chemical intuitions supported by secondary data and with the help
of the known binding energies of di�erent species from literature (see �tting the
peak S 2p after annealing in chapter 6). Generally, the existence of more than
one component is due to the various chemical bonds of the atom under study to
surrounding atoms. Although, core levels are usually not involved in the chemical
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bonds, changes in the chemical environment, i.e. in the valence electron density,
can impose a partial charge on the atom. This fractional charge is su�cient to
modify the electrical potential experienced by the core level electrons and result
in a shift in their binding energies. Using these shifts, the chemical state of the
elements under study can be assessed. To be able to compare the binding energies
of the same elements from di�erent measurement series, the designation of a
common reference for the binding energy in necessary. Commonly, the binding
energy of the substrate peak is used for this purpose. In this thesis, an Ag 3d5/2
binding energy of 367.9 eV or an Au 4f7/2 binding energy of 83.8 eV were used as
internal references.
Beside determining the chemical nature of the bonds, XPS can also be applied
to trace the desorption of speci�c species from the surface (e.g. iodine in 5.2).
Moreover, another application of XPS is to monitor a chemical reaction progress.
This application is described in detail in chapter 6 by observing the changes in
the spectra of S 2p.

2.2.4 Experimental Setup

XPS experiments were conducted at the BESSY II synchrotron (Helmholtz-
Zentrum Berlin) at the HE-SGM (High Energy-Spherical Grating Monochroma-
tor) beamline. The advantages of the synchrotron to the conventional laboratory
X-ray sources (typical photon energies larger than 1 keV) are high intensities
and the possibility to change the photon energy. The higher X-ray �ux of syn-
chrotron radiation facilitates to measure weak signals in a relatively short time.
Moreover, the variable photon energy is bene�cial, because it allows the measure-
ment of various elements at photon energies that maximize their photoionization
cross-sections.
Di�erent beamlines of BESSY II provide synchrotron radiations with di�erent
properties (energy range, �ux, polarization,...). The HE-SGM beamline is a dipole
beamline with a photon energy range of 100 eV to 750 eV and a X-ray �ux up
to 5 Ö 1011 photons/(s · 100 mA). Moreover, the X-ray is horizontally polarized
with a degree of 91 %.[36] The size of the elliptical X-ray spot on the sample
is 1.2 mm × 0.5 mm.[36] Proper experimental data from organic molecular thin
�lms with coverage down to 0.1 monolayer can be achieved at this beamline.[36]
HE-SGM is equipped with a Prevac end station consisting of four separate cham-
bers: a load lock, an UFO shaped chamber for sample transfer and distribution
as well as preparation and analysis chambers. The load lock chamber was used
for iodination experiments to avoid the contamination of the other parts. The
installed continuous �ow cryostat for liquid nitrogen in the analysis chamber
allowed to perform the measurements at sample temperatures around 80 K if
desired.
Sample preparation was similar to the STM experiments. The surface cleanliness
was veri�ed by overview XPS measurements and additional C1s measurements
prior to deposition of the monomers. The XP spectra were acquired using a
VG Scienta R3000 hemispherical electron energy analyzer. The electrons with a
kinetic energy in range of 0.5 eV to 1500 eV can be detected by this analyzer.[37]
The pass energies of the electrons can be set from 2 to 200 eV.[37] All the XP
spectra in this thesis were acquired with a pass energy of 50 eV. The X-ray
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beam had an incidence angle of 45� relative to the surface normal, however, the
photoelectrons were detected at normal emission.

2.3 Near Edge X-Ray Absorption Fine Structure

NEXAFS is an X-ray absorption spectroscopy which can be used for the character-
ization of nanostructures, as it provides valuable information about the electronic
structure, chemical states and orientation of molecular adsorbates on surfaces. In
this thesis, it was mainly used to determine the orientation of phenyl rings in
nanostructures w.r.t. the surface. NEXAFS is based on resonant excitation of
core level electrons into unoccupied electronic states by linearly polarized X-
rays. The photoabsorption cross-section (directly correlated to the absorption
intensity) depends on the relative orientation of X-ray electric �eld and transi-
tion dipole moment (TDM). Since the TDM has a de�ned orientation w.r.t. the
molecule, this facilitates a tilt angle quanti�cation of speci�c functional groups
w.r.t. the surface based on the resonance intensities. To determine the tilt angle
of a speci�c chemical group the changes in the resonance intensity due to the
variation of the X-ray incidence angle is used. For instance, phenyl tilt angles in
an organic compound can be quanti�ed from the incidence angle dependence of
intensities of C 1s→π∗ transitions.

2.3.1 Theoretical Background

The basic principle of NEXAFS similar to the one for XPS is based on the pho-
toelectric e�ect. However, in XPS the external photoelectric e�ect is used, while
in NEXAFS the internal photoelectric e�ect is utilized. X-ray radiation is used
to excite the core level electrons into unoccupied molecular states. In contrast
to XPS, the photon energy is not kept constant in NEXAFS measurements. The
X-ray absorption is measured as a function of photon energy. While scanning
over a photon energy interval, an absorption peak will be observed when the core
level electrons are excited into an unoccupied state. Therefore, NEXAFS spec-
tra indicate the dependency of the photoabsorption cross-section on the photon
energy for values from just below the absorption edge up to approximately 50
eV above. This energy range typically shows the marked variations in the X-ray
absorption and usually features intense and distinct resonances.
For an oversimpli�ed case of an electron located in a single bound state without
any further unoccupied electronic states, the NEXAFS spectrum would resemble
a step function. For photon energies below the �binding energy� of the electron no
X-ray absorption can take place, whereas for photon energies above the �ionization
threshold� an excitation of the electron into the continuum of �nal states would
occur. However, even for a free single atom the situation is more complicated,
due to the existence of considerably more �nal states. The electrostatic potential
of the positively charged nucleus, gives rise to a number of empty electronic
states below and above the ionization threshold. For atoms incorporated in larger
molecules there are even more �nal states available, including the unoccupied
molecular states. For instance, the schematic potential of a diatomic molecular
group and the corresponding absorption possibilities (NEXAFS spectrum) can
be seen in the review of Hähner.[38]
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The transition of core level electrons into discrete unoccupied molecular orbitals
accounts for the absorption �ne structure and provides information about the
local bonding environment. Therefore, NEXAFS is an appropriate tool to inves-
tigate the bond-speci�c properties of a molecule. Absorption peaks at distinct
photon energies corresponds to speci�c elements. Even, the same element in
chemically di�erent surroundings in an organic compound give rise to chemically
shifted resonances in NEXAFS spectra.[39, 40]
As mentioned before, NEXAFS can be used to determine the orientation of spe-
ci�c molecular groups, or more precisely the orientation of a molecular orbital
into which the core level electron is excited w.r.t. the surface. The X-ray ab-
sorption intensity is proportional to the dot product of X-ray electric �eld vector
and TDM (I ∼

−→
E ·
−−−→
TDM). Therefore, if the electric �eld vector of the X-ray

is parallel to TDM, the maximal X-ray absorption is observed. It results in an
intensity maximum in NEXAFS. For aromatic molecules the transition from the
C 1s state to the unoccupied π∗ and σ∗ orbitals, can be e�ciently studied by
NEXAFS. The reason is the distinct TDM orientation of these transitions to π∗

or σ∗ orbitals, being perpendicular or parallel to the aromatic ring, respectively.
Therefore, the alignment of molecules w.r.t. the surface can be determined by ac-
quiring NEXAFS spectra with various X-ray incidence angles. A simple example,
i.e. NEXAFS spectra of a �at lying benzene molecule on a surface, is illustrated
in Figure 2.4. The NEXAFS spectra for two di�erent X-ray incidence angles are
depicted. For a �at benzene ring the TDM of π∗ resonance is perpendicular to the
surface (TDM of σ∗ resonance parallel to the surface). Consequently, for normal
X-ray incidence, the electric �led vector and TDM of π∗ resonance are perpen-
dicular to each other (lower part of the Figure 2.4). Therefore, the electrons can
not be excited into the π∗ unoccupied states, and no X-ray are absorbed in the
energy range of C 1s→π∗ transition, resulting in a π∗ resonance intensity zero in
the NEXAFS spectra. On the other hand, for grazing incidences the dot product
of X-ray electric �eld vector and TDM is larger resulting in an increase of the
π∗ resonance intensity. Obviously, the process is vice versa for σ∗ resonances,
being largest at normal incidence and smallest at grazing incidence angles. How-
ever, the strong and sharp peaks of π∗ resonances are commonly used for data
evaluations, rather than σ∗ resonances.
The intensity of the π∗ resonances as a function of X-ray incidence angles can
be calculated theoretically for various TDM orientations.[41] The orientation of
an arbitrary TDM vector, analogous to every spatial vector, can generally be
speci�ed by a combination of polar angle α and azimuthal angle ϕ. However, the
azimuthal dependence of resonance intensities is eliminated in many cases by the
surface symmetry. For molecules adsorbed on a surface with an at least three-
fold symmetry, there is an averaging over the azimuthal angle ϕ. Consequently,
NEXAFS resonance intensities as a function of X-ray incidence angles θ can be
expressed as:

I � P cos2 θ(1− 3

2
sin2 α) +

1

2
sin2 α (2.6)

where P stands for the degree of X-ray polarization. Therefore, for su�ciently
well ordered molecules on surfaces the molecular orbital orientation α can be
deduced from the angle-dependent X-ray absorption. Experimental examples of
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Figure 2.4: The X-ray incidence angle dependence of π∗ and σ∗ resonances inten-
sities for a �at lying benzene molecule on the surface (σ∗ orbitals are not shown
for clarity).

molecular orientation determination can be found in sections 5.1 and 5.2 and
chapter 7.

NEXAFS can also be used to obtain information about the electronic structure
of the unoccupied molecular states. A well-known example is the di�erence in
the NEXAFS spectra of physisorbed and chemisorbed benzene with respect to
gas phase spectra. These changes arise from physical (e.g. �nal state e�ects,
screening of the core hole by the metal substrate) as well as from chemical (e.g.
changes of electronic structure as a result of the benzene-metal bonding) interac-
tions. For the case that benzene adsorbs on transition metal surfaces, the strong
interaction between benzene and substrate results in the formation of a stable
chemical adsorbate-substrate bond. The strongest modi�cations in the NEXAFS
spectra is observed for the benzene π∗ resonance. The chemisorption leads to a
signi�cant broadening of the π∗ resonance, since the corresponding orbitals are
involved in the bonding to the substrate. Even the physisorption of benzene
on the most inert metal Au results in broadening of the π∗ resonance as com-
pared to the gas phase.[42] Experimental evidence for tracking the changes in the
electronic structure by NEXAFS is presented in section 5.1. Detachment of the
nanostructures from the Ag(111) surface by iodine intercalation results in sharp-
ening of the C 1s NEXAFS spectra. However, the coadsorption of iodine on the
Au(111) surface (without detachment of nanostructures) also results in sharpen-
ing the π∗ resonance (see section 5.2). The precise origin of the latter e�ect is
not completely understood, but it might be related to the change in the screening
of the core hole by the metal substrate in the presence of iodine. Generally, the
measured width of a resonance is determined by the resolution of the instrument
(resulting in a Gaussian lineshape), the lifetime of the excited state (resulting in
a Lorentzian lineshape), and the vibrational motion of the molecule leading to an
unsymmetrical broadening.[43] A more detailed overview on NEXAFS technique
can be found in references.[38, 41]
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From the basic principle of this technique it is obvious that a linearly polarized
X-ray is required to do these experiments. It is important to keep in mind that
the spatial resolution of NEXAFS is determined by the spot size of the X-rays
on the surface and the acceptance area of the analyzer. Therefore, the obtained
information are values averaged over a macroscopic (mm-sized) area.
There are di�erent ways to measure the X-ray absorption. For reasonably thin
samples, where the X-ray can pass through the whole sample, it can be done
directly by recording the transmitted X-ray intensity. However, to perform surface
sensitive experiments the absorption has to be measured indirectly. The core
hole resulting from the excitation of the core electron into unoccupied molecular
states, is subsequently �lled by an electron from a higher energy state. This
results in the emission of either an Auger electron or characteristic X-rays. The
intensity of the emitted Auger electrons or photons is an indirect measure of the
X-ray absorption. In this thesis, NEXAFS spectra were acquired by detecting
the Auger electrons.

2.3.2 Experimental and Data Analysis

For NEXAFS measurements a tunable and linearly polarized X-ray light source
is required to be able to scan over a photon energy range. Synchrotron radiation
ful�lls this criterion. The wide energy range of the synchrotron radiation allows
the excitation of the core electrons of a large variety of elements. Moreover,
the high intensity of the X-rays facilitates studies at submonolayer coverage.
Therefore, like XPS experiments, NEXAFS measurements were conducted at the
BESSY II synchrotron in the same end station.
As mentioned before, the spectra are acquired by detecting the emitted Auger
electrons generated by the decay of the core hole. However, the inelastic scat-
tering of the emitted Auger electrons leads to an electron cascade. Among these
generated secondary electrons, the ones with su�cient kinetic energy can escape
the surface and reach the detector as well. The most common modes for measur-
ing NEXAFS spectra are total and partial electron yield modes (TEY and PEY
respectively). In TEY mode, all electrons that emerge from the surface including
both Auger and secondary electrons are detected. In PEY mode the main part of
the secondary electrons are �ltered out. For this purpose, the detector features
a grid where a retarding voltage is applied. This voltage also allows to adjust
the surface sensitivity of the measurement, since dependent on its value either all
secondary electrons or just part of them with relatively low kinetic energies from
deeper atomic layers can be �ltered out. The PEY mode has a better signal-to-
background ratio than the TEY mode. This makes PEY detection mode more
suitable for investigation of adsorbates on surfaces.
C 1s NEXAFS spectra in this thesis were acquired in the analysis chamber using
a home-built double channel plate detector in PEY mode, i.e. with a counter
voltage of -150 V. Spectra were acquired for X-ray incidence angles (w.r.t. the
surface plane) of 30°, 45°, 55°, 70°, and 90°. Photon energies were corrected
with an internal carbon reference. For background correction, the spectra of
clean substrates, i.e. Ag(111) or Au(111), were used. Moreover, the spectra of
clean Au(111) were used for photon �ux correction for all kind of substrates.
For quantitative determination of the phenyl tilt angles, the intensities of the C

18



2.3. Near Edge X-Ray Absorption Fine Structure

1s→π∗ (the peak maximum values) were plotted versus incidence angles. The
best possible match between the theoretically determined curves for di�erent tilt
angles and the measured data yields the tilt angle. The beamline-speci�c degree
of linear polarization of P=0.92 was considered for the calculation of theoretical
curves. However, the results of the tilt angle determination are only at best within
a certainty interval of ±5°, typically ±10°.
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Chapter 3

Bottom-Up Synthesis of Organic
Nanostructures on Atomically Flat
Surfaces

In general, the bottom-up synthesis of organic nanoarchitectures on surfaces can
be divided into two distinct classes: assembly of functional molecular building
blocks and surface-supported covalent linking of molecular building blocks (poly-
merization).
The �rst class, molecular self-assembly, is a well-established strategy for the
bottom-up fabrication of long-range ordered nanostructures. Moreover, assembly
of functional molecules on surfaces is also particularly promising for the fabri-
cation of electronic circuits based on the functionalities of individual molecular
species.[44, 45] The self-assembled structures are formed by various intermolecular
interactions such as van der Waals interactions, hydrogen bonds, halogen bonds,
and metal-coordination bonds. The reversibility of these bonds ful�ll the require-
ments needed to fabricate long-range ordered structures without defects.[17, 46]
However, such structures are less stable due to the weak intermolecular inter-
actions, resulting in poor mechanical, chemical and thermal stability and low
charge-transport e�ciency. Consequently, these assemblies are less relevant for
many potential technological applications.[47, 48]
In the second class of bottom-up synthesis, the molecular arrangements are sta-
bilized through covalent linking. Although there are various covalent on-surface
polymerization reactions, they all have common aspects. Owing to the irre-
versibility of the covalent bonds, fabrication of defect-free long-range ordered
structures is challenging. However, the strong nature of the covalent bonds pro-
vides high stability and robustness to the resulting nanostructures. Moreover,
it can facilitate the e�cient charge transport through bonds.[49, 50, 51] These
properties are indispensable for potential use in technological applications. In
the next sections the characteristics of supramolecular self-assembly and surface-
supported polymerization are discussed thoroughly.

3.1 Supramolecular Self-Assembly

The term self-assembly was coined in the 1960s.[17] Self-assembly can be de�ned
as the process by which a supramolecular species forms spontaneously from its
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components.[52] For many synthetic systems it appears to be a simple convergent
process, giving rise to the assembled target in a straightforward manner.[53] To
conceive the self assembly process, one can consider the individual molecules as
building blocks, endowed with the ability to seek out, recognize and associate with
their appropriate partners in the �nal assembly.[53] Self-assembly can be found
in an extensive �eld of chemical systems, as for instance in crystal growth[54],
liquid crystal formation[55, 56], synthesis of metal coordinated complexes[57, 58]
and arrangements of molecules on surfaces.[59] The present work is limited to
surface-supported self-assembly under UHV conditions.
The study of molecular self-assembly on surfaces is the process of turning the
primarily random distribution of molecules into a de�ned arrangement, mostly a
well-ordered pattern as well as seemingly irregular ones. This process is driven by
non-covalent interactions, including metal-coordination bonds, π−π interactions,
and van der Waals forces. The natural reversibility of these bonds drives the self-
assembled system towards its thermodynamic equilibrium. The reason is that
the equilibrium can only be reached if a large number of rearrangements and
reorientations of the molecules are probed. This in turn is only possible if the
intermolecular bonds can be broken and form over and over.
Systems in thermodynamic equilibrium are simultaneously in thermal, mechanical
and chemical equilibria. Under UHV the experimental systems can be assumed
isobaric and isothermal. This implies that systems are anyhow in mechanical
and thermal equilibrium. Therefore, only if chemical equilibrium is achieved the
system will be in complete thermodynamic equilibrium.
At constant pressure and temperature, chemical equilibrium is reached through
the minimization of Gibbs free energy. Accordingly, the change in the Gibbs free
energy (∆G in equation 3.1) of the system in the self-assembly process for a stable
�nal structure has to be negative.

4G = 4H − T4S (3.1)

∆H is the enthalpy change and ∆S is the entropy change of the system. For a
self-assembled structure of molecules on a surface formed under UHV conditions
∆S is negative, due to the restriction of the degree of freedom of molecular
motions and orientations. As a result, the only way to obtain a negative ∆G
is having a negative ∆H with a magnitude larger than T∆S. This is the case
for stable self-assembled structures, where the enthalpy of the system is reduced
(or even reached its minimum) through optimization of molecule-molecule and
molecule-substrate interactions during the self-assembly process.
For assemblies with weak or moderate bonds, however, the reduction in the en-
thalpy of the system may not be su�cient to overcome the entropy term, rendering
self assembly thermodynamically unstable. Hence, self assembly can not occur
spontaneously.
In some cases, the self-assembled structures may still form under kinetic control
rather than thermodynamic. Although ∆G is negative in these cases, the sys-
tem is only in a relative minimum rather than the absolute one. This situation
is more likely for large molecules with many intermolecular contacts, especially
when more �exible building blocks are involved. It also tends to occur when metal
ions, especially kinetically inert ones, are incorporated into the supramolecular
structure.[52] The transition into the thermodynamically favorable structure is in
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these cases kinetically hindered. An example of a self-assembled structure formed
due to kinetic trapping is presented in chapter 6. The competition between ki-
netic and thermodynamic control in the formation of self-assembled structures
is signi�cantly in�uenced by the temperature of the system. Increasing the sys-
tem temperature enables transitions from metastable to thermodynamically more
stable phases that are kinetically hindered at room temperature[17] (see chapter
6).
The most crucial point in the de�nition of molecular self-assembly on surfaces
is its occurrence without external stimuli. It is just governed by local molecule-
molecule and molecule-substrate interactions.[60, 61] To understand the impor-
tant parameters for self-assembly the following subsections describe these inter-
actions.

3.1.1 Molecule-Substrate Interactions

Molecule-surface interactions are decisive for the self-assembly of organic ad-
sorbate on surfaces and can a�ect it in several ways.[62] First, upon adsorp-
tion the molecules on a surface are con�ned into two dimensions. Conse-
quently, they encounter limitations in their translational, rotational and vibra-
tional movements.[46] Moreover, the surface can a�ect the mobility and con-
formation of the molecules depending on its symmetry, reactivity or electronic
properties.[17] In this way surfaces can directly in�uence the self-assembly.
Surfaces have properties absent in the bulk, which make them highly attractive
for molecular studies. These characteristics are due to the breaking of the crystal
periodicity leaving the surface with unsaturated bonds. The interactions between
adsorbed molecules and surfaces is classi�ed into two di�erent types: physisorp-
tion and chemisorption. Physisorption is a weak adsorption where polarization
(dispersion) forces, such as van der Waals interactions, bind the adsorbates to the
surface. This type of interaction usually occurs on less reactive surfaces and leaves
the geometrical and electronic structure of adsorbent and adsorbates rather un-
changed. Chemisorption, in contrast, is a strong adsorption interaction in which
orbital overlap and electron sharing result in chemical bond formation. While
covalent bond formation between atoms or molecules results in bonding and an-
tibonding orbitals of two atomic orbitals (see 3.1.2), in chemisorption the bond
formation mechanism is not straightforward. In this case the adsorbate orbitals
do not interact with a single state, but rather with a continuum of states. In
other words, the hybridization of substrate electronic states with the molecular
orbitals of the adsorbate result in chemisorption.
As mentioned before, surface characteristics such as symmetry, reactivity or
electronic properties can a�ect the self-assembly. Binding energies of the or-
ganic molecules and their mobility on metal surfaces depend on the surface
properties. Therefore, the same monomer on di�erent metal surfaces can
form various self-assembled structures. For instance, deposition of 1,3,5-tris(4-
mercaptophenyl)benzene (TMB) on Cu(111), Ag(111) and Au(111) resulted in
di�erent self-assemblies.[63, 64] The room temperature deposition of TMB on
Cu(111) and Ag(111) resulted in an ordered self-assembled close packed trigonal
structure[63], while on Au(111) less well ordered aggregates were observed (See
chapter 6). Hence, investigating the di�erence in reactivities of various metal
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surfaces is useful for understanding molecule-surface interactions.
All experiments in this thesis have been carried out on coinage metal surfaces
with de�ned crystallographic orientations. In the following, the role of the tran-
sition metals electronic structure in the bond strength of the adsorbates on the
surface and origin of di�erent reactivities in various transition metal surfaces are
explained.
First of all, it is necessary to know how the molecular orbitals interact with the
s and d bands of the metal, and how this a�ects the binding energy. Generally,
the chemisorption of an atom on transition metal surfaces can be considered as
a two step process. First the frontier orbitals are broadened and shifted by the
interaction with the s band. The s band of transition metals is very broad and
results in a bonding state far below the Fermi level with a weak chemisorption
nature. The strength of these interactions is almost the same for all transition
metals. In the second step the interaction of the bonding level with the metal
d band leads to the formation of bonding and antibonding states. The bonding
state is at lower energy than the original bonding state and the antibonding
state is slightly higher in energy than the unperturbed metal d band. The total
energetic e�ect on the resulting states depends on the coupling strength between
the adsorbate-s band hybrid and the d band, and the extent of �lling of the
antibonding state. The latter depends on the position of the antibonding state
with respect to the Fermi energy. Since both coupling strength and Fermi energy
are metal speci�c properties, di�erences in the second step explain the di�erent
chemisorption bond strength on various metals. The energy of the antibonding
state follows the metal dependent position of the d bands. The center of the d
band moves further below Fermi energy from left to right across a row of transition
metals in the periodic table. For Cu, Ag and Au on the right side of the table the
d band and accordingly the antibonding state are below the Fermi energy. Hence,
the antibonding orbitals are �lled, resulting in repulsive forces that might cancel
out the attractive forces from step 1 and bonding state. For transition metals
on the very left side of the table the antibonding state lies above the Fermi level
and is not �lled. This results in overall attractive forces and highly exothermic
chemisorption.
However, Cu is also more reactive than Ag and Au, even though the antibonding
orbital is �lled for all these metals from the same group. The reason is the di�er-
ence in the magnitude of the coupling in these metals. The coupling strength is
linked to the orthogonalization energy between adsorbate and metal d orbitals.
The orthogonalization energy is repulsive and increases for more extended d or-
bitals. Consequently, the 5d orbitals of Au, which are broader than the 3d orbitals
of Cu have a higher energy cost of orthogonalization of the orbitals. This ren-
ders Au the most noble metal. A more detailed discussion can be found in the
theoretical work of Hammer and Norskov.[65, 66, 67]
The role of the surface reactivity in the self-assembled structure can also be seen
in the experiment presented in chapter 7 (FAN on pristine Au versus iodine-
terminated Au). In these experiments the passivation of the metal surface by a
closed layer of chemisorbed iodine and its e�ect on the self-assembled structure
is investigated.
The crystallographic orientation of the surface can a�ect the self-assembly as
well. For instance, Classen et al. demonstrate the formation of [−Cu− TMA−
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Cu−]n 1D chains on Cu(110)[68], while TMA on Cu(100) resulted in cloverleaf-
shaped arrangements.[69] The 1D character of metal�organic coordination chains
on Cu(110) is due to the fact that the molecule�molecule interaction (favoring
hexagonal geometries) is overcome by the molecule�substrate interaction.

3.1.2 Molecule-Molecule Interactions

Generally the intermolecular forces can be classi�ed into two categories: short-
range and long-range interactions.[70, 71, 72] Short-range interactions are mainly
accompanied by sharing of electrons and orbital overlap, as known from covalent
bond formation. They represent one of the strongest bonds present in a molecular
system. Long-range interactions include hydrogen bonds, halogen-halogen bonds,
metal-coordination bonds, π − π interactions, van der Waals, and electrostatic
interactions. These are fundamental forces in the formation of supramolecular
assemblies. The common feature of these forces is their proportionality to r−m,
where r is the internuclear distance and m a positive integer. The individual
molecular components involved in these interactions forming a supramolecular
assembly usually remain chemically unchanged. It means, in contrast to covalent
bonds, the wave functions of the respective molecular components are hardly
changed. This is also the reason of the weakness of these bonds. In a very weakly
bound supramolecular assembly, the net sum of all the intermolecular interaction
energies will seldom be higher than ∼100 kJ mol−1, whereas the weakest covalent
bonds are on the order of 150 kJ mol−1.[52] In the following, intermolecular
interactions relevant to the systems studied in this work are discussed in more
detail.

Van der Waals Interactions

Van der Waals interactions actually belong to the group of electrostatic forces.
Electrostatic interactions can be divided into three main groups: permanent-
permanent dipole interactions (also known as Keesom forces), permanent-induced
dipole interactions (also named as Debye forces), and van der Waals interactions.
As long-range interactions, they can act over an area generally larger than the
total spatial extent of the electron clouds of the participating molecules. The �rst
two groups are counted as classical inductive forces and are referred to as polar
interactions.[73] The electrostatic forces in the absence of permanent dipoles are
known as van der Waals interactions. They form due to the non-zero instan-
taneous dipole moments of all atoms and molecules. The momentary random
�uctuations of the electron density within the electron cloud of the molecules
result in the formation of a �uctuating dipole. This can induce another dipole in
a neighboring molecule. These �uctuating dipole-induced dipole interactions are
also known as London dispersion forces, and are quantum mechanical in nature.
The dispersion force is present in all materials even between non-polar molecules
or in atom-atom interactions. It is also worth to note that the strength of London
dispersion forces is proportional to the polarisability of atoms and molecules. This
in turn depends on the total number of electrons and their spatial distribution.
Hence, an atom with a large number of electrons will have a greater associated
London force rather than a smaller one.

25



Chapter 3. Bottom-Up Synthesis of Organic Nanostructures on Atomically
Flat Surfaces

Figure 3.1: Three di�erent geometrical con�gurations of benzene dimers with the
lowest energies.

π − π Interactions

π− π interactions are a type of non-covalent interactions with at least one of the
associates involving a π system. There are di�erent kinds of π − π interactions
such as: aromatic-aromatic (π-stacking) interactions, π donor-acceptor interac-
tions, anion/cation-π interactions, etc. Aromatic-aromatic interactions will be
explained in this part in detail, since the self-assembly of the Fantrip molecules
on iodinated Au(111) is stabilized by this type of interaction (see chapter 7).
The most prevalent example of π-stacking is the benzene dimer interaction with
its fully conjugated π-cloud. Fig 3.1 illustrates the three lowest energy geometries
of benzene dimers. Attractive interactions exist between the benzene molecules in
all of these arrangements. However, among these possibilities parallel-displaced
and edge-to-face are the most favorable con�gurations with an enthalpy of ∼2.3
kcal/mol and ∼2.0 kcal/mol, respectively.[74] The face-to-face con�guration on
the contrary is the least stable one due to high electrostatic repulsion of the
electrons in the π orbitals.[74] Modeling of these geometries revealed that the
two most stable conformations are essentially isoenergetic and represent energy
minima, whereas the face-to-face con�guration represents an energetic saddle
point.[75] The experimental data are also in accordance with the theoretical ex-
pectations. Edge-to-face and parallel-displaced con�gurations can be observed in
the crystal structures of many simple aromatic compounds.[76, 77] The face-to-
face con�guration is relatively rare in X-ray crystal data, although it is addition-
ally stabilized by van der Waals interactions.

Several studies have been carried out to conceive the occurrence of π − π in-
teractions. Hunter and Sanders in 1990 proposed a conceptually simple model
of the charge distribution in a π-system to explain the strong geometrical re-
quirements for interactions between aromatic molecules.[78] The main feature of
their model is the separate consideration of σ-framework and π-electrons. From
the electrostatical point of view there is no attraction between electrons in π or-
bitals. Hunter's model concludes that net favorable π− π interactions are due to
the attractive interactions between the π-electrons and the σ-framework (π − σ
attractions), where it outweighs the unfavorable π−π repulsion. Therefore, elec-
trostatic π−σ interactions steer the preferred geometry of the aromatic molecules.
This model is based on the concept of an idealized π-system, namely a positively

26



3.1. Supramolecular Self-Assembly

Figure 3.2: Bonding con�gurations of benzene dimers as idealized π-system,
namely a positively charged σ-framework (+1e) sandwiched between two clouds
of π-electrons (each with -1

2
e) with the same electron density distribution

(Hunter and Sunders' model). In the face to face interaction repulsion between
π−electrons dominates, whereas in edge to face and parallel-displaced con�gura-
tions π − σ attractions dominate.

charged σ-framework (+1e) sandwiched between two clouds of π-electrons (each
with -1

2
e) with the same electron density distribution. Considering benzene as an

ideal π-system with such an electrical charge distribution for its σ-framework and
π-electrons elucidates why speci�c geometrical arrangements of benzene dimers
are more favorable. The three di�erent geometrical arrangements of benzene
dimers shown in Figure 3.1 are displayed again in Figure 3.2, but with each ben-
zene represented as a σ-framework with a net positive electrical charge surrounded
by π-electrons. The energetic disadvantage of the face-to-face con�guration due
to repulsive forces between the π-electrons is obvious from the image. In con-
trast, the other two con�gurations are stable owing to the dominance of attractive
interactions between σ-framework and π-electrons of the neighboring benzene.

The substituents in the aromatic ring play a crucial role in the electrostatic and
dispersion interaction of the whole system and their electronic properties in�u-
ence the strength of the attraction.[79] For instance, π − π stacking in the case
of arene-per�uoroarene are relatively strong since an electron-rich benzene inter-
acts with an electron poor hexa�uorobenzene. For more complex systems, for
example π- systems polarized by heteroatoms, the modi�cation of the charge val-
ues of σ-framework and π-electrons, compared to an ideal π-system, has to be
taken into account. These values can be obtained from molecular orbital (MO)
calculations.[52] A detailed set of rules based on such calculations governing the
interaction of π- stacked aromatic systems (also the polarized ones) can be found
in the work of Hunter and Sanders.[78]

Metal-Coordination Bonds

Previously, the in�uence of the molecule-substrate interactions on the self-
assembled structure was discussed. Additionally, the substrate may contribute to
the self-assembly process through its adatoms as well. The free adatoms available
on metal surfaces can play an important role for molecule-molecule interactions
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by coordinating the organic adsorbates.
Metal-coordination bonds are de�ned as bonds between organic ligands and
metal atoms[80] with the exceptional case of carbon-metal bonds, referred to
as organometallic bonds. For the formation of metal-coordination bonds elec-
tron rich ligands are required. Metal-coordinative bonds can be formed either
by anionic ligands such as carboxylates and thiolates[63, 81, 82] or by neutral
ligands such as nitriles and pyridines.[83, 84] In the latter case, the electron lone
pairs of the nitrogen atoms form attractive coordination bonds with the positively
charged metal adatoms. Formation of a metal-coordination bond based on molec-
ular orbital theory can be described in four steps.[85] First, electrons are removed
from the metal center providing a cation. In the second step, hybridization of
the metal atomic orbitals occurs resulting in a set of equivalent hybrid orbitals
directed towards the ligands. Subsequently, metal electrons rearrange to ensure
that the hybrid orbitals are unoccupied. Finally, bonds are formed between metal
center and ligand by the overlap of metal hybrid orbitals with ligand orbitals con-
taining lone-pair electrons. The binding energies of metal-coordination bonds are
relatively strong, ranging between 50 kJ mol−1 and 200 kJ mol−1.[17]
The metal atoms involved in the metal-coordination bonds do not need to orig-
inate from the surface. They can also be co-deposited to the surface. Various
examples of organic adsorbates binding to Fe or Co metal atoms on coinage metal
surfaces are represented in Lin's article.[86]
The incorporation of intrinsic substrate adatoms in the metal-organic bonds
is also well known from di�erent systems. Sirtl et al. studied a large trini-
trile molecule on Cu(111) surface, where the organic adsorbates were coupled
via the Cu adatoms to each other forming a hexagonal metal coordinated
network.[84] Another structure with N-Cu bonds was reported for pyridine con-
taining molecules on Cu(100).[87] Metal-organic bonds have also been observed
for copper carboxylate complexes on Cu(100)[69] and on Cu(110) surfaces.[68] In
some of these experiments the metal atoms can be identi�ed as round protru-
sions in STM images. On Au(111) the metal adatoms have rarely been observed.
However, Maksymovych et al. reported the observation of gold adatoms as bright
dots in their experiments, where short-chain alkanethiolate species are interlinked
through Au adatoms.[88]
The intrinsic adatoms originate from temperature-dependent evaporation / con-
densation equilibrium at step edges. In the case of Au(111) there is an addi-
tional adatoms reservoir available due to the surface reconstruction. In the well
known herringbone reconstruction 23 surface atoms are uniaxially compressed
in the [11̄0] direction to �t into the space of 22 bulk lattice sites.[89] This gold
atom �excess� can be harvested for metal-coordination bonds. Particularly, some
chemical moieties such as thiol facilitate the release of gold adatoms from the
herringbone reconstruction.[88] This results in local modi�cations of the herring-
bone reconstruction. Another example of metal-coordination bonds on Au(111)
is presented in chapter 6 showing a coordinated assembly of thiolates through Au
adatoms.

Covalent Bonds

Covalent bonds are among the strongest type of bonds in the nature and as
mentioned in the previous parts formed through overlap of atomic orbitals that
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leads to electron sharing between atoms. Covalent bonds are directed and rigid
with binding energies between 150 kJ mol−1[52] and 870 kJ mol−1.[90]
The overlap of atomic orbitals results in the formation of molecular orbitals. The
atomic orbitals are solutions of the Schrödinger equation for electrons in an atom.
Therefore, their overlaps could be constructive (in phase interference of the wave
functions) or destructive (out of phase interference of the wave functions) that
lead to bonding or antibonding molecular orbitals, respectively.[91, 92] Compared
to the original atomic orbitals, bonding orbital represents states with enhanced
electron density among the nuclei. This implies that the energy of bonding or-
bitals is lower than the original energy of the atomic orbitals. On the contrary,
a molecular orbital becomes antibonding when the electron density between the
two nuclei is lower than in no-bond interaction (separate atoms). Antibonding
orbitals have higher energies and their occupation results in destabilization of the
bond.
The strength of covalent bonds depends on many variables. However, the extent
of orbital overlap is a determining factor. Larger overlap means more electron
sharing between two nuclei, and therefore a stronger covalent bond. The extent of
orbital overlap clearly depends on the geometrical characteristics of the orbitals.
In bonds of spherical s-orbitals, the atomic orbitals overlap head to head, so that
the maximum of the electron density is located along the nuclei axis. This type
of bonds is called σ-bonds. The bonds between two s-orbitals or a s-orbital and
a hybrid orbital belongs to this category as well. In the second type of covalent
bonds, known as π-bonds, the non-spherical atomic p-orbitals overlap side by
side and accordingly the maximum of the electron density is localized above and
below the nuclei axis. The σ-bonds are stronger than π-bonds, and π-bonds can
be formed only if the nuclei are primarily linked through a σ-bond.

3.2 On-Surface Polymerization

As mentioned before on-surface polymerization is one of the bottom-up strate-
gies for the synthesis of covalent nanostructures. The idea of covalent interlinking
of molecules to build larger architectures was originally proposed by Coté et al.
about one decade ago.[93] They succeeded in synthesizing 3D porous periodic ex-
tended organic networks from covalently linked building blocks. The formation of
2D covalent nanoarchitectures, utilizing on-surface chemistry, was achieved only
two years later. Almost simultaneously several groups reported on the synthesis
of di�erent covalent nanostructures through various chemical reactions on sur-
faces. Grill et al. showed the possibility to build covalent nanoarchitectures on
Au(111) and tune their topology based on the chemical structure of the initial
monomer.[10] In another work synthesis of imine from an aldehyde and an amine
was presented by Weigelt et al..[94] Generally, there are various polymerization
reactions to synthesize covalently linked structures, such as surface-assisted Ull-
mann coupling, Glaser coupling, condensation reactions, etc.. In this thesis, on-
surface Ullmann coupling is used in chapter 4 and 5 and is described in section
3.2.1.
Despite studying di�erent polymerization reactions on various surfaces, fabri-
cation of defect-free long-range ordered covalent structures is still an unsolved
challenge. One can bene�t from the reversibility of non-covalent assemblies to
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overcome this challenge. Less stable non-covalent assemblies can form a long-
range ordered structure without defects due to the bond reversibility. A smart
idea is to take advantage of these long-range ordered molecular arrangements
and convert them into robust covalent networks. However, this idea is not read-
ily possible and a well designed system has to be chosen for this purpose. In
the following three types of non-covalent interactions among building blocks of
a self-assembly are presented, and possible obstacles regarding the conversion of
these self-assemblies into covalent networks are discussed.
If the self-assembly is stabilized through hydrogen or halogen bonds, creation of
covalent bonds among molecules is not possible due to lack of active sites (i.e.
surface stabilized radicals). Additionally, breaking these bonds may destabilize
and destroy the complete self-assembly.
For self-assembled systems stabilized through metal-coordination bonds, the re-
quired radicals for covalent bond formation are already available on the surface.
However, to break these bonds external energy has to be supplied to the sys-
tem, e.g. through annealing. Besides breaking the bonds, the energy uptake can
also activate surface di�usion and rearrangement of radicals. This may destroy
the ordered structure, resulting in irregular networks. Therefore, the amount of
supplied energy to the self-assembled system must be precisely controlled.
Self-assembled structures can also be stabilized through van de Waals and π − π
interactions. In this case, creation of surface-stabilized radicals is not neces-
sary for polymerization. The topochemical photopolymerization is a promising
method, since it provides maximal control over the supplied energy at targeted
(reactive) sites. For this purpose, an appropriate photoactive system has to be
chosen. In this thesis, the photopolymerization of a hexagonal assembly of Fantrip
molecules with three photoactive anthraceno blades was studied (see chapter 7).
In this case, the photodimerization occurs by a cycloaddition reaction (see section
3.2.2 for details).

3.2.1 On-Surface Ullmann Coupling

The most famous on-surface polymerization reactions like on-surface Ullmann
coupling drew inspiration from conventional solution chemistry. The Ullmann re-
action in solution chemistry has a long history since its discovery in the early 20th
century.[95] Ullmann et al. found out that heating of iodobenzene with copper
results in almost pure biphenyl as reaction product.[96] Generally, the Ullmann re-
action is a coupling reaction between aryl halides and copper as catalyst. Thereby,
existence of copper facilitates the dissociation of halide and formation of biaryls.
However, the role of the copper in this reaction was controversial. Xi and Bent
could transfer Ullmann coupling reaction from solution to a Cu(111) single crystal
surface for iodobenzene to form biphenyl under ultrahigh-vacuum conditions.[97]
The mechanism of this coupling on the surface is thoroughly explained in their
later work.[98] They presented two di�erent pathways for this reaction depend-
ing on the surface coverages. For low coverages (submonolayer), iodobenzene
molecules dissociate on Cu(111) at 175 K resulting in adsorbed phenyl radicals
and iodine adatoms. At higher temperatures of 370 K, the phenyl intermediates
are mobile on the surface and can couple and form biphenyl. For high coverages
the biphenyl formation could be detected at considerably lower temperatures of
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210 K over another reaction pathway. In this low temperature pathway coupling
proceeds between adsorbed phenyl radicals and molecularly intact iodobenzene.
However, a speci�c orientation of molecular iodobenzene with respect to the sur-
face is necessary for this reaction. The aromatic plane should be tilted signi�-
cantly away from the surface plane and the iodine atom should have access to the
copper surface. Such a tilted con�guration allows phenyl radicals that result from
C-I bond dissociation to react with adjacent phenyl groups rather than binding
directly to the copper surface. It is obvious that the high surface coverage plays
the key role for molecular iodobenzene to adopt this speci�c orientation. There-
fore, this reaction pathway could not be observed for lower surface coverages.
The �rst reaction pathway occurring at low coverages with radicals coupling at
higher temperatures is the basis of Ullmann coupling used in most on-surface
polymerizations. This reaction pathway was also studied in detail by Blake et
al. investigating the Ullmann coupling of bromobenzene by means of scanning
tunneling microscopy and spectroscopy on Cu(111).[99] Upon deposition on the
surface, the dehalogenation of the aryl halides takes place and the dehalogenated
monomers form an intermediate state by coupling to the free electron gas of
the surface with their active sites. These surface-stabilized radicals can bind
to metal adatoms available on the surface, forming a metastable organometallic
structure. An example of such protopolymer formation can be found for 1,3,5-
tris(4-bromophenyl)benzene on Cu(111).[9] Increasing the temperature converts
these organometallic bonds to covalent bonds by ejecting the metal adatoms. It
is also noteworthy that the split o� halogen atoms chemisorb on the surface.
Although most of the on-surface Ullmann coupling reactions follow the previously
introduced reaction pathway, it is not the exclusively existing pathway as illus-
trated before by Xi and Bent. Another exceptional case of on-surface Ullmann
coupling not following the conventional pathway is presented in chapter 4 for 1,3-
diiodobenzene on Cu(111). The reaction products in this study adsorb atop of a
closed iodine monolayer instead of on the metal surface, and the organometallic
intermediates were not observed at all. Moreover, the polymerization mainly ter-
minated at the trimer stage. This study highlights that even a widely used and
studied reaction, can proceed in an unpredictable manner.
Despite the exceptional cases, surface-supported Ullmann coupling is still a pow-
erful method to produce tailored nanostructures on catalytically active surfaces.
The �nal structure of nanoarchitectures can be designed by selecting the appro-
priate chemical structure of the initial monomers. Size and geometry of molecular
building blocks, as well as, substitution pattern of pendant groups (halogens) can
be used to tailor structures.
There are many examples of on-surface Ullmann coupling on silver[100, 101] and
gold surfaces[102, 103]. The covalent networks presented in chapter 5 are also
synthesized on Ag(111) and Au(111) utilizing the conventional reaction pathway.

3.2.2 Cycloaddition Reactions

Cycloaddition is a type of pericyclic reactions in organic chemistry. The most
famous example of cycloaddition reactions is the Diels-Alder reaction, in which
a ring of six carbon atoms is formed by the coupling of a conjugated diene and
an alkene. In this reaction two π-bonds are replaced by two σ-bonds through the
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Figure 3.3: Dimerization of two parallel anthracene molecules through photopoly-
merization by a [4 + 4] cycloaddition reaction.

migration of electrons out of the π-orbitals into the σ-orbitals. Such a reaction
is called a cycloaddition. The transition state of this reaction has six delocalized
π-electrons and can be seen as a benzene ring having all its π-bonds, but missing
two σ-bonds. The cycloadditions are usually designated with a shorthand symbol
before the name that indicates how many π-electrons are involved in the reaction.
For instance, [4 + 2] cycloaddition means that 4 π-electrons of one molecule and
2 π-electrons of another molecule are participating in the reaction. This special
case is the most common cycloaddition reaction. The Diels-Alder reaction also
belongs to this category.
Some of the cycloaddition reactions do not result in ring formation as in the
Diels-Alder reaction. The dimerization of anthracene is such an example, whereby
two parallel anthracene molecules can be interlinked at their 9 and 10 positions
through a [4 + 4] cycloaddition reaction.[104] In this reaction two π-bonds of
the middle phenyl rings of the anthracene molecules are replaced by two σ-bonds
connecting the carbon atoms at positions 9 and 10 of one anthracene molecule
to their corresponding partners in the second anthracene molecule. Figure 3.3
shows this reaction.

Cycloaddition reactions can be activated either thermally or photochemically.
Based on Woodward�Ho�mann's orbital symmetry rules,[105] the cycloaddition
reactions of (4n + 2) π-electrons are thermally allowed, while reactions of 4n
π-electrons are photochemically allowed (n is integer).[106] In the case of [4 +
4] cycloaddition of two anthracene blades, the reaction can occur through pho-
topolymerization. Photochemically activated cycloaddition occurs when one re-
actant has an electron excited from the HOMO (π-bonding) to the LUMO (π∗-
antibonding). The probability of photopolymerization directly depends on the
lifetime of the photoexcited state.
As described before in section 3.2 photoinduced polymerization of a pre-
synthesized self-assembled structure can be very rewarding. In chapter 7 the
[4 + 4] cycloaddition of Fantrip molecules that consist of three anthraceno
blades, were studied. Anthraceno units were chosen based on their well-
known photodimerization by [4 + 4] cycloaddition that can be realized both
in solution[104, 107, 108, 109] and solid state.[110].
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Chapter 4

An Exceptional Case of On-Surface
Ullmann Coupling

In this chapter, Ullmann coupling of 1,3-diiodobenzene on Cu(111) surfaces un-
der ultra-high vacuum conditions is presented. In contrast to the conventional
Ullmann coupling on Cu(111), the metastable organometallic intermediates were
never observed. In situ Scanning Tunneling Microscopy at room temperature
revealed an unexpected ordered arrangement of highly uniform reaction products
adsorbed atop a closed iodine monolayer.∗

∗ This chapter was published as: A. Rastgoo-Lahrood, J. Björk, W. M. Heckl
and M. Lackinger. 1,3-Diiodobenzene on Cu(111) � An Exceptional Case
of On-Surface Ullmann Coupling. Chem. Commun. 51 (2015), 13301-13304.
Reproduced with permission from The Royal Society of Chemistry. Copyright
2015 by The Royal Society of Chemistry.
I performed all the STM measurements, the corresponding data analysis and
interpretation, and prepared the manuscript under supervision of Prof. Lackinger.
STM simulations and DFT calculations were done by Prof. Jonas Björk from the
Linköping University.
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4.1 Introduction

The basic principle of on-surface Ullmann coupling, extensively explained in sec-
tion 3.2.1: halogenated precursor molecules are deposited onto metal surfaces.
The weakly bonded halogen substituents are dissociated by virtue of the sur-
face's reactivity[111] and remain chemisorbed on the surface. The thereby gener-
ated surface-stabilized radicals di�use and couple through C�C bond formation
into covalent nanostructures. Depending on the type of metal surface, coupling
proceeds either directly[10, 102, 103, 112] or via a metastable organometallic
intermediate.[9, 100, 113, 114] As a noteworthy exception to this commonly ob-
served scheme, the surface chemistry of 1,3-diiodobenzene (DIB, Figure 4.1(b))
on Cu(111) is presented here. This study was initially motivated by the ques-
tion: how the reduced symmetry of DIB monomers in combination with a highly
symmetric surface a�ects the �nal structures, i.e. whether well-de�ned reaction
products, such as zig-zag chains or closed rings, can be observed as for dibromo-
meta-terphenyl.[115] DIB was deposited under UHV conditions through a leak
valve onto clean Cu(111) held at room temperature and characterized by in situ
STM (see section 4.4 for details).

4.2 Results and Discussion

A typical STM image obtained after deposition is shown in Figure 4.1. Sur-
prisingly, instead of irregular oligomers as for DIB on Cu(110)[113], a regular
arrangement of identical crescent shaped objects surrounded by a hexagonal lat-
tice of fainter dots is observed. The measured dot�dot spacing of 0.45 ± 0.01 nm
corresponds to the lattice parameter of the known

√
3 ×
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3R30° iodine super-
structure on Cu(111).[116] Since for room temperature on copper iodine cleavage
and its subsequent chemisorption are well documented,[48, 113, 117] the dots are
assigned to split-o� iodine. The crescents are entirely unexpected and attempts
to relate their structure to DIB monomers inevitably lead to covalent trimers,
i.e. 1,3-diphenylbenzene (meta-terphenyl, Figure 4.1(c)). The respective overlay
yields a perfect match. Yet, this assignment triggers two immediate questions:
(1) are the trimers just surrounded by iodine, or adsorbed atop a closed mono-
layer? Even though the trimers appear signi�cantly brighter this is not obvious
from STM. (2) Are the trimers iodine-terminated or deiodinated, i.e. surface-
stabilized diradicals?

The �rst question was unambiguously addressed by bias dependent STM imaging
(Figure 4.2). At positive sample bias, a contrast similar to Figure 4.1 was ob-
served, whereas the crescents became invisible to STM at reversed sample bias,
revealing a closed and densely packed hexagonal monolayer. The original contrast
was restored upon switching back to positive sample bias. Thus, the trimers are
adsorbed on a closed monolayer of iodine.

Clarifying the trimer termination is more intricate and addressed by comprehen-
sive density functional theory (DFT) and STM image simulations (see appendix
A for details). Adsorption geometries of both iodinated and deiodinated (diradi-
calic) trimers were optimized on iodine-terminated Cu(111) using an extensive set
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Figure 4.1: STM image (V = +0.84 V, I = 39 pA) obtained after deposi-
tion of DIB onto Cu(111). The crescent shaped features are overlaid with 1,3-
diphenylbenzene, i.e. covalent DIB trimers. (b) Chemical structure of DIB. (c)
Iodinated vs. deiodinated trimer; conformational isomers are also possible by
σ-bond rotation.

Figure 4.2: Bias dependent STM imaging (V = ±0.70 V, I = 37 pA). The same
sample area was consecutively imaged with (a) positive, (b) negative, (c) positive
sample bias. Similarity of (a) and (c) assures that no major tip or sample changes
have occurred.
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Figure 4.3: Top and side view of DFT derived lowest energy adsorption geome-
tries and corresponding STM image simulations of (a)/(b) iodinated and (c)/(d)
deiodinated trimers. In these image simulations, contributions from unoccupied
electronic sample states between EF and EF + 1.0 eV were considered.

of start geometries (see Figure A.2 and A.3 in appendix A). The lowest energy
con�gurations for both cases are depicted in Figure 4.3, along with the corre-
sponding STM image simulations. In this case, the STM contrast was evaluated
for empty states up to EF + 1.0 eV, i.e. at a sample bias of +1.0 V, but was
virtually independent of sample bias (see Figure A.4 and A.5 in appendix A).
These simulations indicate that iodine substituents give rise to prominent spheri-
cal protrusions in STM images, whereas no such features occur for the deiodinated
species. This is in accordance with previous studies where pronounced spherical
protrusions were similarly observed for iodine substituents.[118]

Visual inspection already suggests a much better agreement for the deiodinated
species with the experiment. Overlaying the simulated images with the structures
elucidates how much larger the iodinated species appears than the terphenyl back-
bone, whereas for the deiodinated species the size match is much closer to the
experiment. The slightly bent geometry of the terphenyl backbone gives rise to
two peripheral protrusions in the STM image simulation. However, correspond-
ing intramolecular contrast features were not resolved by STM, possibly due to
thermal motion at room temperature. This is not taken into account in the sim-
ulations. Furthermore, the orientation of the deiodinated trimer with respect
to the iodine lattice shows a good agreement between theory and experiment.
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Figure 4.4: (a) STM image (V = +0.84 V, I = 39 pA) and (b) DFT derived lowest
energy structure (see Figure A.3(f)) of the deiodinated trimer. Experiment and
simulation consistently result in the same orientation of the trimer with respect
to the hexagonal iodine superstructure.

In Figure 4.4 part of the iodine lattice in STM image and in DFT optimized
structure is marked with a grid for a better visualization of deiodinated trimer
orientation.

Apart from the STM contrast, DFT provides further evidence for deiodination;
the energy variation between all considered adsorption geometries is relatively
small for the iodinated trimer, suggesting a comparatively low di�usion barrier.
This contradicts the experimentally observed room temperature stability. A com-
mon feature of all converged structures of the deiodinated trimer is that the
radical sites form single bonds to individual surface-bound iodine atoms. Seen
as a requirement, this strongly constrains the number of reasonable adsorption
geometries, because the iodine positions are de�ned by the lattice and molec-
ular deformations result in a high energy cost. The DFT calculations indicate
electron accumulation between radical sites and surface-bound iodine atoms (see
Figure A.6 in appendix A). Furthermore, the partial density of states (PDOS)
of carbon atoms shows spin-pairing on the surface, as well as hybridization of
frontier molecular orbitals (see Figure A.7 in appendix A). All aspects indicate
covalent bond formation, i.e. the deiodinated trimers can be considered as still
iodinated, whereby the iodines are predominantly part of the monolayer. The
relatively large energy di�erences between di�erent adsorption geometries for the
deiodinated species suggest a high di�usion barrier.
It is also instructive to compare stoichiometries of the adsorbed structure with
the unreacted DIB monomer. Each unit cell contains 4 trimers. Formation of
one deiodinated trimer releases six iodine atoms, i.e. 24 per unit cell. However
each unit cell of the self-assembled structure contains more than twice as many
iodine atoms in the underlying monolayer. The actual disbalance is even larger,
because parts of the surface covered solely with iodine (e.g. the left sides of STM
images in Figure 4.5). This indicates that DIB radicals can desorb again after
deiodination and leave dissociated iodine on the surface.
Ullmann coupling of DIB on Cu(111) deviates from previous comparable results in
several respects. The organic structures are not directly adsorbed on the metal,
but atop an iodine bu�er layer. Covalent bonds are formed directly, whereas
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metastable organometallic intermediates with C�Cu�C interlinks are commonly
observed on copper.[9, 47, 113, 115, 119] DIB coupling terminates at the trimer
stage, and moreover, results in a well-de�ned self-assembled pattern. In contrast,
for DIB on Cu(110) organometallic intermediates were observed directly after
room temperature deposition, and mild annealing converted them into irregular
covalent oligomers.[113]
The origin of these fundamental di�erences is not entirely clear. Commonly
observed organometallic intermediates form with abundantly available surface
adatoms. Hence, it appears plausible that in the present case adsorbed monomers
are screened after their dehalogenation by the readily abstracted iodines. An ob-
servation pointing in this direction was made for hexaiodo-substituted macrocycle
cyclohexa-m-phenylene (CHP) on Cu(111).[48] These results show that the split
o� iodines are rather immobile at room temperature and remain adsorbed in the
vicinity of the dehalogenated precursor. Adsorption of Ullmann reaction prod-
ucts on top of an iodine bu�er layer rather than directly on the metal surface was
also previously reported on Au(111),[120] similarly under conditions with iodine
excess. Since dehalogenation requires direct contact to the reactive metal surface,
adsorption on top of an inert iodine monolayer indicates subsequent detachment.
The driving force is the notoriously high a�nity of iodine to metals. Taking
the overstoichiometric amount of iodine into consideration, the following scenario
appears plausible: Initially, DIB adsorbs directly on Cu(111) and becomes deiod-
inated. The iodine coverage increases � also due to additional contributions from
desorbing radicals � and eventually displaces the diradicals from the bare copper
surface. Once the surface is fully covered, no further adsorption and dehalogena-
tion occurs. Intact DIB monomers have never been observed, indicating that
their room temperature adsorption is not stable on iodine-terminated Cu(111).
Based on the STM experiments, it cannot be clari�ed whether C�C bond forma-
tion between DIB radicals takes place when they are still adsorbed on the metal
or after their displacement on the iodine monolayer.
Termination of the coupling at the trimer stage remains even more enigmatic.
The most plausible explanation is provided by increasing di�usion barriers as the
aggregates grow in size. Evidently, the trimer is the smallest oligomer that is just
stable at room temperature. Yet, at domain edges residual mobility of trimers
is frequently observed (see Figure 4.5), indicating that this size is close to the
stability threshold.

Explaining self-assembled patterns with a relatively large inter�trimer spacing
inevitably requires trimer�trimer interactions. In addition, the interplay between
repulsive interactions and a relatively high di�usion barrier of covalently anchored
diradicalic trimers e�ectively prevents formation of larger oligomers. Yet, hex-
amers, i.e. cyclo-sexiphenylene, that might result from the fusion of trimers were
occasionally observed at domain edges. STM images in Figure 4.6 depict the
appearance of such an annular hexamer.

More direct experimental evidence for trimer�trimer interactions is provided by
the concerted movement of whole rows of trimers as shown in Figure 4.7. The
origin of repulsive interactions could either be direct or substrate-mediated. Con-
sidering the relatively large trimer�trimer spacing, repulsion is most likely related
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Figure 4.5: Series of STM images consecutively acquired from the same sample
area (V = +0.84 V, I = 39 pA). The black oval highlights dynamic processes
observed at domain edges, including lateral mobility of trimers and coupling of
trimers into larger, less well de�ned aggregates.

Figure 4.6: Two STM images consecutively acquired from the same sample area
(V = +0.84 V, I = 39 pA). The black oval highlights the appearance of a closed
ring, i.e. cyclo-sexiphenylene, in the second image. A conclusion whether this
ring has formed on-site by coupling of two trimers or whether it di�used to this
site is not possible based on these STM experiments.
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Figure 4.7: Two STM images consecutively acquired from the same sample area
(V = +0.84 V, I = 39 pA). The black oval highlights lateral displacement of a
row of trimers as a whole. This concerted movement of trimer rows indicates an
e�ective long-range interaction as also required for self-assembly of the observed
patterns.

to electrostatic interactions. Interestingly, Bader charge analysis of our DFT cal-
culations indicate electron donation from iodine to the former carbon radicals
(see Figure A.8 in appendix A). This renders the iodine atoms bonded to the
trimer, positively charged, among the otherwise negatively charged iodine atoms.
Hence, two positively charged iodine atoms next to each other are energetically
unfavorable. Furthermore, DFT calculations show a vertical displacement of 0.65
Å for the iodine atoms binding to the trimer. This adsorbate-induced corruga-
tion in the iodine monolayer also modi�es the potential energy landscape. The
single iodine atom spacing between trimers in the self-assembled pattern can be
interpreted as experimental evidence for substrate-mediated repulsion.

Even more complex regular patterns with two larger motifs � closed rings and
S-shaped entities � were occasionally observed (see Figure 4.8(a) and Figure A.1
in appendix A). Based on a geometrical assignment, these motifs are identi�ed as
hexamers that formed from two trimers either by a single 3�3 interlink (S-shaped)
or by a two-fold 3�3′′ and 3′′�3 interlink (closed ring). In the closed ring all bonds
are saturated. In analogy to the single trimer, absence of a prominent iodine
signature at the termini in the STM images of the S-shaped entity is indicative of
deiodination. The complexity of this pattern is remarkable, considering its emer-
gence from DIB monomers through a polymerization process without external
control. Albeit deciphering the underlying processes in detail is hardly possible,
an important clue is the obvious structural relation between the two patterns. As
illustrated in Figure 4.8(b) the normally observed trimer pattern can be converted
into the more complex pattern by pairwise addition of crescents to either rings or
S-shaped motifs. This scheme also yields the correct spatial arrangement, where
each closed ring is surrounded by a hexagonal arrangement of S-shape motifs.
Accordingly, we postulate that the more complex pattern emerged from the nor-
mally observed pattern through a concerted set of secondary coupling reactions.
Attempts to initiate this conversion by mild heating were not successful.
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Figure 4.8: (a) STM image of an occasionally observed more complex self-
assembled pattern (V = +0.81 V, I = 38 pA). The two distinct types of hexamers
are overlaid to scale. (b) Sketch of the structural relation between the complex
and the normally observed pattern.

4.3 Conclusions

In summary, Ullmann coupling of DIB on Cu(111) unexpectedly yielded self-
assembled patterns of trimers, and occasionally more complex patterns of hex-
amers. Instead of being directly adsorbed on the metal surface that initiated
the Ullmann coupling by dehalogenation, the covalent aggregates were adsorbed
atop a closed iodine monolayer. STM image simulations suggest that the trimers
are deiodinated. Covalent bonds between the radical sites and surface bound
iodine atoms are largely responsible for the stabilization of the structure at room
temperature.
DIB on Cu(111) exempli�es that even a well characterized and commonly em-
ployed on-surface reaction as Ullmann coupling does not always proceed in a
predictable manner. In this respect, the absence of organometallic intermediates
represents a further exception to the rule. Kinetics � in particular surface di�u-
sion � is playing an important role for termination of the polymerization at the
trimer stage. Concerted movements of trimer rows provide experimental evidence
for long-range trimer�trimer interactions � a prerequisite for self-assembly of the
ordered patterns. The origin of the di�erences between DIB Ullmann coupling on
Cu(111) vs. Cu(110) surfaces is not yet clear. A possible explanation is o�ered by
reactivity di�erences, as the dehalogenated DIB adsorbs ∼0.7 eV more strongly
on Cu(110) than on Cu(111) (see Figure A.9 and A.10 in appendix A). However,
an additional in�uence from kinetic reaction parameters, e.g. monomer deposi-
tion rate that also determines the adsorption rate of iodine, cannot be ruled out
at this point.
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4.4 Experimental Details

All STM images were recorded at room temperature in ultra-high vacuum at
a base pressure below 3Ö10−10 mbar with a home-built STM (see section 2.1.3
for details). The STM was calibrated by means of atomically resolved Cu(111)
images. This facilitates extraction of lattice parameters and distances with an
accuracy of ∼5%. STM images were processed by a mean value �lter. Cu(111)
single crystal surfaces were prepared by cycles of Ne+ ion-sputtering at 1 keV
and electron-beam annealing at ∼773 K. 1,3-diiodobenzene (DIB, CAS 626-00-6,
obtained from Sigma Aldrich, purity 98%) was dosed through a precision leak
valve, equipped with a stainless steel capillary aiming at the sample.
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Chapter 5

Post-Synthetic Decoupling of
On-Surface-Synthesized Covalent
Nanostructures

The on-surface synthesis of covalent organic nano-sheets driven by reactive metal
surfaces leads to strongly adsorbed organic nanostructures, which conceals their
intrinsic properties. Hence, reducing the electronic coupling between the organic
networks and commonly used metal surfaces is an important step towards char-
acterization of the true material. In this chapter, a method for post-synthetic
decoupling of the nanostructures form Ag(111) und Au(111) surfaces by iodine
intercalation is described.∗
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∗ Two sections of this chapter were published as two articles:
1) A. Rastgoo-Lahrood, J. Björk, M. Lischka, J. Eichhorn, S. Kloft, M. Frit-
ton, T. Strunskus, D. Samanta, M. Schmittel, W. M. Heckl and M. Lackinger.
Post-Synthetic Decoupling of On-Surface-Synthesized Covalent Nanos-
tructures from Ag(111). Angew. Chem. Int. Ed. 55 (2016), 7650-7654.
Reproduced with permission from John Wiley & Sons, Inc, Copyright 2016.
2) A. Rastgoo-Lahrood, M. Lischka, J. Eichhorn, D. Samanta, M. Schmittel, W.
M. Heckl and M. Lackinger. Reversible Intercalation of Iodine Monolay-
ers between On-Surface Synthesised Covalent Polyphenylene Networks
and Au(111). Nanoscale, 9 (2017), 4995-5001. Reproduced with permission
from the Royal Society of Chemistry, Copyright 2017.
I performed all the experiments and the corresponding data analysis and inter-
pretation, and prepared the manuscript under supervision of Prof. Lackinger.
DFT calculations were provided by Prof. Jonas Björk from the Linköping Uni-
versity. The molecules were synthesized in the group of Prof. Schmittel at Siegen
University. The measurements at synchrotron were done in collaboration with
other co-authors.
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5.1 Decoupling of Polyphenylene Networks from

Ag(111) by Iodine Intercalation

In this section, the detachment of covalent polyphenylene networks from Ag(111)
through iodine intercalation by a combination of microscopic and spectroscopic
techniques is demonstrated. Post-synthetic exposure of the samples at room
temperature to iodine vapor was su�cient for a successful iodine intercalation
between polyphenylene networks and Ag(111) surfaces. Moreover, the experi-
mentally observed changes from surface-bound to detached nanosheets are repro-
duced by DFT simulations. These �ndings suggest that the intercalation of iodine
provides a material that shows geometric and electronic properties substantially
closer to those of the free-standing network.
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5.1.1 Introduction

The synthesis of extended 1D and 2D organic nanostructures by direct covalent
coupling of monomers on solid surfaces is a rapidly advancing �eld.[1, 2, 3, 4, 121]
Diverse coupling strategies have successfully been employed for the on-surface
synthesis of unique covalent organic nanosheets that are inaccessible by other
synthetic means.[7, 8] With a view to potential applications,[6] the extraordinary
mechanical, thermal, and chemical stabilities of covalent networks o�er crucial ad-
vantages over self-assembled supramolecular structures. Moreover, the prospect
of electrical conductivity renders these materials particularly promising for molec-
ular electronics.[5] However, many important coupling reactions proceed on re-
active metal surfaces. Among di�erent on-surface synthetic strategies, Ullmann
coupling has matured into a well-established method.[10] On-surface Ullmann
coupling is in most cases initiated on metals by a surface-supported dissociation
of the carbon�halogen bonds.[9, 111] The approach has also been demonstrated
on graphene and hexagonal boron nitride on Ni(111), but the restricted di�u-
sion of the dehalogenated species only facilitated growth of smaller oligomers.[12]
In principle, thermally activated Ullmann coupling is also feasible on insulator
surfaces, but requires appropriate anchoring to prevent desorption.[11] Neverthe-
less, metal surfaces bear many advantages, but for many, and in particular for
electronic applications, conducting supports are precluded. Pursuing the reac-
tion on metal surfaces, inevitably results in adsorption of the reaction products,
i.e. the covalent nanostructures, on these strongly interacting surfaces. Hence,
the actual properties of the nanostructures are strongly modi�ed on metal sur-
faces. In cases where coupling does not proceed on inert surfaces, post-synthetic
transfer, as routinely applied for graphene grown by chemical vapor deposition
(CVD),[122] is a conceivable alternative. Even though the proof of principle has
been demonstrated for bottom-up-fabricated covalent nanostructures, for exam-
ple, by template stripping,[123] transfer of these structures remains challenging.
Therefore, methods to decouple the nanostructures from surfaces are exceedingly
required.
Ullmann coupling under conditions with iodine excess�both under ambient con-
ditions and ultrahigh vacuum (UHV)�provided evidence for the detachment of
smaller covalent nanostructures from the metal surface after their formation and
subsequent adsorption on top of a closed iodine monolayer.[120, 124] The a�nity
of iodine to metals is apparently strong enough to overcome interactions be-
tween the surface and organic nanostructures. Motivated by these observations,
this chapter aims to explore the deliberate exposure of metal-adsorbed covalent
nanostructures to iodine vapor as a novel and straightforward approach for post-
synthetic decoupling. Samples were characterized in situ before and after iodine
exposure by STM, XPS, NEXAFS. Alterations in the geometric and electronic
structures were studied by density functional theory (DFT) calculations (see ap-
pendix B.1 for computational details).

5.1.2 Results and Discussion

Two-dimensional porous covalent polyphenylene networks derived from 1,3-bis(p-
bromophenyl)-5-(p-iodophenyl)benzene precursors (BIB, see inset in Figure 5.3(c)
for structure) on Ag(111) were chosen as the model system.[100] In a �rst step,
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Figure 5.1: a) I 3d and b) C 1s XP spectra acquired before (lower spectra, blue
lines) and after (upper spectra, red lines) exposure to iodine (o�set for clarity).
I 3d consists of a 3/2 and 5/2 spin-orbit doublet. The small amount of pre-
adsorbed iodine originates from the deiodination of BIB preceding formation of
the covalent network.

covalent networks were prepared by deposition of BIB onto Ag(111) at room
temperature followed by annealing at about 270 °C. In the next step, samples
were exposed to I2 vapor (5×10−7 mbar, ca. 5 min). XPS measurements con-
ducted before and after iodination are depicted in Figure 5.1. The I 3d spectrum
shows a marked increase in surface-bound iodine after exposure, whereas the C
1s spectrum indicates a constant amount of carbon. The measured I3d5/2 bind-
ing energy of 619.0 eV agrees with references for chemisorbed atomic iodine,[125]
thus con�rming dissociative adsorption of I2. C 1s exhibits a shift of about 0.92
eV to lower binding energies after iodination, while the line shape changes from
slightly asymmetric to symmetric.
The asymmetric feature of C 1s on bare Ag(111) with a small shoulder at higher
binding energies originates from direct interactions with the free electron gas
of the metal and Kondo-like screening of the core-holes by these electrons.[126]
Hence, its disappearance after exposure to iodine indicates both detachment and
decoupling of the structure. The mismatch of the Gaussian �t with the mea-
sured data is obvious from Figure 5.1(b). Accordingly, �tting the C 1s peak
before iodination with an asymmetric lineshape (Asym2Sig) results in an obvious
improvement. For a direct comparison, Figure 5.2 indicates C 1s pre-exposure
spectrum with Gaussian and Asym2Sig �ts and the post-exposure spectrum with
the Gaussian �t.

The initial structural characterization was carried out by STM. The overview
image in Figure 5.3(a) depicts covalent networks that grow over step edges, but
otherwise appear higher (brighter) than the respective terraces, while the close-up
image in Figure 5.3(b) reveals a new hexagonal structure with a lattice param-
eter of (0.50±0.03) nm, which corresponds to the known
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3 R30° iodine
superstructure on Ag(111).[125] In accordance with XPS, this new structure is
identi�ed as a densely packed iodine monolayer. Another iodine superstructure
was also occasionally observed. Figure 5.4 shows both iodine superstructures.
The STM data clearly con�rm the adsorption of iodine, but cannot settle the
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Figure 5.2: XP spectra of C 1s acquired before (lower, turquois line � middle,
blue line; same data, di�erent �ts) and after (upper, red line) iodine exposure.
The black dots represent experimental data, the solid lines are �ts. The lower
and upper spectra are �tted with Gaussians: the �t matches very well for the
post-exposure spectrum (red line), whereas there is an obvious mismatch for the
pre-exposure spectrum (turquoise line) due to an asymmetry caused by a small
shoulder at the higher binding energy side (marked by black arrow). Fitting the
pre-exposure spectrum with an asymmetric lineshape (Asym2Sig) results in an
obvious improvement (blue line). The presence of this spectroscopic signature
at the high binding energy side indicates an intimate contact of carbon, i.e. the
networks, to the metal surface. Consequently, its disappearance after iodine
exposure indicates both detachment of the networks from the metal surface and
signi�cant decoupling.
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central question: Does iodine only coadsorb on the free surface areas or does
it detach the covalent networks and form a closed monolayer underneath? This
crucial point was addressed by lateral manipulation of a covalent domain, which
revealed a close-packed iodine monolayer underneath. The corresponding STM
images are shown in Figure 5.3(c,d).

Rapid re�lling of the large void space, which would be created directly after
displacement of the covalent network, by surface di�usion of iodine from the metal
can be excluded: even monoatomic iodine vacancies remain immobile for more
than �ve minutes at the imaging temperature of about 80 K. Figure 5.5 indicates
series of subsequent STM images from the same sample area, demonstrating the
immobility of the iodine vacancies.

Moreover, a pronounced variation in the height and contrast was observed oc-
casionally within the covalent networks; an example is marked in Figure 5.3(b).
Integral parts of the network appear lower, thus indicating direct adsorption on
the metal surface. Conversely, this implies that the majority of the polypheny-
lene network is indeed detached from the Ag(111) surface. Figure 5.6 facilitates
a direct comparison of the apparent heights w.r.t. the iodine monolayer of these
two parts, i.e.∼236 pm for detached vs. ∼66 pm for networks directly adsorbed
on Ag(111).

In addition, the part of the network on the iodine layer not only appears higher,
but also exhibits internal contrast, which is unprecedented for networks directly
absorbed on metals. This STM contrast resembles the HOMO/LUMO of the
free-standing network (see Figure 5.7), thereby providing further experimental
evidence for substantial weakening of the coupling.[127]

Additional structural characterization was carried out by NEXAFS.[38] The sam-
ples were again measured before and after exposure to iodine. The normalized C
1s NEXAFS spectra are summarized in Figure 5.8. The most evident changes are
increased intensities at larger X-ray incidence angles (e.g. 90°) and decreased in-
tensities at smaller incidence angles (e.g. 30°) after idodine exposure, thus already
indicating a change in the adsorption geometry towards increased tilt angles of
the phenyl groups w.r.t. the surface plane.

From a more detailed analysis of the dependence of the intensities on the X-ray
incidence angle, tilt angles of (15 ± 5)° and (35 ± 5)° for the phenyl groups
were extracted before and after iodination, respectively (see Figure 5.9). This
pronounced change can be explained consistently by intercalation of an iodine
monolayer: According to DFT simulations, the phenyl groups in a free-standing
polyphenylene network would feature relatively large tilt angles of about 23° as
a result of steric hindrance of the ortho-hydrogen atoms (see Figure 5.7(a) for
DFT-optimized structure). Upon adsorption on a metal, this steric hindrance
is partly overcome by attractive molecule�surface interactions, thereby resulting
in smaller tilt angles. Interestingly, these interactions are not strong enough on
Ag(111) to enforce a fully planar adsorption. After intercalation of an iodine
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Figure 5.3: STM images acquired after exposure to iodine. a) Overview (UT =
-516 mV, IT = 20 pA) and b) close-up (UT = +800 mV, IT = 20 pA). The dashed
oval marks an occasionally observed contrast variation within the network. Lat-
eral manipulation of a covalent network revealed a close-packed iodine monolayer
underneath. STM images of the same sample area c) before (UT = +500 mV, IT
= 30 pA) and d) after (UT = -500 mV, IT = 30 pA) the network was removed.
The dark area is an iodine vacancy island and serves as a site marker. Inset in
(c): chemical structure of BIB.

50



5.1. Decoupling of Polyphenylene Networks from Ag(111) by Iodine
Intercalation

Figure 5.4: (a) Commonly observed
√

3 ×
√

3 R30° iodine superstructure on
Ag(111) with a lattice parameter of (0.50 ± 0.03) nm (UT = +300 mV, I T = 30
pA). (b) Occasionally observed alternative iodine superstructure (U T = -63 mV,
IT = 40 pA) with superimposed contrast modulation, but similar iodine-iodine
nearest neighbor distance within experimental accuracy.

Figure 5.5: Time series of STM images of a close packed iodine monolayer with
single vacancies ((a): U T = +0.66 V, I T = 25 pA; (b) & (c): U T = +0.51 V,
I T = 25 pA). These images were acquired at a sample temperature of ∼80 K
with a frame time of ∼105 s. The iodine vacancies remained immobile on a time
scale of more than 5 minutes, indicating a very low surface di�usion coe�cient
of iodine on Ag(111) at liquid nitrogen temperatures.
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Figure 5.6: Left side: STM image acquired after iodination (UT = +800 mV, IT
= 20 pA). Right side: Corresponding line-pro�le along the black line. The darker
appearing parts of the network (black arrow) are directly adsorbed on the metal
surface, whereas the bright appearing, i.e. majority of the networks, are detached
and adsorbed on top of a closed iodine monolayer.

Figure 5.7: (a) DFT-optimized structure of a free-standing polyphenylene net-
work, yielding phenyl tilt angles of 23° with respect to the three-fold connected
phenyl rings which necessarily remain untilted. The lattice was constrained to
hexagonal, and optimization of the lattice parameter resulted in a = b = 2.25
nm. Corresponding electron density contour plots of (b) HOMO and (c) LUMO
(plotted at an electron density of 0.005 e/Å3). The spatial electron density dis-
tribution of these orbitals resembles the STM contrast of the covalent networks
on top of the iodine monolayer. An orbital dominated STM contrast indicates
weak coupling to the underlying metal surface.
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Figure 5.8: NEXAFS spectra acquired for various incidence angles before (solid
lines) and after (dashed lines) exposure to iodine (o�set for clarity). Note that
the incidence angle is de�ned with respect to the surface plane, that is, 90° cor-
responds to normal incidence. The prominent resonance at a photon energy of
about 285 eV arises from a C 1s→π∗ transition.

monolayer, molecule�surface interactions become signi�cantly weaker than on
the bare metal surface. This facilitates relaxation toward the structure of a free-
standing network, that is, larger tilt angles of the phenyl groups.
Complementary DFT calculations were conducted on bare and iodine-terminated
Ag(111) to substantiate the hypothesis that larger tilt angles indicate polypheny-
lene networks on top of a closed iodine monolayer. p-Terphenyl was chosen as a
reasonably sized model system as its phenyl�phenyl σ bonds represent the main
structural feature of the actual polyphenylene network. Optimized structures for
the lowest energy adsorption sites are depicted in Figure 5.10 (see appendix B.1 for
additional results). The DFT-optimized structure of p-terphenyl on bare Ag(111)
shows planar adsorption, whereas on iodine-terminated Ag(111) it exhibits a tilt
angle, that is, half of the phenyl�phenyl dihedral angle, of 19°. However, an ad-
sorption geometry with a tilt angle of 9.5° was found to be energetically equal
to fully planar adsorption on bare Ag(111). In any case, DFT and NEXAFS
agree insofar as the tilt angles of phenyl groups on iodine-terminated Ag(111)
are larger than on pristine Ag(111), hence providing further evidence for the
intercalation of iodine. In addition, DFT results in a substantial reduction of
the adsorption energy from -1.49 eV on pristine Ag(111) down to -0.84 eV on
iodine-terminated Ag(111). Moreover, DFT provides complementary evidence
for electronic decoupling of the organic networks from the metal surface by the
iodine monolayer. Figure 5.10(b,d) shows the partial density of electronic states
(PDOS) projected onto the carbon atoms of p-terphenyl on both surfaces com-
pared to in the gas phase. The PDOS changes signi�cantly upon adsorption on
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Figure 5.9: Normalized intensities (i.e. peak maxima) of the C 1s→π∗ resonance
vs. X-ray incidence angle (with respect to the surface) before (blue dots) and
after (red dots) iodination. The solid lines represent theoretical curves for phenyl
tilt angles with respect to the surface of 15° (blue curve) and 35° (red curve),
plotted for the beamline-speci�c degree of linear polarization of P=0.92. The
dashed curves delineate uncertainty intervals of ±5° to the stated angles.

bare Ag(111), whereas changes on iodine-terminated Ag(111) are minor, hardly
a�ecting the frontier molecular orbitals.

Further experimental evidence for a signi�cantly weakened electronic coupling
between the polyphenylene networks and Ag(111) after exposure to iodine comes
from NEXAFS. For an incidence angle of 45° the full-width at half-maximum
(FWHM) of the C 1s→π∗ resonance is reduced from 0.99 eV on Ag(111) down to
0.73 eV after iodine intercalation (see Figure 5.11). Similar e�ects are well known
for monolayers versus multilayers,[128, 129] and indicate signi�cantly weaker cou-
pling to the surface.

5.1.3 Conclusions

In summary, we propose iodine intercalation as a novel, straightforward, and
widely applicable approach for the post-synthetic decoupling of on-surface-
synthesized covalent organic nanostructures from Ag(111). Through a combina-
tion of STM, XPS, and NEXAFS, it was demonstrated that exposure of covalent
polyphenylene networks adsorbed on Ag(111) to iodine vapor results in their de-
tachment from the metal surface through intercalation of an iodine monolayer.
NEXAFS and DFT consistently �nd a structural relaxation as the tilt angles
of the phenyl groups increased after iodine intercalation, thereby indicating a
weakened molecule�surface interaction for the iodine monolayer compared to the
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Figure 5.10: DFT-optimized adsorption geometries and corresponding PDOS
of carbon atoms for p-terphenyl on: a,b) pristine and c,d) iodine-terminated
Ag(111). The upper and lower parts of (a) and (c) show the top and side views,
respectively. The PDOS were evaluated for the optimized equilibrium positions
(lower spectra in (b) and (d), blue and violet lines) as well as in the gas phase
(upper plots, red lines), with the vacuum level aligned to those of the surface
systems.
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Figure 5.11: Normalized C 1s NEXAFS spectra acquired at an X-ray incidence
angle of 45° (a) before and (b) after iodine exposure. In both cases the C 1s→π∗
resonances were �tted with Gaussians, resulting in FWHM of 0.99 eV (σ=0.42
eV) before vs. 0.73 eV (σ=0.31 eV) after iodine exposure. Narrowing of the C
1s→π∗ resonance indicates a longer lifetime of the excited state due to reduced
coupling of the covalent networks to the metal surface.

bare metal. This is consistent with the markedly reduced adsorption strength
on iodine-terminated surfaces found from DFT calculations. In addition, DFT
simulations suggest a signi�cant weakening of the electronic coupling to the metal
surface through the presence of a single monolayer of iodine. Experimental evi-
dence is provided both by the change in the line shape by XPS as well as sharp-
ening of the C 1s→π∗ resonance by NEXAFS after exposure to iodine. Charge
transfer, hybridization, and surface polarization a�ect the electronic structure
of molecular networks directly adsorbed on metals.[130] Since these e�ects are
not easily taken into account by simulations, decoupling by the intercalation of
iodine facilitates more meaningful comparisons, for example, of electronic band
gaps, between theory and experiment. In particular, our approach allows the
characterization of intrinsic electronic properties of covalent nanostructures. We
also anticipate advantages for transfer by stamping, as the reduced adsorption
strength promotes detachment.

5.1.4 Experimental Details

All preparation and analysis steps were carried out under UHV. Ag(111) single
crystal surfaces were prepared by repeated cycles of Ar+ ion-sputtering at 1.0 keV
and electron-beam annealing at ∼460 °C for ∼8 minutes. The surface cleanliness
was veri�ed either by STM imaging (for STM experiments) or by XPS (for XPS
and NEXAFS experiments) prior to deposition of the monomers. The synthesis
of 1,3-bis(p-bromophenyl)-5-(p-iodophenyl)benzene (BIB) precursors was previ-
ously described.[103] BIB molecules were deposited by means of a home-built
evaporator[131] at a crucible temperature of ∼170 °C for ∼3 minutes onto the
surface held at room temperature. Covalent networks were obtained by subse-
quent annealing at ∼270 °C.[100] Iodination of the covalent networks on Ag(111)
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was carried out at ∼5Ö10−7 (2Ö10−6 ) mbar for ∼5 (10) minutes for STM (XPS
/NEXAFS) experiments in a small auxiliary chamber to avoid contamination of
the main UHV chamber. All STM data were acquired in-situ at ∼80 K and a base
pressure below 3Ö10−10 mbar with a home-built microscope driven by a Nanonis
BP4 SPM control system. STM images were leveled and processed by a mean
value �lter.
XPS and NEXAFS experiments were conducted at the BESSY II synchrotron
(Helmholtz-Zentrum Berlin). Sample preparation was similar to the STM exper-
iments. Iodine 3d and carbon 1s XP spectra were acquired with a pass energy of
50 eV using a Scienta R3000 electron analyzer at normal electron emission and
photon energies of 750 eV and 450 eV, respectively.
I 3d spin-orbit doublets were �tted with two Gaussians of equal width, applying
a �xed energy separation of 11.52 eV. C 1s peaks were �tted with Gaussians. The
asymmetric C 1s peak was additionally �tted with an asymmetric double sigmoid
function (Asym2Sig) (see Figure 5.2). C 1s NEXAFS spectra were acquired for
X-ray incidence angles (w.r.t. to the surface plane) of 30°, 45°, 55°, 70°, and
90°. Phenyl tilt angles with respect to the surface plane were quanti�ed from the
incidence angle dependence of the C 1s→π∗ intensities.
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5.2 Decoupling of Polyphenylene Networks from

Au(111) by Iodine Intercalation

In this section, post-synthetic decoupling of polyphenylene networks by intercala-
tion of a chemisorbed iodine monolayer from Au(111) surface is investigated. On
the more reactive Ag(111) surfaces, presented in the previous section, intercala-
tion was readily accomplished by exposing the samples to iodine vapor at room
temperature. On more noble Au(111), however, STM, XPS and NEXAFS con-
sistently indicate that the same protocol merely results in co-adsorption of iodine
on uncovered surface areas, whereas the covalent networks remain adsorbed on
the metal. Yet, performing the iodine exposure at elevated surface temperatures
similarly results in detachment of the organic networks via intercalation of an io-
dine monolayer also on Au(111) as evidenced by characteristic changes in STM.
In addition, owing to the high thermal stability of the covalent networks and the
comparatively low iodine desorption temperature, the reversibility of the process
is demonstrated: sample annealing at 400 °C results in complete desorption of the
iodine monolayer, whereby the covalent networks re-adsorb directly on Au(111).
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5.2.1 Introduction

As mentioned in the previous section, for many applications particularly for elec-
tronic applications adsorption of the covalent nanostructures on metal surfaces
are adverse. Strong interactions with the substrate result in structural changes
and hybridization of electronic states of the covalent networks and the underlying
metal surface. Therefore, characterizing the real properties of the nanoarchitec-
tures is not really possible. For instance, even though the successful synthesis
of graphene nano-ribbons with zig-zag edge topology on Au(111) was recently
reported, spectroscopy of the proposed edge-state was intricate due to strong
interactions with the metal surface.[132]
Consequently, there is a high demand for generally applicable methods for post-
synthetic decoupling of on-surface synthesized covalent nanostructures from metal
surfaces especially from technologically more relevant Au(111) surfaces. The
detachment of covalent two-dimensional polyphenylene networks from Ag(111) by
intercalation of an iodine monolayer in between the nanostructures and the metal
surface was demonstrated in the last section.[133] Exposing the samples to iodine
vapor at room temperature was already su�cient, as intercalation is driven by the
high adsorption strength of iodine on Ag(111). In addition to STM, both XPS and
NEXAFS provided experimental evidence for e�cient decoupling by just a single
layer of iodine. Even though iodine intercalation on Ag(111) was introduced as
a straightforward approach for post-synthetic decoupling of nanostructures from
metals, it is not clear whether the same protocol would generally apply also to
less reactive metal surfaces with Au(111) as the most important and widespread
example. This open question is tackled here by applying a similar protocol with
iodine exposure at room temperature to pre-synthesized covalent nanostructures
on Au(111). The entire preparation, including iodine exposure, was carried out in
ultra-high vacuum, and samples were in situ characterized by STM, augmented
by XPS and NEXAFS experiments.

5.2.2 Room Temperature Iodination

For direct comparability with the previous study on Ag(111),[133] similar cova-
lent polyphenylene networks are now studied on Au(111). The two-dimensional
porous covalent polyphenylene networks were synthesized by depositing 1,3-bis(p-
bromophenyl)-5-(p-iodophenyl)benzene (BIB, cf. Figure 5.12 for structure) pre-
cursors onto Au(111) at room temperature, followed by sample annealing.[103]
On Au(111), BIB-derived covalent networks are typically less regular and ex-
hibit lower structural quality as compared to those on Ag(111), where bond re-
versibility in an intermediate organometallic state facilitates error correction and
equilibration.[100] These di�erences in network morphology between Ag(111) and
Au(111), however, are not important for the present study of decoupling. After
on-surface synthesis of the covalent networks, samples were exposed to iodine va-
por (5Ö10�7 mbar, ∼15 min) with the surface held at room temperature. Before
STM imaging, samples were mildly annealed at 140 °C to desorb volatile contam-
ination. This temperature is su�ciently low to safely exclude any changes of the
covalent networks or iodine desorption. Samples were characterized in situ before
and after iodine exposure at room temperature by STM, XPS, and NEXAFS.
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Figure 5.12: STM images of BIB-derived covalent polyphenylene networks on
Au(111) acquired after iodine exposure (5Ö10�7 mbar, ∼15 min) with the sample
held at room temperature. a) Overview (UT = +858 mV, IT = 25 pA), the color
scale is adjusted to optimize the contrast of the center terrace (cf. Figure B.4 in
B.2 for alternative color scale); the inset depicts the chemical structure of BIB.
b) Close-up (UT = +1200 mV, IT =20 pA).

The STM images acquired after iodination in Figure 5.12 revealed beside the co-
valent networks a new closely packed hexagonal structure with a lattice parameter
of (0.48 ± 0.02) nm, corresponding to the known

√
3 ×
√

3 R30° iodine super-
structure on Au(111).[134, 135, 136] In particular for a wet chemical preparation
of iodine monolayers on Au(111) from iodide solutions various superstructures
with di�erent packing densities are reported,[135] whereas for iodine adsorption
from vapor this hexagonal superstructure is most common.
Iodine adsorption is further con�rmed by XPS through a marked increase of I
3d intensity after iodine exposure (cf. Figure 5.13). The small amount of io-
dine adsorbed on the surface before deliberate exposure originates as by-product
of the BIB-polymerization. The I 3d5/2 binding energy of 618.5 eV (before io-
dination 618.6 eV, after iodination 618.4 eV) is in a good agreement with the
literature value for chemisorbed atomic iodine on Au(111),[120] proving dissocia-
tive chemisorption.

On Au(111), however, iodine exposure just leads to iodine co-adsorption on the
uncovered surface areas, but not in intercalation. Convincing evidence for this
hypothesis is already provided by STM: The overview image in Figure 5.12(a)
shows many dark areas between the covalent networks that can only be inter-
preted as iodine vacancy islands. The close-up image in Figure 5.12(b) reveals
incomplete �lling of the network's pores with iodine. These observations stand
in vast contrast to our previous results on Ag(111), presented in the last section,
where the iodine layer was fully closed and all pores were completely �lled. In
addition, the fringed boundaries of the darker patches indicate residual mobility
of surface-bound iodine even at the imaging temperature of 80 K. The movement
of iodine atoms within and between not fully closed pores can be traced in the
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Figure 5.13: XP spectra of iodine 3d core levels of BIB-derived covalent
polyphenylene networks on Au(111) acquired before (lower spectra, blue line)
and after (upper spectra, red line) exposure to iodine vapor (o�set for clarity).
The two peaks of I 3d are due to spin-orbit splitting.

series of consecutive STM images shown in Figure 5.14. Increasing the iodine
exposure time and pressure (2Ö10�6 mbar for ∼20 min) was not successful to
improve the iodine coverage and obtain a closed monolayer.

The internal STM contrast of the covalent networks is a further notable di�erence
to Ag(111). After iodine exposure on Ag(111) the covalent networks appeared
with an STM contrast resembling frontier molecular orbitals of free-standing net-
works. This was taken as indication for detachment. On Au(111), however, the
STM contrast does not change at all after iodination, and comparable internal
contrast features were never observed. Lastly, the apparent STM heights of the
networks were evaluated. The best way to achieve this is a direct comparison
between the covalent networks after iodination and similar molecules that are
de�nitely adsorbed on top of the iodine monolayer. To exclude any tip and bias
voltage in�uences such a comparison should preferentially be carried out within
the same image. To this end additional BIB molecules were deposited after iodi-
nation. The corresponding STM image in Figure 5.15 additionally shows isolated
BIB molecules on top of the iodine monolayer. The asymmetric appearance with
a bright feature on one of the lobes is in accord with the molecular structure
of BIB and the known prominent STM contrast of iodine substituents,[118, 124]
indicating intact molecules. Apparent height measurements with respect to the
underlying iodine layer result in a signi�cantly larger value of ∼59 pm for the
single BIB molecules vs. ∼32 pm for the covalent network (cf. Figure 5.15 for
line-pro�le). Even though the electronic structures of single molecules and net-
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Figure 5.14: Series of consecutive STM images of BIB-derived covalent polypheny-
lene networks on Au(111) acquired at ∼80 K after iodine exposure at room tem-
perature (UT = +858 mV, IT = 25 pA, 102 seconds per frame). The white ovals
highlight recon�gurations of iodine both within pores and adjacent to the covalent
networks.
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Figure 5.15: a) STM image acquired after deposition of additional BIB molecules
on previously iodinated samples (UT = +1260 mV, IT = 30 pA). b) Line-pro�le
along the black line indicated in a). The apparent height of unreacted BIB
molecules (marked by the green arrow) with respect to the iodine layer of ∼59
pm is larger than the apparent height of the polyphenylene networks of ∼32 pm
(marked by the red arrow).

works are not identical, this large apparent height di�erence further supports the
hypothesis of unsuccessful detachment.

To complete the spectroscopic comparison to Ag(111), C 1s XP spectra were also
acquired before and after iodination (cf. Figure 5.16). As anticipated, the to-
tal amount of adsorbed carbon remains similar. Yet, before iodination the C 1s
peak is asymmetric owing to a small shoulder at higher binding energies. This
is due to screening of the core hole by the free electron gas of the metal. After
iodination this asymmetry does not disappear completely, but becomes slightly
less pronounced, whereas on Ag(111) the C 1s peak becomes entirely symmetric
after iodination. This indicates the persistence of a direct interaction between
covalent networks and Au(111) after room temperature iodination. Interestingly,
C 1s exhibits a slight shift of ∼0.35 eV to lower binding energies after iodination.
However, this shift disappears with thermal desorption of iodine after annealing
the samples at 350 °C. (cf. Figure 5.20). A similar, but more pronounced shift
of 0.92 eV was also observed on Ag(111) after iodination. Clarifying the origin of
the C 1s binding energy shift requires theoretical e�orts. However, chemisorbed
iodine on metals is negatively charged, hence a larger amount of surface-bound io-
dine might modify the surface electronic properties with conceivable consequences
for the charge transfer to adsorbed molecules. An additional in�uence from the
resulting dipole layer cannot be excluded.

NEXAFS was performed to study possible changes of the adsorption geometry,
i.e. the average phenyl tilt angle upon iodination. Similar NEXAFS measure-
ments on Ag(111) indicated a drastic change from (15° ± 5°) to (35° ± 5°) that
was consistently explained by iodine intercalation. Normalized C 1s NEXAFS
spectra obtained on Au(111) before and after iodine exposure for a series of X-
ray incidence angles are shown in Figure 5.17. All spectra exhibit a pronounced
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Figure 5.16: XP spectra of C 1s of BIB-derived covalent polyphenylene networks
on Au(111) acquired before (lower spectra, blue lines) and after (upper spectra,
red lines) exposure to iodine vapor (o�set for clarity). The C 1s line shape still
remains asymmetric after exposure to iodine as evident by deviations from the
symmetric Gauss �t. In addition, a shift towards lower binding energies by ∼0.35
eV is observed.
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Figure 5.17: C 1s NEXAFS of covalent polyphenylene networks on Au(111) ac-
quired before (solid lines) and after (dashed lines) iodine exposure (o�set for
clarity). Respective X-ray incidence angles are indicated next to the curves, with
90° corresponding to normal incidence. The spectra are dominated by a C 1s→π∗
resonance at 285.0 eV. The intensity shows a clear incidence angle dependency.

resonance at a photon energy of 285.0 eV arising from a C 1s→π∗ transition. At
a �rst glance, the intensity at normal incidence (90°) appears signi�cantly en-
hanced after iodination, which would indicate enlarged phenyl tilt angles. Yet,
this enhancement similarly applies to all incidence angles. So it is not surprising
that a quantitative analysis results in similar average phenyl tilt angles of (15° ±
5°) before and after iodination (see Figure 5.17 and 5.18).

Again, these NEXAFS results stand in vast contrast to the previous study
on Ag(111) and further support the STM-based conclusion of mere iodine co-
adsorption on Au(111). Interestingly, sharpening of the NEXAFS resonances as
observed on Ag(111) is also present here as shown in Figure 5.19.

On Au(111) for an incidence angle of 45° the FWHM of the resonance is reduced
from 0.99 eV before down to 0.75 eV (0.99 eV vs. 0.73 eV on Ag(111)) after
iodination. To prove that this sharpening is indeed related to the presence of co-
adsorbed iodine, samples were annealed at 350 °C for∼20 min. Thereby, as shown
by XPS (cf. Figure 5.20), most of the iodine was thermally desorbed and the
original FWHM of 0.99 eV was restored. Furthermore, XPS indicates a∼27 % loss
of carbon after annealing to 350 °C (cf. Figure 5.20), but the continued existence
of the NEXAFS resonance indicates integrity of the aromatic system, and hence
resilience of the covalent networks. In any case, these experiments also suggest
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Figure 5.18: Normalized intensities (peak maxima) of the C 1s→π∗ resonance
vs. X-ray incidence angles before (blue crosses) and after (red crosses) iodination
(2Ö10−6 mbar, ∼20 min) at room temperature. Incidence angles are referred
to the surface plane, i.e. 90° corresponds to normal incidence. The solid line
represents the theoretical curve for an average phenyl tilt angle with respect
to the surface of 15° (evaluated for the known degree of linear polarization of
P=0.92). The dashed curves delineate uncertainty intervals of ±5° to 15°.

Figure 5.19: Normalized C 1s NEXAFS spectra acquired at an X-ray incidence
angle of 45° (a) before and (b) after iodine exposure at room temperature and (c)
after thermal desorption of iodine by sample annealing at 350 °C. In all cases the
C 1s→π∗ resonances were �tted with Gaussian, resulting in FWHM of a) 1.00
eV (σ=0.42 eV), b) 0.75 eV (σ=0.32 eV) and c) 0.99 eV (σ=0.42 eV). Sharpening
of the C 1s→π∗ resonance is commonly associated with a longer lifetime of the
excited state. Since this sharpening is reversible, i.e. disappears again after iodine
desorption, it most likely already results from co-adsorption of iodine, and does
not require decoupling of the covalent networks from the surface.
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Figure 5.20: XP spectra of a) I 3d and b) C 1s core levels acquired from BIB-
derived covalent polyphenylene networks on Au(111) before (lower spectra, blue
line) and after (middle spectra, red line) iodine exposure (2Ö10−6 mbar, ∼20
min) at room temperature. Additional spectra were acquired after annealing the
sample at 350 °C for ∼20 min (upper spectra, green line). All spectra are o�set for
clarity. After annealing the sample at 350 °C the majority of iodine is desorbed
from the surface. I 3d shows a signi�cant decrease of surface-bound iodine almost
back to the level before deliberate iodination. The ∼0.35 eV shift of C 1s to lower
binding energies is entirely restored after iodine desorption.

that sharpening of the NEXAFS resonance is related to iodine co-adsorption
rather than detachment of the covalent networks similar to the observed shift in
C 1s XPS spectrum.

An important conclusion of both NEXAFS and XPS experiments on Au(111) is
that already iodine co-adsorption can a�ect spectroscopic results of the networks.
While XPS shifts could be related to the above discussed e�ects of adsorbed
iodine, the detailed mechanism how the width of NEXAFS resonances is a�ected
remains unclear at the moment.
In summary, STM, NEXAFS, and XPS consistently indicate that on Au(111)
detachment of the covalent networks by iodine intercalation was not successful
for room temperature exposure. Iodine only co-adsorbs on free surface areas that
are not covered by the covalent networks.

5.2.3 Hot Iodination

To promote detachment of the covalent networks also from technologically more
relevant Au(111) surfaces, further experiments were carried out with iodine expo-
sure at elevated sample temperatures. The underlying idea of this �hot iodination�
was to supply additional thermal energy to loosen bonds of the covalent networks
to the metal surface, but also to enhance the surface mobility of iodine. To this
end, covalent networks were similarly synthesized on Au(111). Then these sam-
ples were heated up to ∼300 °C, immediately transferred to the load lock, and
exposed to iodine vapor (1Ö10�6 mbar, ∼6 min). The sample temperature during
iodination was not precisely known and controlled, but since transfer and begin
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Figure 5.21: STM images of BIB-derived covalent polyphenylene networks on
Au(111) acquired after �hot iodination�, i.e. iodine exposure at elevated sample
temperature. a) Overview (UT = +825 mV, IT = 20 pA). b) and c) close-ups
(UT = -561 mV, IT = 20 pA).

of iodination required less than ∼1 minute, an initial surface temperature well
above 200 °C is plausible.
The STM images in Figure 5.21 acquired after �hot iodination� appear entirely
di�erent from those in Figure 5.12. Again, the same hexagonal structure in
the background indicates iodine adsorption. However, important di�erences are
immediately evident: now the entire surface, including the pore interior, is com-
pletely covered with a closed iodine layer. The iodine vacancy islands disappeared
completely.

Moreover, after �hot iodination� all adsorbed iodine atoms, i.e. on either side
of the covalent networks as well as within the pores, occupy sites of a coherent
lattice (cf. Figure 5.22), whereas this was not the case after room temperature
iodination (cf. Figure B.5 in B.2). This provides further evidence for a closed
and continuous iodine monolayer.

Further evidence for iodine intercalation is provided by the increase of the appar-
ent height of the covalent networks in STM to ∼232 pm after �hot iodination�
(cf. Figure 5.23). Although the apparent height is in principle dependent on the
sample bias, the marked increase as compared to ∼32 pm after room temperature
iodination, provides further evidence for detachment. Interestingly, these appar-
ent height di�erences compare well to ∼236 pm for detached networks vs. ∼66
pm for networks adsorbed on Ag(111) presented in Figure 5.6 in the last section.

Yet, the most important di�erence observed after �hot iodination� is the STM
contrast of the networks, now showing the characteristic internal features, as
clearly recognizable in Figure 5.21(b) and 5.21(c). In analogy to the results on
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Figure 5.22: STM image acquired after �hot iodination� (UT = -561 mV, IT = 20
pA). The coincidence of the overlaid iodine lattice on both sides of the covalent
networks points towards formation of a closed iodine monolayer.

Ag(111), this STM contrast is interpreted as orbital dominated: it resembles
the spatial distribution of the HOMO/LUMO of a free-standing network, and
hence indicates the absence of hybridization between electronic states of the co-
valent network and the metal surface. More orbital dominated STM images are
presented in Figure B.6 in B.2.

5.2.4 Reversible Iodine Intercalation

All STM observations consistently substantiate the conclusion that iodine ex-
posure at elevated sample temperatures results in detachment of covalent or-
ganic nanostructures via intercalation of an iodine monolayer also on less-
reactive Au(111) surfaces. The most plausible explanation for the di�erences
between Au(111) and Ag(111) is the lower adsorption strength of iodine on the
former.[111, 137] Interestingly, the same argument applies to the covalent net-
works themselves, which also interact less strongly with Au(111). Accordingly,
these results suggest a more decisive in�uence of the iodine adsorption strength.
The weak iodine adsorption on Au(111) has further interesting implications, such
as iodine desorption temperatures should be lower on Au(111) than on Ag(111).
Systematic surface-dependent studies of iodine desorption temperatures by tem-
perature programmed desorption are not available, but our own XPS based ex-
periments suggest an onset of iodine desorption already at ∼250 °C. However,
the actual value might strongly depend on the adsorption state, i.e. whether
iodine adsorbs in a closed monolayer or just as a few scattered atoms as a by-
product of Ullmann coupling. In any case, iodine desorption takes place at a
temperature well within the thermal stability range of covalent polyphenylene
networks. This motivated us to further study the possibility of thermally des-
orbing the intercalated iodine, while the covalent networks remain intact and
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Figure 5.23: Upper row: STM images of BIB-derived covalent polyphenylene
networks on Au(111) acquired after a) room temperature iodination (5Ö10−7

mbar, ∼15 min, UT = +858 mV, IT = 25 pA) vs. b) �hot iodination� (1Ö10−6

mbar, ∼6 min, UT = -561 mV, IT = 20 pA) Lower row: corresponding line-pro�les
along the black lines. The apparent height of the networks after �hot iodination�
is almost 200 pm larger than after room temperature iodination.
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Intercalation

Figure 5.24: STM images acquired at room temperature after annealing a hot
iodinated sample with a covalent network again at 400 °C for 30 min. in order
to induce thermal desorption of iodine a) Overview (UT = +844 mV, IT = 20
pA). b) close-up (UT = +704 mV, IT = 20 pA). The ovals highlight �lamentous
connections between domains.

re-adsorb on the metal surface. Since XPS still indicated iodine remnants after
heating to ∼350 °C (cf. Figure 5.20), a higher temperature of 400 °C was chosen
for these experiments. Representative STM images acquired after annealing a
hot iodinated sample again are shown in Figure 5.24. First of all the topology of
the covalent networks did not change. Even the �lamentous connections between
more compact domains (examples marked in Figure 5.24(a) that are frequently
observed directly after synthesis on Au(111)[103] are still present and apparently
una�ected. The closed iodine layer disappeared, instead the Au(111) herring-
bone reconstruction reappeared. Moreover, the orbital mediated STM contrast
disappeared and the typical STM contrast of networks directly on the metal was
restored. These observations indicate re-adsorption of the covalent networks back
on Au(111).

5.2.5 Conclusions

In summary, detachment of on-surface synthesized covalent organic nanostruc-
tures by intercalation of an iodine monolayer is also feasible on more important,
but less reactive Au(111) surfaces. However, just iodine exposure at room tem-
perature � a protocol that reliably worked on Ag(111) � is ine�ective on Au(111)
due to the weaker adsorption strength of iodine. Overwhelming experimental
evidence was found for a mere co-adsorption of iodine on the free surface areas,
whereby the covalent networks remain adsorbed on the metal surface: STM re-
veals incomplete iodine coverages, NEXAFS shows that the phenyl rings remain
essentially parallel to the surface, and the asymmetry of the C 1s peak in XPS
� indicating direct interaction with the metal � prevails. Interestingly, iodine
co-adsorption also resulted in sharpening of the C 1s→π∗ resonances in NEX-
AFS and a shift of C 1s to lower binding energies in XPS. Albeit the e�ects on
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Au(111) are less pronounced than for successful decoupling on Ag(111), these
results suggest that also iodine co-adsorption can a�ect spectroscopic signatures
in a similar manner as successful detachment. Here a detailed understanding
of the underlying mechanisms with a strong support from theory would be very
bene�cial.
Yet, successful detachment was achieved also on Au(111) by carrying out the
iodination at elevated sample temperatures. STM imaging revealed marked dif-
ferences to room temperature iodination: the iodine layer was fully closed without
any vacancies. The apparent height of the covalent networks with respect to the
underlying iodine increased almost seven-fold as compared to room temperature
iodination. Moreover, the STM contrast of the covalent networks exhibited inter-
nal features that resemble the spatial distribution of frontier molecular orbitals of
free-standing networks. This is a strong indication for the absence of hybridization
of molecular electronic states with states of the metal surface, hence detachment.
Interestingly, the desorption temperature of iodine from Au(111) is su�ciently
low to render the whole process reversible. By means of annealing the samples to
400 °C the iodine layer underneath the covalent networks can be fully desorbed
again, while the networks remain intact and re-adsorb on the metal. Thereby
the reversibility of the spectroscopic changes could be unambiguously related to
iodine co-adsorption. Since iodine-terminated Au(111) surfaces are rather inert,
reversible iodine intercalation might also be useful for protecting samples under
ambient conditions, e.g. for transport through atmosphere.

5.2.6 Experimental Details

Epitaxial Au(111) �lms on mica (Georg Albert Physical Vapor Deposition, Silz,
Germany) were used as substrates and prepared by cycles of Ar+ ion-sputtering
at 0.5 keV and annealing at ∼460 °C. BIB molecules were deposited by means of a
home-built evaporator[131] onto the surface held at room temperature. Covalent
networks were obtained by subsequent annealing above 150 °C for at least 20
min. Iodination of the covalent networks on Au(111) was carried out at ∼5Ö10�7
(2Ö10−6) mbar for ∼15 (20) minutes for STM (XPS /NEXAFS) experiments in
a small auxiliary chamber with a base pressure of 2Ö10�8 mbar. All STM data
were acquired in situ at 80 K (unless indicated otherwise) and a base pressure
below 3Ö10−10 mbar. The other experimental parameters and conditions were
the same as in the section 5.1.4.
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Chapter 6

Chemical / Structural Modi�cations
of a Thiol-Functionalized Molecule
by Annealing

In this chapter, self-assembly of 1,3,5-tris(4-mercaptophenyl)benzene, a 3-fold
symmetric, thiol-functionalized aromatic molecule, was studied on Au(111) with
the aim of realizing extended Au=thiolate-linked molecular architectures. The
focus lay on resolving thermally activated structural and chemical changes by
a combination of microscopy and spectroscopy. STM provided submolecularly
resolved structural information, while the chemical state of sulfur was assessed
by XPS.∗

∗This chapter is adapted with permission from A. Rastgoo-Lahrood, N.
Martsinovich, M. Lischka, J. Eichhorn, P. Szabelski, D. Nieckarz, T. Strunskus, K.
Das, M. Schmittel, W. M. Heckl and M. Lackinger, From Au=Thiolate Chains
to Thioether Sierpi«ski Triangles: The Versatile Surface Chemistry of
1,3,5-Tris(4-mercaptophenyl)benzene on Au(111). ACS Nano. 10 (2016),
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10901-10911. Copyright 2016 American Chemical Society.
I performed all the experiments and data analysis and prepared the manuscript
under supervision of Prof. Lackinger. DFT calculations were done by Dr. Natalia
Martsinovich from the University of She�eld. Monte Carlo simulations were
carried out by Dr. Pawel Szabelski and Damian Nieckarz. The molecules were
synthesized in the group of Prof. Schmittel at Siegen University. The XPS
measurements were done at synchrotron in collaboration with other co-authors.
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6.1. Abstract

6.1 Abstract

Room-temperature deposition of 1,3,5-tris(4-mercaptophenyl)benzene (TMB) on
Au(111) resulted in a self-assembly of less well ordered structures. Mild annealing
promoted the �rst structural transition into ordered molecular chains, partly
organized in homochiral molecular braids. Further annealing led to self-similar
Sierpi«ski triangles, while annealing at even higher temperatures again resulted
in mostly disordered structures. Both the irregular aggregates observed at room
temperature and the chains were identi�ed as metal=organic assemblies, whereby
two out of the three intermolecular binding motifs are energetically equivalent
according to density functional theory (DFT) simulations. The emergence of
Sierpi«ski triangles is driven by a chemical transformation, i.e. the conversion
of coordinative Au=thiolate to covalent thioether linkages, and can be further
understood by Monte Carlo simulations. The great structural variance of TMB
on Au(111) can on one hand be explained by the energetic equivalence of two
binding motifs. On the other hand, the unexpected chemical transition even
enhances the structural variance and results in thiol-derived covalent molecular
architectures.

6.2 Introduction

The notorious a�nity of thiols to gold is bene�cial for molecular nanoscience.[138]
Important examples include ligation of gold nanoparticles,[139, 140] two probe
conductance measurements of single molecules,[141, 142, 143, 144] and surface
functionalization of Au(111) by self-assembled monolayers (SAMs).[13, 14] All of
these applications rely on anchoring via strong Au=thiolate bonds. Even though
thiolate SAMs are widespread, structural details of the anchor bond were dis-
cussed controversially for a long time. However, a consensus seems to be reached
insofar as Au=thiolate complexes formed with gold adatoms play an important
role.[88] The promising properties of RS=Au=SR linkages, in particular their
electric conductance and their ability to form spontaneously on Au(111), inspired
the present study with the aim of utilizing these linkages for extended molecu-
lar nanostructures. Toward this end TMB as a 3-fold functionalized and suitable
model compound for network formation is studied on Au(111). Owing to both the
extended triphenylbenzene backbone and the three-point anchoring via thiolate-
surface bonds, planar adsorption is anticipated as an important prerequisite for
extended networks. In contrast to SAMs, where the prevalent monothiols adopt
upright adsorption geometries, the linkages here are directly accessible by high-
resolution scanning tunneling microscopy. In addition, previous study of TMB on
Cu(111) showed an interesting temperature evolution: After room-temperature
deposition deprotonated TMB anchored via covalent copper=thiolate bonds to
the surface, thereby forming a densely packed regular structure dominated by
molecule=surface interactions.[63] Mild annealing converted this initial structure
into two coexisting polymorphs stabilized by lateral coordination bonds. In light
of these results, the present study also aims at comparing self-assembly and ther-
mally activated surface chemistry of TMB on more inert Au(111) surfaces that,
however, feature a high Au=thiolate bond strength.
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6.3 Results and Discussion

Room-temperature deposition of TMB onto Au(111) resulted in scattered ag-
gregates as shown by the STM images in Figure 6.1. High resolution reveals
a seemingly irregular arrangement of interconnected molecules. However, these
structures feature only three basic intermolecular binding motifs (cf. Figure 6.1(b)
that can be further classi�ed into singly and doubly joined TMB units. The term
�motif� is used in a broader sense here, also including di�erent con�gurations of
chemically equivalent intermolecular bonds. 2-fold connected molecules are linked
via two of their mercaptophenyl groups, thereby enclosing a small pore. This mo-
tif 1 is mirror symmetric and features a center-to-center distance of 1.19 ± 0.05
nm (DFT: 1.19 nm). Singly connected molecules are linked via only one of their
mercaptophenyl groups, whereby two di�erent types can be distinguished: motif
2 interconnects appear nearly straight (closer inspection reveals a kink), whereas
motif 3 exhibits a hairpin bend. The experimental direct center-to-center dis-
tance of molecules in motif 2 amounts to 1.79 ± 0.09 nm (DFT: 1.74 nm) with a
lateral o�set of 0.41 nm ± 0.08 nm (DFT: 0.46 nm). Binding motif 2 lacks mirror
symmetry but exhibits 2-fold rotational symmetry and is accordingly prochiral
on the surface. Motif 3 is again in most cases mirror symmetric with a center-to-
center distance of 1.21 ± 0.03 nm (DFT: 1.16 nm) and a bending angle of 65 ± 6
°. Distances in parentheses refer to DFT simulations based on S=Au=S linkages
(see below). Statistical analysis of more than 800 linkages resulted in 41.0% motif
1, 43.2% motif 2, and 15.8% motif 3. However, the scattering among di�erent
data sets is relatively large. For instance, the probability for �nding motif 1 var-
ied from ∼36% to ∼46% in di�erent data sets; however, the lower probability of
motif 3 is a common �nding. Although all intermolecular connections correspond
to one of these three motifs, not all thiolate groups form intermolecular bonds.
Examples for such �loose ends� are marked in Figure 6.1(b). The exact chemical
nature of these termini is not clear. Most likely, these thiol groups are similarly
deprotonated and bind to Au surface or adatoms.

Emergence of noncrystalline structures is an interesting and occasionally observed
phenomenon in self-assembly, indicating either metastability or energetic equiv-
alency of di�erent binding motifs.[145] To overcome a conceivable kinetic trap-
ping, samples were stepwise annealed at 200, 250, and 300 °C for ∼30 min, and
STM data were acquired after each annealing step. Heating at 200 °C resulted
in mostly ordered 1D structures (cf. Figure 6.2 and Figure C.4 in appendix
C.3), i.e., molecular chains or grouped chains (molecular braids). Shorter chains
are already recognizable after room-temperature deposition in Figure 6.1(a), yet
heating leads to more extended and more regular structures. Longer chains align
along the Au(111) herringbone reconstruction, whereas shorter chain segments or
chains in the vicinity of step-edges locally modify the herringbone reconstruction
(cf. Figure C.5 in C.3) as similarly observed for alkanethiols on Au(111).[88] Two
di�erent types of chains can be distinguished: type A chains (Figure 6.2(b) ap-
pear mostly as molecular braids, whereas type B chains (Figure 6.2(c) were only
observed as individuals.

Both types of chains feature alternating orientations of molecules. In type A
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Figure 6.1: STM images acquired after room-temperature deposition of TMB
onto Au(111): (a) overview (UT = +1.83 V, IT = 48.7 pA); upper right inset,
chemical structure of TMB; (b) close-up of the area marked in (a) (UT = +1.66
V, IT = 48.3 pA). This less regular arrangement features binding motifs 1=3;
respective examples are overlaid by DFT-optimized dimers based on S=Au=S
linkages. The white dots highlight examples of �loose ends�, where thiolate groups
do not form further intermolecular bonds.

Figure 6.2: STM images of TMB on Au(111), acquired after annealing at 200 °C:
(a) overview (UT = +1.64 V, IT = 38.1 pA); (b) close-up of braided type A chains
(UT = +1.64 V, IT = 38.5 pA); (c) close-up of a single type B chain (left-hand
side), along with frequently observed less regular aggregates (right-hand side)
(UT = +1.79 V, IT = 37.1 pA). The white circle marks a hexameric closed-ring
structure.
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Figure 6.3: STM images of TMB on Au(111), acquired after annealing at 250 °C:
(a) overview (UT = +1.80 V, IT = 39.4 pA); (b) close-up of a second-generation
ST (UT = = 1.63 V, IT = 38.1 pA). The upper part was overlaid to scale with a
DFT-optimized structure of a covalent �rst-generation ST. The lower left corner
of the triangle is overlaid with a DFT-optimized motif 4 dimer featuring a C=S=C
interlink.

chains, binding motifs 1 and 2 alternate, whereby homochirality is observed along
all motifs 2. Interestingly, the homochirality of a single type A chain is preserved
even at the next higher level of organization, i.e., the molecular braids. A note-
worthy further observation is the de�ned phase relation between adjacent chains
in the braids, either aligned or shifted by half a repeat distance; examples for
both cases are depicted in Figure 6.2(b). Type B chains are composed of an
alternating sequence of binding motifs 1 and 3, but are less regular with only
short periodic segments. The right-hand side of Figure 6.2(c) also shows less
well-ordered structures that predominantly consist of alternating binding motifs
1 and 3, yet with interspersed motif 2 defects. Since motif 3 can bend in either
direction, curled up or even closed-ring structures were also observed; an example
is marked in Figure 6.2(c). Remarkably, the structural versatility obtained after
annealing at 200 °C results from just alternating motif 1 with either motif 2 or 3.
An unexpected structural transition occurred after sample annealing at 250 °C,
converting the chains into mostly triangular aggregates of various sizes. An
overview STM image is shown in Figure 6.3 (further images are presented in
Figures C.6 and C.7 in appendix C.3). The depicted triangles feature just one in-
termolecular binding motif 4 (cf. Figure 6.3(b), where connected molecules have
similar orientation and a center-to-center distance of 1.31 ± 0.06 nm. Hence,
the transition from chains to triangles is also a transition from the coexistence
of three binding motifs to exclusively one binding motif. The smallest triangu-
lar unit consists of three molecules. However, these trimeric triangles organize
into larger self-similar triangles, a molecular realization of so-called Sierpi«ski
triangles (ST).

Molecular materializations of regular fractals have recently attracted increasing
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interest, not at least because they are particularly suitable for high-resolution
microscopy. Sierpi«ski hexagons could be synthesized in solution from bis-
terpyridine building blocks coordinatively bound to 36 Ru and 6 Fe centers and
imaged by STM after subsequent deposition onto Au(111).[146] More recently,
self-assembly of STs directly on surfaces has emerged as alternative approach.
Feasibility was �rst demonstrated with dibromoterphenyl and dibromoquater-
phenyl on Ag(111), resulting in STs based on hydrogen and halogen bonds.[147]
However, other types of noncovalent intermolecular bonds also proved suitable.
For instance, by using 4,4�-dihydroxy-1,1´:3´,1�-terphenyl on Au(111), Zhang
et al. demonstrated hydrogen-bonded STs.[148] Interestingly, co-deposition of
Fe atoms similarly resulted in STs on Ag(111) and Ag(100) yet with enhanced
stability through the formation of Fe=O coordination bonds.[149] Moreover,
metal=organic STs could also be prepared by co-adsorption of 4,4�-dicyano-
1,1´:3´,1�-terphenyl and Fe or Ni onto Au(111).[150, 151] All of these exam-
ples utilize V-shaped ditopic linkers with an m-terphenyl backbone, whereby
the key to ST formation is the expression of 3-fold nodes either by cyclic halo-
gen, hydrogen, or metal=coordination bonds. On the contrary, Gu et al. pro-
posed the synthesis of covalent STs by using Schi�-base coupling of 1,3,5-tris(4-
aminophenyl)benzene (TAPB) and [1,1´:3´,1�-terphenyl]-4,4�-dicarboxaldehyde
(TPDAL) on Au(111).[152] Here, the required 3-fold symmetry originates from
TAPB, whereas the imine linkages to three V-shaped ditopic TPDAL linkers re-
sult in a similar topology as for the examples above. This innovative approach
yielded covalent STs; however, the formation of larger STs requires a speci�c
conformation of the secondary TAPB(TPDAL)3 building unit, and the frequent
occurrence of deviating aggregates such as homotactic nodes can disrupt the ST
growth. In this respect, the use of TMB as a single 3-fold symmetric tecton ap-
pears advantageous for ST formation. For TMB on Au(111) we observe STs up
to the second generation consisting of 27 molecules. In retrospect, the possibility
of forming STs from TMB was already alluded to in our earlier work on Ag(111),
where cyclic trimers, but no larger STs, were observed after annealing.[63] The
concomitant formation of various other less well-de�ned molecular aggregates
presumably prevented the formation of larger STs.
Besides triangles, structurally deviant type C chains were also observed (Figure
6.4). In contrast to type A and B chains, these chains were only found along
step-edges, suggesting an important role as template or stabilizer. Type C chains
are solely composed of binding motif 4 arranged in a periodic linear fashion.
Aggregation into pairs similarly occurred for type C chains, but only on the
upper and lower side of step-edges. The opposite orientation and phase shift
with half a period distance resembles a molecular zipper.

Sample annealing at even higher temperatures of 300 °C diminished the triangles
and resulted in less ordered structures as illustrated in the STM images in Figure
6.5. Close- up images in Figure 6.5(b,c) show details: Dimers of oppositely
oriented molecules as in motif 2, yet with a reduced center-to-center distance of
1.32 ± 0.06 nm and a straight geometry were regularly observed in independent
experimental runs (cf. Figure C.10 in appendix C.3). Moreover, remnants of
triangles, chains, and other motif 4 sequences were found across terraces.
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Figure 6.4: STM images of pairs of type C chains, �molecular zipper�, formed on
Au(111) step-edges after annealing at 250 °C: (a) overview (UT = +1.00 V, IT =
40.0 pA); (b) close-up of the molecular zipper overlaid with motif 4 dimers (UT

= +1.00 V, IT = 40.0 pA).

Figure 6.5: STM images acquired after annealing at 300 °C: (a) overview (UT =
+1.63 V, IT = 50.8 pA); (b) close-up of a triangle remnant (UT = +1.62 V, IT
= 39.1 pA); (c) close-up of a straight molecular dimer (UT = +1.69 V, IT = 40.2
pA) overlaid with a C=C linked dimer.
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Figure 6.6: XP spectra of S 2p acquired after room-temperature deposition and
after annealing at 200, 250, and 300 °C. All annealing steps were carried out suc-
cessively with the same sample, and spectra were acquired after cooling to at least
room temperature or below. S 2p consists of a 1/2 and 3/2 spin=orbit doublet.
Spectra were �tted with a �xed energy separation of 1.2 eV and a �xed peak area
ratio for p1/2/ p3/2 of 1:2. After annealing at 250 °C, a second doublet appears
at higher binding energies. After annealing to 300 °C, this doublet increases in
intensity and a third doublet appears at lower binding energy.

The �rst important step in understanding self-assembly of TMB on Au(111) is to
resolve these structures, i.e., to clarify the nature of the intermolecular bonds. The
most likely candidates are S=Au=S linkages or disul�de bridges. A clear contrast
feature of Au atoms involved in coordination was not observed for motifs 1 = 4;
hence, a distinction based solely on STM contrast is not easily possible. Although
S=Au=S linkages and disul�de bridges can be distinguished by their markedly
di�erent bond lengths,[63] complementary data on the chemical state of sulfur is
potentially useful. To this end, XPS measurements were carried out after room-
temperature deposition and after each successive annealing step (Figure 6.6).

The XP spectrum of S 2p after room temperature deposition features a spin=orbit
doublet that can be �tted with a single chemical sulfur species. This results in
a S 2p3/2 binding energy of 162.1 eV, in good agreement with reported values
of 162.0 eV for Au=sulfur bonds in thiophene and alkanethiol SAMs[153, 154]
as well as 162.3 eV for benzenethiol on Au(111).[155] However, XPS does not
allow us to distinguish whether the thiolates coordinate to gold surface atoms
or adatoms. On Cu(111), TMB room-temperature deposition resulted in bonds
with surface atoms.[63] According to a full structural re�nement by quantitative
LEED and in agreement with comprehensive DFT simulations, the Cu=thiolate
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bonds were localized slightly o� center of a fcc 3-fold hollow site.[156] Here, the
missing structural information on the gold=thiolate bond can be deduced from
STM: on Au(111) molecules appear interconnected without any apparent gaps
or dips between them, whereas on Cu(111) single molecules were clearly resolved
as separate entities. The combination of XPS (indicating Au=thiolate linkages)
and STM (indicating direct intermolecular bonds) allows us to conclude that the
room-temperature structures are stabilized by coordinative S=Au=S linkages as
similarly proposed for low coverages of benzenethiol on Au(111).[157] Since motifs
1=3 coexist with notable proportions, this conclusion equally applies to all motifs.

XP spectra acquired after room-temperature deposition and after sample anneal-
ing to 200 °C are virtually identical, suggesting an unaltered chemical environment
of sulfur. Consequently, type A and B chains are also stabilized by S=Au=S link-
ages. This assignment is consistent with STM, as both types of molecular chains
are based on the same binding motifs already present at room temperature. To
infer further structural details, DFT simulations of the three basic motifs and
their periodic sequences based on S=Au=S linkages were performed in the gas
phase; the optimized structures are depicted in Figure 6.7. All three dimer mo-
tifs are nonplanar in the gas phase, but the energy costs of planarization are
comparatively small (0.29 eV for motif 1 and 0.40 eV and 0.43 eV for motifs 2
and 3). Moreover, inclusion of the less planar motif 3 dimer into periodic chains
leads to a structure that is more planar than the isolated motif 3 dimer even
in the gas phase. Scaled overlays of these S=Au=S-linked basic motifs result in
perfect matches, as already demonstrated in Figure 6.1. The S=Au bond lengths
correspond to 0.241 nm in all planarized motifs. In order to estimate the surface
in�uence, additional simulations of adsorbed motif 2 dimers on Au(111) were
carried out and resulted in a slightly reduced S=Au bond length of 0.233 nm (cf.
Figure C.1 in appendix C). Therefore, it was assumed that all peripheral thiolate
groups also bind to Au adatoms. This additional constraint resulted in a nonpla-
nar adsorption geometry with tilted phenyl rings and consequently in a relatively
large average carbon adsorption height of 0.351 nm with a large standard devia-
tion of 0.051 nm. In contrast, similar simulations of a hydrogen-passivated motif
2 dimer that is not covalently anchored at its periphery resulted in a mostly pla-
nar structure with virtually similar S=Au bond length (0.234 nm) but a reduced
average carbon adsorption height of 0.319 nm and lower standard deviation of
0.015 nm.

Periodic type A and B chains were also simulated by DFT in the gas phase. The
optimized theoretical repeat distances of 2.87 ± 0.03 nm and 3.60 ± 0.02 nm agree
well with experimental values of 2.84 ± 0.08 nm and 3.53 ± 0.07 nm, respectively.
This concurrence provides strong evidence for the proposed chain structures as
alternating sequences of motif 1 with either motif 2 or 3. However, total energies
of the chains in DFT vary only weakly with repeat distances ( Δ E ≤ 0.1 eV for ±
0.2 Å), resulting in large uncertainties. In any case, covalent disul�de bridges can
be excluded due to their signi�cantly shorter bond length and because they would
appear in XPS as new sulfur species at higher binding energies.[158] Notably, with
reference to protonated TMB and H2 as deprotonation product, motifs 2 and 3
both feature a similar binding energy of 1.71 ± 0.10 eV, whereas motif 1 is more
stable with a binding energy of 2.77 eV. The intermediate bond strength of the
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Figure 6.7: DFT-optimized structures in the gas phase of (a=c) planarized motifs
1=3 based on S=Au=S linkages and (d/e) periodic type A and B chains comprised
of an alternating sequence of motif 1 and either motif 2 or 3.

S=Au=S linkages facilitates dynamic rearrangements at room temperature (cf.
Figure C.3 in appendix C.3). Moreover, both motifs 2 and 3 feature an almost
linear S=Au=S arrangement and can be viewed as syn and anti conformers, as
previously proposed for phenyl=S=Au=S=phenyl complexes on Au(111).[157]
These DFT results can already explain the observed chain formation: Owing
to its higher stability, motif 1 is preferentially formed, but as it requires two
mercaptophenyl groups per molecule it is not suitable for the formation of ex-
tended structures. However, motif 1 dimers can further interlink via their free
mercaptophenyl groups. Thus, the energetic equivalency of motifs 2 and 3 gives
rise to the coexistence of both motifs and, hence, the coexistence of type A and
B chains. An interesting di�erence to the previous results on Cu(111) is that
on Au(111) only one Au adatom is involved per coordinative bond, whereas on
Cu(111) straight intermolecular bonds with two Cu adatoms were proposed.
First changes in XPS were observed after annealing to 250 °C. A second chemi-
cally shifted species appears at a higher S 2 p3/2 binding energy of 163.0 eV and a
peak area fraction of 13.3%. According to the previous assignment, the majority
of sulfur is still in the Au=thiolate bonds, suggesting that the STs may also be
stabilized by S=Au=S linkages. Additional annealing at 300 °C results in further
changes. The sulfur species at higher binding energy increases in intensity, and
an additional species with lower S 2 p3/2 binding energy of 161.0 eV appears.
In the literature, this species is assigned to chemisorbed sulfur on Au(111) with
a reported binding energy of 160.95 eV.[155, 159, 160] According to a quantita-
tive analysis, 43% of sulfur is still in S=Au=S linkages, 48% corresponds to the
unassigned species, and the remaining 9% corresponds to chemisorbed sulfur.
Since there is no drastic change in XPS upon annealing at 250 °C=the tempera-
ture where the ST emerged=the initial assumption was that motif 4 is chemically
equivalent to motif 2 and 3; i.e., molecules are connected via S=Au=S linkages.
However, this hypothesis is untenable for two reasons: Motif 4 requires a S=Au=S
angle of 120 °, yet, according to DFT, S=Au=S strongly prefers a nearly linear
con�guration as in motifs 1=3, resulting in instability of the 120 ° angle. Nev-
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ertheless, a cyclic triangular structure of three molecules, i.e. a zero generation
ST, with nearly linear S=Au=S linkages could be stabilized in simulations but at
the expense of a highly nonplanar geometry. Hence, formation of such structural
units appears highly unlikely. The second argument against Au=thiolate bonds
in the ST is a signi�cant size discrepancy to the experiment. A scaled overlay
of a simulated metal=organic �rst generation ST with STM data results in a
notable size mismatch and thereby excludes this type of interlink (cf. Figure C.8
in appendix C.3). However, a perfect size match is obtained with a new type
of covalent thioether C=S=C interlink, as demonstrated by the scaled overlay in
Figure 6.3(b) with a DFT-optimized structure of a corresponding �rst genera-
tion ST. Not only the bond lengths match very well, but also the bulge from the
nonlinear C=S=C con�guration is consistently present in both simulation and
experiment. In addition, the formation energy of this �rst generation ST in the
gas phase from nine molecules was estimated by DFT. Therefore, fully proto-
nated TMB molecules were taken as reference state and H2S molecules as formal
reaction byproduct because the formation of each C=S=C thioether linkage re-
leases two hydrogen and one sulfur atom. This results in a total stabilization
energy of =0.45 eV for the entire ST, corresponding to =0.038 eV for each of the
12 thioether bonds, respectively. The proposed thioether C=S=C interlink can
formally be derived from the original thiolate C=S=Au=S=C linkages by eject-
ing Au=S. Even though the geometric comparison unequivocally con�rms the
thioether bonds, important questions arise: (1) How does this chemical change
a�ect XPS? (2) By what chemical process are the coordinative S=Au=S linkages
converted into covalent C=S=C bonds? (3) How does this bond conversion lead
to the observed fractals?

Chemical core level shifts in XPS originate from changes of the valence electron
con�guration. Consequently, even a change of bond type might not necessarily
result in a detectable shift, provided that the valence electron con�guration does
not change signi�cantly. For thioethers adsorbed on Au(111), the reported S 2p3/2
binding energies of 162.0 eV are virtually identical to those of Au=thiolates.[161]
Therefore, the proposed chemical conversion from Au=thiolate to thioether link-
ages cannot directly be monitored by XPS on a gold surface. The absence of a
pronounced sulfur core level shift is partly related to the comparable electroneg-
ativities of carbon and gold, 2.55 versus 2.40 on the Pauling scale. The chemical
environment of sulfur changes from C=S=Au in the Au=thiolate to C=S=C in
the thioether, i.e. sulfur exchanges Au for C as bond partner. This implies mi-
nor changes of the valence electron con�guration, hence small core level shifts in
XPS. The second reason is that the thiolates as well as the thioethers are both
chemisorbed; i.e. sulfur features a hardly a�ected bond to the gold surface in
both cases. The proposed conversion, however, also results in ejected sulfur. Ac-
cordingly, a conceivable core level shift of this species allows the monitoring of
the reaction progress in XPS by tracing the byproduct.

The following hypothesis also closely relates to the driving force of this chemical
transition. The conversion of coordinative to covalent bonds occurs at higher
surface temperatures with enhanced Au adatom density. Hence, interactions of
the coordinatively unsaturated Au adatoms with the sulfur atoms of the C=S=
Au=S=C linkage become more likely and such binding should weaken the C=S
bond. Finally, Au=S=Au is ejected along with C=S bond cleavage, and the
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two remaining fragments combine to a�ord the thioether linkage. The overall
conversion can be summarized as

C=S=Au=S=C + Au → C=S=C + Au=S=Au

DFT simulations suggest that this chemical conversion is enthalpically almost
neutral with an overall energy change of =0.02 eV in the gas phase. However,
entropy is gained from releasing Au=S=Au complexes, rendering the proposed
reaction thermodynamically feasible. In contrast, ejection of the formal Au=S
complex with a DFT-derived energy cost of +1.94 eV is highly unfavorable. Un-
fortunately, it is not possible to clarify the elementary steps of the reaction mech-
anism, but a dissociative process where the C=S=Au=S=C linkages are entirely
broken with the aid of Au adatoms appears feasible and would be favored at
higher temperatures. Accordingly, the additional sulfur species in XPS that oc-
curred at higher binding energies after annealing at 250 °C arises from the ejected
sulfur and possibly traces back to adsorbed Au=S=Au complexes. The forma-
tion of sulfur molecules in subsequent surface reactions also appears possible and
would be consistent with a S 2p core level shift to higher binding energies. The
coexistence of coordinative and covalent bonds as observed by STM (cf. Figure
6.8 and also Figure C.9 in appendix C.3) as well as the increasing amount of
the additional sulfur species in XPS with progressive heating both consistently
indicate a gradual conversion.

The close to 50:50 ratio of tentatively assigned ejected sulfur and thioether sulfur
obtained after annealing at 300 °C suggests a nearly complete conversion. How-
ever, appearance of chemisorbed sulfur in XPS also marks the onset of decompo-
sition. Even though the proposed reaction mechanism cannot be experimentally
veri�ed, additional surface sensitive vibrational spectroscopy such as electron
energy loss spectroscopy (EELS) or infrared re�ection absorption spectroscopy
(IRRAS) could contribute to independently con�rm the thioether linkages and
even identify reaction byproducts.
The third main question concerning emergence of STs is more intricate. As
discussed above, the conversion of the thiolate S=Au=S linkages into covalent
C=S=C thioether bonds proceeds gradually, i.e. in a sequential manner. Such
a process initially leads to smaller covalent aggregates like dimers or trimers as
basic units for the formation of the subsequent structures. In order to understand
whether these basic units are suitable precursors for the observed fractals, Monte
Carlo (MC) simulations were performed. MC simulations are highly useful in
this context as they could predict the formation of similar fractals from ditopic
linkers.[150, 162] Cyclic trimers would be ideal precursors for the STs because
they already represent a complete structural subunit by themselves. However,
DFT simulations of thioether linked dimers versus cyclic trimers result in almost
similar energies per bond and hence exclude a pronounced energetic preference
for trimerization by cooperative e�ects. However, as shown in Figure 6.9, MC
simulations based on thioether linked motif 4 dimers with an idealized C=S=C
bond angle of 120° similarly result in ST. Common structural features between
MC simulations and STM experiments further support this hypothesis (cf. Figure
C.11 in appendix C.3).
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Figure 6.8: STM images of TMB on Au(111) acquired after annealing at 250 °C.
These images demonstrate the coexistence of coordinative S-Au-S and covalent
C-S-C linkages. For all overlays the metal-organic dimer motifs 1 and 2 were
used. Tunneling parameters: (a) UT = +1.67 V, IT = 37.7 pA; (b) UT = +1.60
V, IT = 37.6 pA; (c) UT = +1.67 V, IT = 37.8 pA; (d) UT = -1.97 V, IT = 38.1
pA.
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Figure 6.9: Representative result of a MC simulation based on rigid motif 4
dimers as basic building blocks. The sulfur atoms in the thioether linkages are
not depicted for clarity. The close-up at the lower right highlights one possibility
how four dimer building blocks can assemble into STs.

It is noteworthy that in these MC simulations the bonds are, in principle, re-
versible. However, the relatively low temperatures of the presented MC runs
render detachment highly improbable. Interestingly, another series of MC simu-
lations based on monomers yielded similar fractals when the growing aggregates
become immobile already at the dimer stage (cf. Figure C.12 in appendix C.3),
suggesting that combination of the 3-fold molecular symmetry with the 120° bond
angle already plays a decisive role for ST formation. Interestingly, the size of STs
appears to be limited to second generation in both experiments and MC simu-
lations. The most likely reason for this is the absence of classical ripening and
coalescence mechanisms known from the self-assembly of ordered monolayers as
discussed in detail in previous work.[163] Accordingly, the size limitation arises
from kinetic e�ects.
In contrast to the STs, the dimers of oppositely oriented molecules observed after
the �nal annealing step at 300 °C are relatively trivial to explain. Their straight
geometry already suggests the absence of sulfur, and indeed, the geometry per-
fectly matches with a covalent dimer based on a C=C interlink (cf. Figure 6.5(c)
also Figure C.10 in appendix C.3). These STM observations are in accord with
the appearance of chemisorbed sulfur in XPS. These high-temperature annealing
experiments demonstrate that sulfur can be completely expelled from thioethers
with subsequent formation of C=C bonds. Besides these covalent C=C linked
dimers, thioether-linked motif 4 dimers as well as zero-generation STs can still
be identi�ed in agreement with XPS. However, not all structures can unambigu-
ously be identi�ed solely based on STM images and might also exhibit chemically
deviant linkages.
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6.4 Summary and Outlook

In summary, TMB on Au(111) is a particularly rich example for the formation of
versatile molecular nanostructures on surfaces. It combines a range of important
phenomena such as kinetic trapping, coordinative bonding to adatoms, hierarchi-
cal chirality, polymorphism, dynamic recon�guration, templated self-assembly,
chemical changes of intermolecular bond type, formation of regular fractals, and
partial decomposition.
After room-temperature deposition of TMB onto Au(111), deprotonation initi-
ates the formation of intermolecular S=Au=S linkages with Au adatoms. The
resulting aggregates are mostly disordered due to kinetic trapping but can be re-
duced to only three basic intermolecular binding motifs. Mild annealing promotes
formation of two types of regular 1D chains, both based on the room temperature
binding motifs. Initially, it may appear surprising that a tritopic molecule such
as TMB does not form 2D but only 1D structures. However, the dominant motif
1 that is present in both types of chains is a 2-fold link. Accordingly, there is
only one free mercaptophenyl group per molecule left, resulting in a motif 1 dimer
with two sticky ends at para position=a prototypical secondary building block
for linear polymers. The chain polymorphism again is related to the energetic
equivalence of motifs 2 and 3 which are the single linkages interconnecting the
dimers into chains. Interestingly, the chirality of binding motif 2 does not only
extend along the chains, but is even preserved to the level of molecular braids=an
example of hierarchical chirality.
The most interesting and surprising experimental observation is the conversion of
Au=thiolate chains into regular fractals, the STs. These triangles are constituted
of only one intermolecular binding motif 4 with similarly oriented molecules. A
linear periodic continuation of motif 4 leads to type C chains that were only
observed along step-edges an example of templated self-assembly. Attempts at
rationalizing the STs with S=Au=S thiolate linkages by geometric matching were
not successful. The experimental bond lengths are markedly shorter and can only
be explained by covalent thioether bonds. As a result, the structural transition
from chains to triangles is driven by a chemical transition where coordinative
S=Au=S linkages are converted into covalent C=S=C bonds. The mechanism of
this conversion is not entirely clear, but ejection of just the formal Au=S unit
is energetically highly unfavorable. However, ejection of Au=S=Au complexes
formed with Au adatoms at higher surface temperatures is a chemically and
thermodynamically plausible mechanism. Self-assembly of the fractals, on the
other hand, is clearly reproduced by Monte Carlo simulations with covalent dimers
or even just monomers as basic building blocks. In comparison, recent studies on
ST self-assembly employed V-shaped tectons with m-terphenyl backbone. Here
3-fold halogen, hydrogen, or metal-coordination bonds gave rise to the triangular
topology, whereas the 2-fold 120 ° connections between the triangle centers were
realized by the m-terphenyl backbone. For TMB-derived ST, the situation is
reverse: the 3-fold topology is encoded in the molecular structure, whereas the
∼120 ° geometry of the thioether linkages provides the required connectivity.
In addition to the microscopic characterization, XPS provided information on the
chemical environment of sulfur. Interestingly, the structurally most important
chemical change from Au=thiolate to thioether is not monitored by XPS because
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S 2p binding energies do not shift to a measurable extent. However, according to
the proposed mechanism, sulfur is also ejected. Hence, an additional sulfur species
that appeared in XPS at higher binding energies after annealing was assigned to
this reaction byproduct. The chemical state of the ejected sulfur is not entirely
clear, but a physisorbed species appears likely and would be in accord with XPS.
Both STM and XPS consistently indicate a gradual transition. However, after
a thermal treatment where XPS indicated complete conversion of thiolate into
thioether, the onset of decomposition was observed both in STM and in XPS.
On Au(111) the emergence of STs was quite robust in the intermediate coverage
range studied here. While lower coverages presumably just lead to step-edge
decoration, studies at higher coverages approaching one monolayer might indeed
be interesting. For hydrogen-bonded STs, Zhang et al. observed the coexistence of
STs and periodic structures with increasing coverages.[148] Accordingly, carrying
out similar studies for the present system with its covalent intermolecular linkages
could provide further insights into bond reversibility of the thioether linkages. An
important point that deserves future attention is the generality of the proposed
surface chemistry, i.e. whether a similar conversion into thioether linkages also
occurs for other �at adsorbing thiol functionalized molecules on Au(111) surfaces.
In any case, an important lesson learned from the present study is that even
profound chemical changes are not necessarily detectable in high-resolution XPS
experiments. This underlines once more the importance of combined microscopic
and spectroscopic studies for the �eld of on-surface synthesis.

6.5 Experimental Details

All sample preparations and experiments were performed under ultrahigh vacuum
conditions at a base pressure below 3 Ö 10−10 mbar. Epitaxial Au(111) �lms on
mica (Georg Albert Physical Vapor Deposition, Silz, Germany) were used as
substrates and prepared by cycles of Ne+ (or Ar+) ion sputtering at 0.5 keV and
annealing at ∼480 °C. The surface cleanliness was proven either by STM imaging
or XPS prior to deposition. The synthesis of TMB was described previously,[63]
and deposition was carried out by means of a home-built evaporator[131] at a
crucible temperature of ∼140 °C onto the surface held at room temperature,
resulting in surface coverages of 0.35 ± 0.17 monolayers according to a statistical
analysis of STM data. Full monolayer coverage refers to the densely packed

√
3×√

3 R ± 30° TMB superstructure observed on Cu(111),[63] corresponding to an
area density of 0.656 molecules per nm2. The coverages are slightly overestimated
as STM imaging was preferentially carried out at surface areas with higher local
coverage.
STM topographs were acquired with a home-built beetle-type microscope driven
by a SPM100 controller from RHK. Images were recorded at room temperature
and were leveled and mean value �ltered.
XPS experiments were carried out at the BESSY II synchrotron (Helmholtz-
Zentrum Berlin). Sulfur 2p XP spectra were acquired with a photon energy of
330 eV at normal electron emission using a Scienta R3000 electron analyzer with
a pass energy of 50 eV. S 2p spin=orbit doublets were �tted with two Gaussians of
equal width, applying a �xed energy separation of 1.2 eV and a �xed intensity ratio
of 2:1 for the p 3/2: p 1/2 peak areas. Molecular coverages in XPS experiments
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were comparable to those in STM experiments within ± 20%. Owing to the
absence of pronounced coverage dependencies, STM and XPS results agree.
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Chapter 7

Structural / Photochemical
Modi�cations of an Assembly of
Fantrip Molecules

In this chapter a topochemical photopolymerization of self-assembled fantrip (a
�uorinated anthracene triptycene-based molecule) monolayers into two dimen-
sional polymers was investigated. For this purpose, an appropriate self-assembled
structure with a speci�c molecular arrangement was required. In the �rst part of
the chapter, the self-assembly of fantrip on Au(111) is studied. Yet, the suitable
self-assembled structure was not formed on Au(111). On the other hand, the
passivation of metal surfaces with an iodine monolayer resulted in the formation
of the appropriate molecular self-assembly for the photopolymerization. In the
second part, the photopolymerization of the system is studied.∗

∗I performed the main part of the STM experiments and all data analysis.
Part of the STM images were acquired by Lukas Grossmann. DFT calculations
were done by Prof. Jonas Björk from Linköping University. The molecules were
synthesized in the group of Prof. Benjamin King at the University of Nevada. The
NEXAFS measurements were done at the BESSY II synchrotron in collaboration
with Matthias Lischka, Massimo Fritton, and Lukas Grossmann. The ToF-SIMS
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measurements were performed in cooperation with Physical Electronics GmbH
under the supervision of Stefan Reichlmaier.
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7.1 2D Crystal Engineering of Fantrip Monolayers

Iptycenes derivatives are promising candidates as building blocks for the syn-
thesis of various supramolecular structures via self-assembly due to their unique
three-dimensional structure.[164] For instance, as early as 1986 a channel-shaped
three-dimensional structure through packing of tritriptycene could be formed, in
which the π−π interactions between the phenyl rings of the molecules played an
important role for the structure formation.[165] Fantrip (FAN) also belongs to
the iptycenes family. FAN molecules are triptycene based molecules with three
anthracene blades and four �uorine atoms at the end of each blade. The chemical
structure of FAN can be seen in the inset in Figure 7.1(a). Fluorine atoms at
the outer rims of the anthraceno blades were introduced to take advantage of
the co-facial, antiparallel packing motif that is often observed for end-�uorinated
acenes.[15] A bulk single-crystal of FAN molecules with lamellar structure was
previously grown in the work of Kissel et al..[15] In each single layer of this crys-
tal, the monomer's anthraceno blades were stacked in a face-to-face con�guration,
facilitating stabilization by π − π interactions between the anthracenes (see the
left part of Figure 7.8 for structure). Moreover, this con�guration provides the
optimal molecular arrangement for the photopolymerization of the layer into a
2D polymer by a [4 + 4] cycloaddition reaction (see subsection 3.2.2) of two an-
thracene blades. However, bulk polymer crystals have to go through the tedious
process of the exfoliation to obtain single 2D polymer layers, that is not necessary
anymore in the case of monolayer photopolymerization.
In this section, self-assembly of FAN molecules on gold surfaces is studied. The
goal is to examine, whether similar hexagonal assembly as in the layers of the
FAN crystal can also be formed on surfaces. This molecular arrangement can
then be used for the on-surface synthesis of single 2D polymer layers by pho-
topolymerization.

Results and Discussion

The high thermal stability of FAN monomers facilitates their deposition on sub-
strates under ultra-high vacuum conditions via thermal sublimation. Initially,
FAN was deposited onto Au(111). The representative STM images in Figure 7.1
were acquired after deposition, and show a regular hexagonal structure. How-
ever, the observed structure could not intuitively be assigned to the molecular
structure.

First step towards assessment of the structure in STM image was to clarify the
molecular orientation w.r.t. the surface. Therefore, NEXAFS measurements
were carried out. C 1s NEXAFS spectra (Figure 7.2) show four pronounced
resonances. These are due to C 1s→π∗-transitions from two types of carbon
atoms in chemically di�erent environments, i.e. carbon bound to �uorine or
hydrogen atoms, into π∗1 and π∗2 orbitals of anthracene. Actually, the carbon
atoms of FAN are at least in three chemically distinct environments, namely C-
F, C-H, and C-C. However, the C 1s→π∗-transitions from C-H and C-C can not
be separately resolved in NEXAFS spectra. All resonances become weaker as
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Figure 7.1: STM images acquired after deposition of FAN onto Au(111). a)
Overview (UT = +2.00 V, IT = 30 pA) and b) close-up (UT = +1.38 V, IT = 40
pA) with scaled overlayes of FAN monomers in the adsorption geometry with two
anthracene blades almost parallel to the surface and the third one perpendicular
to it. The perpendicular blade is not visible in STM. Inset in (a): chemical
structure of FAN.

the X-ray incidence angle approaches 90°. This indicates a predominantly �at
adsorption geometry with the π-electron system parallel to the surface. However,
the non-zero intensity at normal incidence clearly shows that not all parts of the
monomer adsorb entirely �at on the surface. The angle dependence of intensities
of the �rst resonance is shown in Figure 7.3. This data could be �tted with a
model, where two of the anthracenes are almost �at, whereas the third one is
perpendicular to the surface. This results in an angle of (10° ± 10°) for the two
almost �at adsorbing anthracene blades on the surface.

To demonstrate the feasibility of this adsorption geometry, additional DFT cal-
culations were carried out for single isolated FAN on pristine Au(111). The
corresponding DFT optimized structures are shown in Figure 7.4. The highest
adsorption energy of -2.24 eV indeed corresponds to the proposed adsorption
geometry (Figure 7.4(a)). In contrast, an adsorption geometry with a molec-
ular symmetry axis perpendicular to the surface results in a signi�cantly lower
adsorption energy of -1.26 eV (see Figure 7.4(b)). The proposed adsorption geom-
etry on Au(111) is favoured due to strong interactions between anthracene blades
and gold surface, resulting in almost �at adsorption of two anthracene blades on
Au(111).
The suitable structure for photopolymerization is evidently dominated by molecule-
molecule interactions. Hence, passivation of the metal surface with a monolayer
of iodine seems to be an appropriate strategy to steer the molecular arrangement.
Corresponding DFT calculations on iodine-terminated Au(111) suggest a slight
energetic preference for the desired adsorption geometry with a molecular sym-
metry axis perpendicular to the surface with the adsorption energy of -1.05 eV,
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Figure 7.2: NEXAFS spectra of FAN on Au(111) acquired for various incidence
angles (o�set for clarity). Note that the incidence angle is de�ned with respect
to the surface plane, that is, 90° corresponds to normal incidence. Pronounced
resonances at photon energies about 285 eV arise from C 1s→π∗ transitions. Four
π∗ resonances appear in the spectra, since the existence of π∗1 and π∗2 orbitals in
anthracene in combination with two chemically inequivalent carbon atoms in FAN
give rise to shifted C 1s→π∗ transitions.

95



Chapter 7. Structural / Photochemical Modi�cations of an Assembly of
Fantrip Molecules

Figure 7.3: Normalized intensities (i.e. peak maxima) of the �rst C 1s→π∗ res-
onance vs. X-ray incidence angle (w.r.t. the surface) form a set of NEXAFS
spectra acquired after deposition of FAN on Au(111). The solid lines represent
theoretical curves for the case that two of the anthracene adsorb at a small angle
ϕ (as de�ned in the inset), whereas the third one is perpendicular to the sur-
face: ϕ = 0° (green curve), ϕ = 10° (red curve) and ϕ = 20° (purple curve).
These curves are plotted for the beamline-speci�c degree of linear polarization
of P=0.92. Experimental data match the curve of ϕ = 10° very well, indicating
almost �at adsorption of the two anthracene blades.
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Figure 7.4: Top and side view of DFT-derived structures with highest adsorption
energies for single FAN molecules on Au(111) with (a) two anthracene blades
parallel to the surface and (b) the molecular symmetry axis perpendicular to
the surface. The strong molecule-surface interaction on Au(111) results in the
preference for �at adsorption of extended aromatic systems.

whereas the adsorption geometry with two anthracenes parallel to the surface
features a lower adsorption energy of -0.92 eV. However, the highest adsorption
energy of -1.05 eV is only obtained for a speci�c adsorption site w.r.t. the iodine
lattice.

To passivate the metal surface, Au(111) samples were exposed to iodine vapor
at a pressure of 5.5Ö10−7 mbar for 5 min (or 2Ö10−6 mbar for 10 min). The
formation of an iodine monolayer was proven by STM imaging prior to FAN
deposition. As initial experimental proof for the change in adsorption geometry
of FAN monomers after iodination of Au(111) surfaces, NEXAFS measurements
were performed. C 1s NEXAFS spectra for various incidence angles are shown
in Figure 7.5. It is evident that the intensity of the π∗ resonances increases with
increasing incidence angle, indicating a more upright adsorption geometry. Fits
of the angle dependence of the �rst and second π∗ resonances result in anthracene
angles of (70° ± 10°) and (80° ± 10°), respectively (see Figure 7.6). This means
all three anthracene blades are almost perpendicular to the surface. Therefore,
NEXAFS suggests an adsorption geometry of FAN monomers with the molecular
symmetry axis perpendicular to the surface on iodine-terminated Au(111).

In the next step, the structures were characterized by STM, overview and close-
up images are shown in Figure 7.7. The observed hexagonal structure has lattice
parameters of a = b = (2.03 ± 0.09) nm. Comparing this value to FAN single-
crystal lattice parameters of ∼ 2.06 nm, shows a good agreement.
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Figure 7.5: NEXAFS spectra of FAN on iodine-terminated Au(111) acquired for
various incidence angles (o�set for clarity). Pronounced resonances at photon
energies about 285 eV arise from C 1s→π∗ transitions. Four π∗ resonances ap-
pear, owing to the existence of π∗1 and π∗2 orbitals in anthracene in combination
with carbon atoms in two chemically distinct environments resulting in shifted C
1s→π∗ transitions.
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Figure 7.6: Normalized intensities (i.e. peak maxima) of the �rst and second C
1s→π∗ resonances vs. X-ray incidence angle (w.r.t. the surface) form NEXAFS
spectra shown in Figure 7.5. The solid lines represent theoretical curves for the
case that FAN molecules adsorb completely upright on the surface, i.e. with the
molecular symmetry axis perpendicular to the surface, for average anthracene tilt
angles ϕ: 70° (green curve), 80° (red curve) and 90° (blue curve). These curves
are plotted for the beamline-speci�c degree of linear polarization of P=0.92. The
experimental data match the theoretical curves well, con�rming the change in
the adsorption geometry on iodinated Au(111).
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Figure 7.7: STM images acquired after deposition of FAN on iodinated Au(111)
surfaces. a) Overview (UT = +978 mV, IT = 20 pA) and b) close-up (UT =
+1.08 V, IT = 20 pA). Inset in (b): overlay of the proposed self-assembled FAN
structure with upright molecules.

Lattice symmetry and parameters of the self-assembly of FAN on iodine-
terminated Au(111) from STM as well as molecular orientation w.r.t. the surface
from NEXAFS all consistently show that the only reasonable structure is the
desired one with antiparallel stacking of all anthracenes. As mentioned before,
this hexagonal assembly is mainly stabilized by molecule-molecule interactions,
i.e. π − π interactions between the anthracene blades. This self-assembled FAN
structure provides the suitable molecular arrangement for a topochemical pho-
topolymerization. Therefore, passivation of the Au(111) surface by iodine is a
suitable method to reduce the strong molecule-surface interactions, and it allows
to engineer the self-assembly of FAN. In the next section the photopolymerization
of this structure is studied.

7.2 Topochemical Photopolymerization of a FAN

Monolayer

Synthesis of 2D polymers (2DPs) by photopolymerization based on anthracene-
anthracene dimerization has been successfully implemented in several systems.[15,
166, 167] One approach, presented in the work of Kissel et al., using the same
molecule as here, is the single-crystal-to-single-crystal photopolymerization.[15]
In this method, the monomers are crystallized in a layered bulk single-crystal
with suitable molecular arrangement within the layers. Accordingly, the single-
crystal of monomers can be converted into a layered single-crystal of 2D polymers
by an additional photopolymerization step. 2DPs are generated by the photo-
dimerization of the FAN anthracene blades held in close proximity of one another,
due to packing in the crystal lattice. The advantage of this single-crystal approach
is the preparation of the 2DPs with bulk quantities (milligram to gram). There-
fore, the structures can be assessed by X-ray di�raction (XRD). Moreover, the
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polymerized structure possesses great lateral extension due to the extended size
of the initial single-crystal. However, a severe disadvantage of this method is the
subsequent procedure to obtain a single 2DP layer. For this purpose, the polymer
crystals have to go through the tedious and intricate process of exfoliation into
the individual 2DP sheets. Moreover, the size of the 2DP single layers is severely
a�ected by the sonication.
Another approach for the synthesis of 2DPs by photopolymerization is using the
Langmuir-Blodgett technique. A nanoporous 2DP at the air/water interface could
be synthesized by this approach.[167] This method is facile and provide access
to large area syntheses. Furthermore, the transfer techniques are established.
However, monomers might require chemical modi�cations to become amphiphilic.
Moreover, there is no possibility for high resolution characterizations of structures.
The aim here was to synthesize 2DPs on solid surfaces as an alternative method
with unmatched analytical possibilities, and also to study photopolymerization
reactions on solid surfaces fundamentally. Earlier studies of photopolymerization
on surfaces utilized diacetylenes, but so far yielded only 1D polymer strands.[168,
169, 170] In this section, polymerization on the basis of anthracene-anthracene
photodimerization of FAN molecules as an ideal model system was studied.

Results and Discussion

In the last section, engineering of FAN self-assembled structures by passivation
of Au(111) surfaces through an iodine monolayer was shown. Deposition of FAN
on iodine-terminated Au(111) results in a self-assembled structure with suitable
molecular arrangement for a topochemical photopolymerization. Moreover, the
iodine layer o�ers a further advantage for the photopolymerization process. Gen-
erally, metal surfaces are not ideal for photopolymerization reactions. The proba-
bility of photopolymerization directly depends on the lifetime of excited electrons
in the LUMO. Molecules absorbed on metal face quenching through the under-
lying substrate. In this situation, the metal surface provides additional empty
states for the de-excitation of the excited electrons, hence decreasing their lifetime
in LUMO and consequently lowering the chance of photopolymerization. The io-
dine bu�er layer decouples the molecules from the metal surface and reduces
quenching of the photoexcited state by Au(111).
The polymerization is expected to occur by dimerization of antiparallel pairs of
anthracene blades from two adjacent monomers at the 9 and 10 positions. Beside
this common case, dimerization at other positions is also possible. The reaction
scheme is shown in Figure 7.8.
An important experimental parameter for the photopolymerization is the orien-
tation of the electric �eld vector of the incident light relative to the transition
dipole moment (TDM) for the HOMO to LUMO transition. The photopolymer-
ization is enhanced for the parallel alignment of the electric �eld vector of the
light and the TDM. Although, the orientation of the TDM of anthracene is in
the direction of its short axis,[171] in the case of FAN the situation is di�erent.
Fluorine substitution at the end of the anthracene blade a�ects the orientation of
the TDM. Moreover, the surface below the molecules can also modify the TDM.
Therefore, the exact orientation of the TDM is not easy to determine. Conse-
quently, to have a symmetrical distribution of components of the electric �eld
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Figure 7.8: Reaction scheme of the transformation of the self-assembled structure
of FAN on iodine-terminated Au(111) to poly(fantrip) through photopolymeriza-
tion by a [4 + 4] cycloaddition. Carbon atoms are grey, �uorine atoms light blue,
and hydrogen atoms white.

of the light, an incidence angle of 45° was chosen in all irradiation experiments
presented here.

First illumination experiments were carried out by a LED with 5 W electric power
(LZ1-00UA00, 400 nm VIOLET LED emitter, manufactured by LED Engin) and
a wavelength of ∼ 400 nm. It has been shown that light with this wavelength
leads to a successful single-crystal-to-single-crystal photopolymerization of FAN
monomers to poly(fantrip).[15] The temperature of the sample in those single
crystal experiments during the irradiation was 223 K. To similarly start the pho-
topolymerization at lower temperatures as in the single crystal approach, the
samples were cooled down to 80 K in STM and then transferred to the load lock
for illumination. However, the sample was not cooled in the load lock anymore
and its temperature during the irradiation was not precisely known or controlled.
Subsequently, the sample was transferred back to the STM and cooled down
again to 80 K. Thereafter, the structure was characterized by STM. However, no
changes in STM images were observed after irradiation.
In the second set of experiments, an LED with ∼8 times higher power at 40 W
(LZC-70UA00-00U5, 400 nm UV LED emitter, manufactured by LED Engin) was
used to increase the radiant �ux on the surface. The radiant �ux decreases with
increasing operating temperatures of high power LEDs. Therefore, the LED-
holder was water-cooled to reduce the temperature during the operation. The
other experimental conditions were the same as before. STM images acquired
after ∼10 min irradiation are shown in Figure 7.9 indicating clear changes.

Bright �dots� appear on the surface and patches of the hexagonal network appear
lower, i.e. with darker contrast. The nature of the bright dots is not clear at
the moment. However, there are three possible explanations for their emergence.
Both iodination and irradiation of the sample were carried out in the load lock.
The temperature of the entire load lock chamber increases by the irradiation.
Therefore, contaminations or adsorbed iodine on the chamber walls can desorb
and readsorb on the sample surface. The second possibility, is the desorption of
surface bound iodine atoms due to the temperature increase of the Au(111) sur-

102



7.2. Topochemical Photopolymerization of a FAN Monolayer

Figure 7.9: STM images acquired after 10 min irradiation of the FAN self-
assembled structure on iodinated Au(111) by a 40 W LED. a) Overview (UT

= +1.20 V, IT = 30 pA) and b) and c) close-ups (UT = +1.04 V, IT = 30 pA)
and (UT = -615 mV, IT = 30 pA). Parts of the network appear darker after ir-
radiation and new bright �dots� emerge. The scaled overlays of FAN monomers
in the same adsorption geometry as on pristine Au(111) shown in (b) match the
bright dots.
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face under the illumination. These iodine atoms may form aggregates resulting
in bright dots. The third possibility is that after the desorption of iodine atoms
from Au(111) surface, the strong interaction between Au surface and a�ected
FAN molecules may result in a new 90° rotated adsorption structure of these
FAN molecules (conversion into the same adsorption geometry as on pristine
Au(111), see previous section). These rotated FAN molecules may be the origin
of the bright dots. The size of each bright dot almost corresponds to the size of
one FAN monomer with the suggested adsorption geometry (see Figure 7.9(b)).
However, FAN monomers on bare Au(111) appeared with two protrusions in STM
images that is absent here. In any case, the second or third explanations seems
to be more plausible based on two observations. First, the load lock chamber
was �degassed� preceding to sample transfer for illumination by using the LED
over a long period of time (more than one hour). Therefore, the �rst possibility
i.e. the release of contaminants appears unlikely. Second, STM images acquired
after irradiation of the sample for 60 min clearly indicate iodine desorption from
the surface (see Figure 7.10). Hence, the emergence of bright dots is probably
related to desorption of surface bound iodine either due to the irradiation or its
associated thermal e�ects. Considering these arguments, there are two hypothe-
ses to explain the patches of the hexagonal network with darker contrast. The
contrast variations are either related to the structural and electronical changes of
the FAN network due to the photopolymerization, or they just represent areas,
where iodine desorbed from the surface underneath the network.

To prevent thermal damages an additional heat �lter (IR cut-o� �lter, Heat
protection glass KG-3, transparent for UV) was installed in front of the LED.
Moreover, the samples were actively cooled by a cold-�nger during the irradiation
(see section 7.4 for experimental details). Increasing the illumination duration
still leads to more pronounced changes. STM images for 15 min and 30 min light
irradiation are shown in Figure 7.11.

After 15 min illumination (Figure 7.11(a)), most of the network is still intact.
However, the number of bright dots increases dramatically as compared to the
10 min illumination. Furthermore, chain-like entities appear between network
domains. It is not clear, whether the chains consist of the bright dots or are due
to other entities.
To study whether the emergence of bright dots is related to thermal e�ects, a
control experiment was performed. In this experiment, the sample was irradiated
for a total time of 20 min under the same experimental conditions as in the
case of 15 min illumination, though, with breaks in-between. The sample was
irradiated in two separate 10 min illumination steps. After each step the sample
was transferred to the STM and cooled down to 80 K and imaged. The 10
min illumination was performed in two steps, 5 min each with a break of 15
min in-between to cool the sample by the cold-�nger in the load lock. STM
images acquired after the �rst 10 min illumination indicated only a few bright
dots on the surface. After STM measurements, the sample was transferred again
to the load lock and irradiated for another 10 min as described above. Finally,
i.e. after a total illumination time of 20 min the sample was imaged by STM.
Interestingly, the number of bright dots was very low and the FAN network was
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Figure 7.10: STM image acquired after 60 min irradiation of the FAN self-
assembled structure on iodinated Au(111) by a 40 W LED (UT = +374 mV,
IT = 30 pA). No FAN could be imaged anymore. Several iodine vacancy islands
are recognizable on the surface.

Figure 7.11: STM images acquired after a) 15 min (UT = +1.00 V, IT = 20 pA)
and b) 30 min (UT = -1.63 V, IT = 20 pA) irradiation of the FAN self-assembled
structure on iodinated Au(111) by a 40 W LED. After 15 min irradiation, number
of bright dots increases severely. However, the intact FAN network can be still
recognized in the background. After 30 min irradiation, the original hexagonal
network disappears. The majority of the surface is covered with a new ordered
structure, yet accompanied by areas covered with non-ordered entities.
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Figure 7.12: a) Close up of the ordered structure shown in the STM image of
Figure 7.11(b) (UT = +300 mV, IT = 10 pA). b) Occasionally observed self-
assembly of FAN after deposition on bare Au(111) (UT = +800 mV, IT = 30
pA). Scaled overlays of FAN monomers in a) indicate a possible assignment of
the observed structure. In this assignment, the orientation of the symmetry axis
of FAN monomers w.r.t. the surface is the same as in the case of on bare Au(111).
The similarity between STM images a) and b) supports the hypothesis of iodine
desorption after 30 min irradiation and rearrangement of FAN monomers.

intact. Continuous irradiation of the sample for 15 min results in the emergence of
many bright dots as shown in Figure 7.11(a). However, after a longer irradiation
time of 20 min with additional cooling in-between intervals, only a few bright
dots appear on the surface. Consequently, this experiment con�rms a relation
between the number of bright dots and thermal e�ects.
With 30 min illumination, the original hexagonal network completely disappeared
and a new partly ordered structure appeared on the surface (see Figure 7.11(b)).
However, parts of the surface were also covered with non-ordered bright pro-
trusions. The close-up image of the new ordered structure is shown in Figure
7.12(a).

The regularity of this structure suggests the formation of de�ned entities. This
structure resembles an occasionally observed FAN self-assembly on bare Au(111)
(Figure 7.12(b)). As a reminder, FAN molecules adsorb on Au(111) with two
anthracene blades parallel to the surface and the third one perpendicular to it.
Based on this molecular adsorption geometry, a structural model for the observed
ordered pattern is proposed. The scaled overlays of FAN monomers in Figure
7.12(a) shows the tentative structural assignment. A closer look at the molecules
on the upper part of the image reveals double lobed protrusions. This more
detailed contrast is in agreement with the proposed structural assignment, where
each lobe corresponds to one adsorbed anthracene blade of FAN. Emergence of
this ordered structure suggests that iodine desorbs from the surface due to the
temperature increase of the surface by irradiation. Consequently FAN monomers
adsorb directly on Au(111) in the observed ordered structure. This is plausible,
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Figure 7.13: ToF-SIMS of the FAN reference sample (upper spectrum) and the
irradiated sample (lower spectrum). Clear di�erences are observed as further
discussed in the text.

since STM images acquired after irradiation of the sample for 60 min indicate
iodine desorption from the surface (see Figure 7.10). The chains observed after
15 min irradiation might represent an intermediate state and have the same origin
as this ordered structure.
In the irradiation experiments with the 40 W LED, only the dark patches observed
after 10 min illumination might be an indication of successful photopolymeriza-
tion. Hence, this sample was further studied by complementary methods. The
lattice parameters of the FAN supramolecular assembly and photopolymerized
covalent network are not distinguishable within the accuracy of STM. Therefore,
other complementary analytics are necessary to �gure out whether the network is
polymerized. The irradiated sample with two contrasts and a not irradiated refer-
ence sample of FAN on iodine terminated Au(111) were studied by Time-of-Flight
Secondary Ion Mass Spectrometry (ToF-SIMS). ToF-SIMS is a surface-sensitive
analytical method that uses a focused pulsed ion beam (here Ga+) to desorb
species (molecular compounds and fragments of larger organic nanostructures)
from the outermost layers of the surface. The knocked out particles are acceler-
ated into a ��ight channel� and their mass can be determined by measuring the
exact time at which they reach the detector (time-of-�ight). Results of ToF-SIMS
measurements are presented in Figure 7.13.

ToF-SIMS data of the irradiated and the reference sample show pronounced dif-
ferences. Peaks appear at di�erent masses, pointing towards structural di�erences
between these two samples. The peak related to FAN monomers at the mass of
770 u is present in both spectra, but is more intense for non-irradiated sample.
The second most intense peaks in the spectrum of non-irradiated sample are the
peaks related to (FAN + Au) and (FAN2+ Au) at the masses of 967 and 1737
u. The signal of these masses is very weak for the irradiated sample. Moreover,
peaks of monomer fragments, i.e. monomer or dimer where one anthracene arm
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is missing, are highly pronounced in non-irradiated sample and only very weak
for the irradiated sample. There are also several peaks e.g. at the masses of
301, 413, 615 and 689 u (red arrows in Figure 7.13) that are only present in the
spectrum of the irradiated sample. However, an assignment of these masses to
de�ned fragments is not possible. Given the large mass of FAN, the peaks at
lower masses (0-120 u) might be due to contaminations adsorbed on the surface
during the sample transport through atmosphere.
The di�erences between these spectra can be interpreted in two ways; they can
either stem from photopolymerized parts of the network, or from other structural
changes due to the above discussed radiative or thermal e�ects. For instance,
if the observed dark patches indicate iodine desorption underneath the network,
then corresponding parts of FAN networks adsorb on bare Au(111). These parts
can be fragmented di�erently upon ion bombardment by ToF-SIMS, giving rise
to additional peaks in the irradiated spectrum. Therefore, ToF-SIMS could not
give a decisive evidence for photopolymerization.
Additional ToF-SIMS measurements on FAN deposited on bare Au(111) have the
potential to add valuable information. If the spectra of FAN on iodine-terminated
Au (the reference sample) and FAN deposited on bare Au(111) were similar, one
could conclude that FAN on Au and on iodine-terminated Au fragment in the
same way. Consequently, the changes in the irradiated sample would be due to
the successful photopolymerization. Future experiments can settle this question.
To minimize the thermal e�ects and also increase the irradiation �ux even more
than with the 40 W LED, another set of experiments were performed with a
violet diode laser (50 mW, λ= 405 nm from Opto Engine LLC). Contrary to
LED experiments, irradiation with the laser was performed in the main chamber.
The laser was installed at a UV transparent view port aligned to the STM. Prior
to the illumination, the samples were cooled down to 80 K in the STM and during
the irradiation the cooling was maintained. However, the exact temperature of
the surface during the irradiation was not precisely known or controlled. The
STM images acquired after 60 min irradiation are shown in Figure 7.14(a). The
FAN hexagonal network is intact, only a few bright dots appear on the surface.
The advantage of this experiment in comparison to the LED irradiation is the
outlasting (survival) of FAN networks despite the relatively long irradiation time.
This is probably due to the lower heat uptake of the sample during the laser
irradiation. Although very slightly, but the laser warms up the sample as well.
The reason is that the laser energy is in the order of the energy separation between
sp- and d-bands of gold. Therefore, electrons can be excited from sp- to d-bands
by ∼400 nm laser, resulting in the heating of the sample. The emergence of
the bright dots can be explained with the same arguments as before, either due
to thermal e�ects or contaminations. Consequently, the drastic decrease in the
number of bright dots compared to LED experiments despite longer irradiation
time can also be explained in two ways. It is either the result of the smaller
temperature increase of the surface upon laser irradiation or lower contamination
in the main chamber. According to the previous discussions the former one is
more probable.

All above experiments were performed on epitaxial Au(111) �lms on mica. The
poor thermal conductivity of mica in combination with the low heat capacity of
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Figure 7.14: STM images acquired after irradiation of the self-assembled FAN
structure on iodine-terminated Au(111) by laser a) gold �lm on mica after 1 h
irradiation (UT = -2.00 V, IT = 20 pA) b) gold bulk single crystal after 15 h
irradiation (UT = +3.00 V, IT = 20 pA). Despite the very long illumination time,
the FAN network is still intact and there are only very few bright dots on the
surface.

the initially ∼300 nm thin Au �lms promotes temperature increase and thermal
e�ects upon irradiation. Therefore, to check the potential in�uence of the type of
Au sample on experimental results further laser irradiation experiments were per-
formed on iodinated Au(111) bulk single crystals. A representative STM image
acquired after 15 hours continuous irradiation is shown in Figure 7.14(b). Not
only the hexagonal network of FAN is intact after this very long irradiation ex-
periment, but there are just very few bright dots on the surface. This experiment
provides further evidence that observed bright dots are due to thermal e�ects.

Interestingly, the change in the contrast of FAN networks, i.e. darker patches,
was never observed for laser experiments. If dark patches of the network are
related to photopolymerization, it seems that warming up the sample to a cer-
tain temperature could even be required for the polymerization. This can be
understood, since at elevated sample temperatures molecular motions in the net-
work increase, which facilitates adopting intermolecular distances appropriate for
the photopolymerization. However, these required temperatures for a success-
ful photopolymerization are apparently high enough to cause iodine desorption
from the Au(111) surface. With iodine desorption the integrity of desired FAN
self-assembled structure is jeopardized. Therefore, other surfaces with increased
iodine adsorption strength might be more promising.

On Ag(111), the adsorption strength of iodine is higher.[137] Therefore, irradi-
ation experiments, yet at elevated sample temperatures on iodinated Ag(111)
might be more successful. For this purpose, the sample is heated during the ir-
radiation (up to temperatures lower than the onset of thermal depolymerization
or iodine desorption). However, Ag(111) might also not be the perfect candidate
for the photopolymerization due to its strong light screening at wavelengths of
∼400 nm due to the high dielectric constant of silver at these wavelengths.[172]
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The dielectric constant of gold at wavelengths of ∼400 nm is much lower than
silver.[173] Hence, a gold substrate covered with a few monolayers of silver is
potentially a good candidate for these experiments. On one hand, it alleviates
the strong light screening of pure silver, and on the other hand takes advantage
of high adsorption strength of iodine on silver.

7.3 Conclusion and Outlook

In summary, the self-assembly of FAN monomers on Au(111) could be engineered
by passivation of the metal surface. Exposure of the gold surface to iodine vapor
resulted in the formation of an iodine monolayer and accordingly surface passi-
vation. The self-assembled structure of FAN on iodinated Au(111) is the same
as in the layers of FAN single-crystals.[15] This speci�c arrangement of FAN
monomers is the required molecular assembly for the topochemical photopoly-
merization based on anthracene-anthracene dimerization.
To polymerize the self-assembled structure various irradiation experiments were
carried out by LED or laser on iodinated Au(111) �lms or single crystals. Irra-
diating the sample with a 40 W LED for 10 min caused obvious changes in the
network. Patches of the hexagonal network appeared with darker contrast and
additional bright dots appeared on the surface. These samples were also ana-
lyzed by ToF-SIMS. However, based on the current data it is not clear, whether
the dark areas of the network are polymerized domains or are just areas, where
iodine desorbed from underneath the network. Increasing the irradiation time
resulted in drastic changes. After 30 min illumination, the original hexagonal
network completely disappeared. The surface was mostly covered with a new
ordered structure, consisting of bright protrusions. This structure tentatively
could be assigned to FAN monomers with a similar adsorption geometry as on
bare Au(111). Emergence of this structure suggested that iodine desorbs from
the surface due to the temperature increase of the surface by irradiation. Accord-
ingly, FAN monomers adsorb directly on bare Au(111) and form the observed
ordered structure.
To minimize the warming up of the surface upon irradiation, alternative illumi-
nation experiments were carried out with a laser. Thereby, best conditions for
long time illuminations to maximize the radiation �ux without damaging the
FAN hexagonal network were achieved. After 1 h irradiation, the FAN hexagonal
network was intact and only a few bright dots appeared on the surface. The
poor thermal conductivity of gold �lms on mica was also alleviated by using a
gold single crystal in the subsequent experiments. Even after 15 hours irradi-
ation, the networks survived on Au(111) single crystals with only a few bright
dots visible on the surface. However, the dark patches or other indications of
photopolymerization were never observed in laser experiments.
If dark areas are indeed polymerized domains, this implies that the photopoly-
merization occurs at higher surface temperatures. Apparently, the required tem-
peratures are su�ciently high to cause iodine desorption from the Au(111) surface
as an unwanted side-e�ect. Therefore, alternative surfaces such as Ag(111) with
higher adsorption strength of iodine might be better candidates for these experi-
ments. On the other side, Ag screens light at wavelengths of ∼400 nm stronger
than Au. One solution is to epitaxially grow a few layers of silver on a gold
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substrate to eliminate the strong light screening of pure silver substrate, and
simultaneously take advantage of high adsorption strength of iodine on silver.
Other surfaces with lower electron densities and hence lower plasmon frequencies
as compared to Ag(111) or Au(111) may also be appropriate candidates due to
their weak or absent light screening at the required wavelength. For instance,
highly oriented pyrolytic graphite (HOPG) or molybdenum disul�de (MoS2) are
two potential candidates. However, the primary requirement is the formation of
the speci�c FAN assembly appropriate for photopolymerization on these surfaces.
Therefore, prospective experiments are needed on HOPG and MoS2surfaces.
The occurrence of photopolymerization could not be con�rmed by STM and ToF-
SIMS. Therefore, other experimental methods are required to study the irradiated
samples. Spectroscopic techniques such as Tip-Enhanced Raman Spectroscopy
(TERS), Infrared Re�ection-Absorption Spectroscopy (IRRAS) and High Reso-
lution Electron Energy Loss Spectroscopy (HREELS) are appropriate methods to
study molecular vibrational/rotational modes of FAN networks to obtain evidence
for polymerization. Moreover, STS as a powerful technique that provides infor-
mation about the local electronic structure of the adsorbates at the atomic scale
with amazing spatial resolution is also potentially useful for future experiments.

7.4 Experimental Details

All preparation steps and measurements were carried out in ultra-high vacuum.
The samples were characterized in-situ by STM before and after irradiation. For
further characterization by NEXAFS and ToF-SIMS samples were transported
through atmosphere (except for NEXAFS experiments of FAN on bare Au(111)).
Epitaxial Au(111) �lms on mica (Georg Albert Physical Vapor Deposition, Silz,
Germany) were used as substrates (except for single crystal experiments). The
samples were prepared by cycles of Ar+ ion sputtering at 0.5 keV and annealing
at ∼480 °C. The synthesis of FAN was described in the work of Kissel et al.
[15]. FAN deposition was carried out by means of a home-built evaporator[131]
at a crucible temperature of ∼290 °C onto the surface held at room temperature.
Iodination of Au(111) �lms or single crystals was carried out at ∼5.5Ö10−7 mbar
for ∼5 minutes (or 2Ö10−6 mbar for 10 min) in a small auxiliary chamber to
avoid contamination of the main UHV chamber.
All STM data were acquired in-situ at ∼80 K (except for FAN on bare Au(111)
acquired at RT) and a base pressure below 3Ö10−10 mbar with a home-built
microscope driven by a Nanonis BP4 SPM control system. STM images were
leveled.
NEXAFS experiments were conducted at the BESSY II synchrotron (Helmholtz-
Zentrum Berlin). C 1s NEXAFS spectra were acquired for X-ray incidence angles
(referred to the surface plane) of 30°, 45°, 55°, 70°, and 90°. Anthracene angles
with respect to the surface plane were quanti�ed from the incidence angle depen-
dence of the C 1s→π∗ intensities.
ToF-SIMS measurements were performed at Physical Electronics GmbH using
focused pulsed Ga+ ion beam. The spectra were acquired by detecting positive
ions.
The LED was installed at a distance of ∼6 cm from the surface at a UV transpar-
ent view port of the load lock. Contrary to LED experiments, irradiation with
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the laser was performed in the main chamber. The laser was installed at a UV
transparent view port aligned to the STM.
The copper cold-�nger provided high thermal conduction to transfer heat out
of sample. It was connected to a liquid nitrogen dewar at one end and the
manipulator (and hence with the sample holder) in the UHV chamber at the
other end.

112



Chapter 8

Conclusion

In this thesis, on-surface synthesis of organic nanostructures under ultra-high
vacuum conditions is explored. The bottom-up synthesis of surface-supported
nanostructures is generally divided into two main categories: Supramolecular
self-assembly and on-surface polymerization. With a view to potential applica-
tions, the extraordinary mechanical, thermal, and chemical stability of covalent
networks o�er crucial advantages over self-assembled structures. Therefore, the
focus of this work is on the study of various on-surface polymerization reac-
tions for di�erent functionalized monomers. Moreover, strategies for detachment
and electronic decoupling of synthesized nanostructures from underlying metal
substrates are explored. This step is essential to be able to characterize nanos-
tructures without the in�uence of strongly interacting metal substrates and to
use them for prospective nanotechnological applications.
As shown in chapter 4, even a well characterized and commonly used on-surface
polymerization reaction as Ullmann coupling does not always proceed in a pre-
dictable manner. Ullmann coupling of DIB on Cu(111) unexpectedly yields self-
assembled patterns of biradicalic trimers, or occasionally even more complex pat-
terns of hexamers. Instead of being directly adsorbed on the metal surface that
initiates the Ullmann coupling by dehalogenation, the covalent aggregates are
adsorbed atop a closed iodine monolayer. The a�nity of iodine to Cu(111) is ap-
parently strong enough to overcome interactions between the surface and organic
nanostructures.
Motivated by these observations, the deliberate exposure of metal-adsorbed co-
valent nanostructures to iodine vapor as a novel, straightforward, and widely
applicable approach for post-synthetic decoupling is studied in chapter 5. Two-
dimensional porous covalent polyphenylene networks derived from BIB precursors
on Ag(111) and Au(111) are chosen as model systems. On Ag(111), RT iodination
of samples readily results in iodine intercalation between polyphenylene networks
and Ag(111) surfaces. A combination of STM, XPS, and NEXAFS consistently
con�rms that covalent networks are detached and electronically decoupled form
Ag(111) upon intercalation of an iodine monolayer.
Lateral manipulation of a polyphenylene domain with the STM tip reveals a close-
packed iodine monolayer underneath. Moreover, STM images of the networks
appear with a orbital-dominated contrast, indicating the absence of hybridiza-
tion of molecular electronic states with states of the metal surface, and hence
detachment.
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In XPS C 1s shifts to lower binding energies and an additional change to a
symmetric line-shape suggests the absence of direct interaction with the free
electron gas of Ag(111) after iodination.
NEXAFS results show an increase in the average tilt angle of the phenyl groups,
i.e. structural relaxation, thereby indicating a weakened molecule�surface inter-
action for the iodinated sample as compared to the bare Ag(111). Furthermore,
sharpening of C 1s �π∗ resonances is also observed in NEXAFS, suggesting a
signi�cant weakening of the electronic coupling of polyphenylene to Ag(111) after
iodination.
However, on technologically more important, but less reactive Au(111) surfaces,
just iodine exposure at RT is ine�ective to detach the polyphenylene network due
to the weaker adsorption strength of iodine as compared to Ag(111). Overwhelm-
ing experimental evidence from STM, XPS and NEXAFS measurements is found
for a mere co-adsorption of iodine on the free surface areas, whereby the covalent
networks remain adsorbed on the metal surface:
STM reveals incomplete iodine coverages, NEXAFS shows that the phenyl rings
remain essentially parallel to the surface, and the asymmetry of the C 1s peak in
XPS � indicating direct interaction with the metal � prevails.
Interestingly, iodine co-adsorption also results in sharpening of the C 1s �π∗

resonances in NEXAFS and a shift of C 1s to lower binding energies in XPS.
These results suggest that also iodine co-adsorption can a�ect some spectroscopic
signatures in a similar manner as successful detachment would do. Hence, one
has to be careful in interpreting these changes as detachment.
However, successful detachment is achieved also on Au(111) by carrying out the
iodination at elevated sample temperatures. STM reveals fully closed iodine layers
without any vacancies. Moreover, the STM contrast of the covalent networks
resembles the spatial distribution of frontier molecular orbitals of free-standing
networks, therefore, indicating detachment and electronic decoupling.
Interestingly, the desorption temperature of iodine from Au(111) is su�ciently low
to render the whole process reversible. Annealing the samples to 400 °C results
in the full desorption of the iodine layer underneath the covalent networks, while
the networks remain intact and re-adsorb on Au(111). Since iodine-terminated
Au(111) surfaces are rather inert, reversible iodine intercalation might be use-
ful for protecting samples under ambient conditions, e.g. for transport through
atmosphere.
In chapter 6, synthesis of 2D networks from thiol-functionalized aromatic TMB
monomers is pursued on Au(111). Although, 2D networks based on RS=Au=SR
linkages could not be formed, important phenomena such as kinetic trapping, co-
ordinative bonding to adatoms, polymorphism, dynamic recon�guration, chemi-
cal changes of intermolecular bond type, formation of regular fractals, and partial
decomposition are illustrated and discussed in this study.
RT deposition of TMB onto Au(111) results in the deprotonation of all thiol
groups and formation of three basic binding motifs, stabilized by intermolecu-
lar RS=Au=SR linkages formed with Au adatoms. These motifs form mostly
disordered aggregates at RT due to kinetic trapping. Mild annealing at 200 °C
converts these less well ordered structures to regular 1D chains. The formation of
1D structures instead of 2D networks from a tritopic molecule such as TMB can
be explained by the basic intermolecular binding motifs. The dominant motif is a
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2-fold link via two mercaptophenyl groups, enclosing a small pore, that results in
a dimer with two sticky ends at para position. Accordingly, there is only one free
mercaptophenyl group per molecule left, i.e. a prototypical secondary building
block for the formation of linear polymers is available.
The most interesting experimental observation is the conversion of Au=thiolate
chains into regular fractals, i.e. the Sierpi«ski triangles, by annealing the samples
at 250 °C. These triangles are constituted of one intermolecular binding motif
featuring C=S=C bonds, i.e. covalent thioether bonds. Therefore, the struc-
tural transition from chains to triangles is driven by a chemical transition where
coordinative S=Au=S linkages are converted into covalent C=S=C bonds. The
mechanism of this conversion is not entirely clear, but ejection of just the formal
Au=S unit is energetically highly unfavorable. However, ejection of Au=S=Au
complexes formed with additional Au adatoms at higher surface temperatures is
a chemically and thermodynamically plausible mechanism.
In addition to the microscopic characterization, XPS provides information on the
chemical environment of sulfur. Interestingly, the structurally most important
chemical change from Au=thiolate to thioether is not directly monitored by XPS
because S 2p binding energies do not shift to a measurable extent. However, ac-
cording to the proposed mechanism, sulfur is also ejected. Hence, an additional
sulfur species that appeared in XPS at higher binding energies after annealing at
250 °C is assigned to this reaction byproduct. The chemical state of the ejected
sulfur is not entirely clear, but a physisorbed species appears likely and would be
in accord with XPS. Both STM and XPS consistently indicate a gradual transi-
tion. However, after a thermal treatment at temperatures around 300 °C, where
XPS indicates complete conversion of thiolate into thioether, the onset of decom-
position is observed both in STM and in XPS. An important lesson from this
study is that even profound chemical changes are not necessarily detectable in
high-resolution XPS experiments. Therefore, the importance of combined micro-
scopic and spectroscopic studies for the �eld of on-surface synthesis is emphasized
once more.
Defect free long-range ordered 2D polymers are required for many nanotechnolog-
ical applications, such as nanoporous membranes or sensors, as molecular sieves
or as growth templates for size selected nanoparticles. Therefore, an alternative
method to fabricate such structures is investigated in chapter 7. The underlying
idea is to use an ordered non-covalent assembly and convert it isostructurally into
a covalent network through on-surface polymerization. Topochemical photopoly-
merization is chosen for this approach, since it provides maximal control of the
supplied energy at reactive sites of the self-assembled structure, and thereby the
highest chances to preserve the initial ordered structure.
Deposition of photoactive FAN molecules on Au(111) results in an ordered self-
assembly, that is, however, inappropriate for photopolymerization. This self-
assembly is steered by strong molecule-surface interactions, while the desired
structure is governed by molecule-molecule interactions. Passivation of Au(111)
surfaces by exposure to iodine vapor and subsequent formation of an iodine mono-
layer reduces molecule-surface interactions. Therefore, the suitable self-assembled
structure for photopolymerization is engineered by deposition of FAN on iodine-
terminated Au(111). This speci�c arrangement of FAN monomers is the required
molecular assembly for the photopolymerization based on anthracene-anthracene
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dimerization.
To polymerize the self-assembled structure various experiments were carried out
by LED or laser irradiation on iodinated Au(111) �lms or single crystals. Ir-
radiating the sample with a 40 W LED for 10 min causes obvious changes in
the network. Patches of the hexagonal network appear with darker contrast and
bright dots appear on the surface. These samples were also analyzed by ToF-
SIMS. However, based on the current data it is not clear, whether the dark areas
of the networks are polymerized domains or are just areas, where iodine desorbed
from underneath the network. Increasing the irradiation time to enhance the
amount of dark patches is unsuccessful. Illumination for 30 min results in the
destruction of the original hexagonal FAN network and emergence of many bright
protrusions.
Best condition for long time illuminations to maximize the radiation �ux without
damaging the FAN hexagonal network is achieved by laser experiments. On
Au(111) single crystal, even after 15 hours irradiation the networks survive with
only a few bright dots visible on the surface. However, the dark patches or
other indications of photopolymerization are never observed in laser experiments.
While the current data are promising, prospective experiments are needed to
prove successful photopolymerization.

Outlook

In this thesis we have showed a novel approach to detach nanostructures from
the underlying metallic substrate. As shown in chapter 5, iodine intercalation
detaches covalent polyphenylene networks from underlying Ag(111) and Au(111)
surfaces. This opens doors toward technological application of nanoarchitectures
by separating them from the metal surfaces, necessary for their synthesis, without
destruction. Decreased adsorption strength of nanoarchitectures on iodine surface
facilitates their transfer to other technologically relevant surfaces using techniques
like stamping. However, the practicability of this has to be proven in future
studies. Moreover, further investigations are required to identify other in�uential
parameters on the detachment process by iodine intercalation, for example the
e�ect of domain size or structural characteristics of nanoarchitectures.
Beside detachment, iodine intercalation also electronically decouples the polypheny-
lene networks from the substrate. This in principal provides a possibility to
characterize the intrinsic properties of 2D polymers without the in�uence of the
substrate, that is an essential step for using the nanostructures in technological
applications. For instance, 2D conjugated polymers are a target of interest be-
cause of their electronic properties. However, complete and precise characteriza-
tion of their electronic structure is necessary to be able to use them for electronic
applications. Under decoupled conditions, dispersion of electronic bands, and
hence the electronic structure can be assessed by Angle-Resolved Photoemission
Spectroscopy (ARPES). In this context, the iodine intercalation might be very
useful. However, as shown before in chapter 5, iodine co-adsorption can a�ect
spectroscopic signatures in a similar manner as successful iodine intercalation.
Therefore, a detailed understanding of the in�uence of co-adsorbed iodine on
spectroscopic signatures is needed. Further theoretical studies and simulations
would help to push this �eld forward.
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Synthesis of long-range ordered 2DPs without structural defects is still challeng-
ing, yet desired for many nanotechnological applications. Chapter 7 presented
the conceptual ground works for isostructural conversion of a long-range ordered
non-covalent assembly into 2DPs by on-surface polymerization. Using this con-
cept for the topochemical photopolymerization of FAN, several future paths can
be pursued. We suggest the following as next experimental steps:
1) Investigation of the photopolymerization of FAN on iodine-terminated Ag(111)
by laser irradiation to maximize the radiation �ux and simultaneous sample heat-
ing to provide the probably required higher surface temperatures for occurrence
of photopolymerization (see chapter 7 for preliminary work on iodine-terminated
Au(111)).
2) Using complementary spectroscopic techniques such as TERS, IRRAS, HREELS
or STS to investigate the irradiated structures.
3) Substitute the underlying substrate with surfaces with lower electron densities
to increase the probability of photopolymerization.
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Appendix A

Supplementary Information for DIB
on Cu(111)

STM image of the more complex and rare structure is shown in Figure A.1. Inter-
estingly, the closed ring marked by the blue arrow appears signi�cantly brighter,
i.e. higher than all others. Since both geometry and adsorption site are similar
to all other rings, we speculate that two rings are stacked on top of each other.
The line pro�le on the right side indicates that the brighter ring has about twice
the height of all other rings.

Figure A.1: Overview STM image of the more complex structure (V=+0.81 V,
I=38 pA), comprised of two di�erent hexamers: closed rings surrounded by a
hexagonal arrangement of S-shaped entities. Right side: Corresponding line-
pro�le along the black line.

Periodic DFT calculations were performed with the VASP code,[174] using
the projector-augmented wave method[175] to describe ion-core interactions.
Exchange-correlation were described by the van der Waals density functional
(vdW-DF),[176, 177] in the recent form by Hamada,[178] denoted by rev-vdW-
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DF2, which has shown to accurately describe molecular adsorption in a variety
of systems.[178, 179] The Cu(111) surface was presented by a slab geometry of
four layers. The iodine overlayer was placed in the known superstructure[116]. A
p(5Ö6) surface unit cell was used (with respect to the primitive unit cell of the
iodine overlayer). Furthermore, a 2Ö2 k-point sampling, and a 400 eV kinetic
energy cuto� was used.
Figure A.2 and Figure A.3 show top and side views of DFT optimized adsorption
geometries of iodinated and deiodinated (diradicalic) trimers on top of a close
packed iodine

√
3×
√

3R30° superstructure on Cu(111) respectively.
STM simulations were performed with the Terso�-Hamann approximation,[26]
using the implementation by Lorente and Persson.[180] To simulate the STM
images of iodinated and deiodinated trimers, the lowest energy structure i.e. the
ones in Figure A.2(a) and Figure A.3(f) were respectively used. The results are
presented in Figure A.4 and Figure A.5.
The diradicalic trimers bind covalently with their active sites to the surface-bound
iodine atoms. Following calculations provide su�cient evidence for the covalent
nature of these bonds. The DFT calculations indicate electron accumulation
between radical sites and surface-bound iodine atoms. Figure A.6 represents the
electron redistribution due to adsorption of the diradicalic trimer on the close
packed

√
3×
√

3R30° iodine superstructure on Cu(111).
Comparing the partial density of states (PDOS) of carbon atoms of the diradicalic
trimer in vacuum and in the case adsorbed on the close packed

√
3×
√

3R30° io-
dine superstructure delivers further evidence for the covalent nature of the bonds
between trimers and iodine. The PDOS in both cases is depicted in Figure A.7.
For the formation of regular self-assembled pattern of trimers on Cu(111), trimer-
trimer repulsive interactions are indispensable. The relatively large inter-trimer
spacing suggests electrostatic interactions to be responsible for this repulsion.
Therefore, Bader charge analysis based on DFT calculations was carried out. For
this purpose the lowest energy structure of diradicalic trimer (Figure A.3(f)) was
used.
To clarify the reason of di�erent structures observed from DIB on Cu(110) and
Cu(111), DFT calculations on benzene-1,3-diradical were done on both surfaces.
For these calculations, a p(6Ö6) unit cell was used for Cu(111) and a p(4Ö6) unit
cell for Cu(110) (6 atoms in the close-packed direction). In both cases a 4Ö4 k-
point sampling was used, which ensured convergence of adsorption energies within
50 meV. Both surfaces were represented by four layers slabs, where the outermost
two layers were allowed to fully relax. Figure A.9 and Figure A.10 show top and
side views of DFT optimized adsorption geometries of the benzene-1,3-diradical
on Cu(111) and Cu(110) respectively.
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Figure A.2: (a) � (k): DFT optimized adsorption geometries of iodinated trimers.
The adsorption energies, calculated with respect to isolated and surface-adsorbed
molecule, are indicated below the respective structures. Structure (a) results in
the lowest adsorption energy. However, energy di�erences between the di�erent
adsorption geometries studied here are relatively small, indicating a low surface
di�usion barrier.
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Figure A.3: (a) � (f): DFT optimized adsorption geometries of diradicalic trimers.
Structure (f) results in the lowest energy. The energy di�erences4E with respect
to the most stable geometry (f) are indicated below each structure.
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Figure A.4: STM image simulations of iodinated trimers. Electronic sample states
were considered between the Fermi energy (EF ) and the respective energies stated
on the margin; Accordingly, the upper row depicts STM image simulations of
occupied electronic states (negative sample bias), whereas the lower row depicts
STM image simulations of unoccupied electronic states (positive sample bias).
The STM contrast was found to be virtually independent of sample bias and
polarity.
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Figure A.5: STM image simulations of diradicalic trimers. Electronic sample
states were considered between the Fermi energy (EF ) and the respective energies
stated on the margin; Accordingly, the upper row depicts STM image simulations
of occupied electronic states (negative sample bias), whereas the lower row depicts
STM image simulations of unoccupied electronic states (positive sample bias).
The STM contrast was found to be virtually independent of sample bias and
polarity.
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Figure A.6: Electron density di�erence plot. The blue and red contours show
electron accumulation and depletion, respectively. The absolute value of the
contours is 0.01 e/Å3.

Figure A.7: PDOS on the carbon atoms of the diradicalic trimer in vacuum and
on the surface. The vacuum levels of both systems were aligned, and the Fermi
energy (EF ) refers to the surface. By coincidence, occupied and unoccupied states
of the isolated molecule are below and above this Fermi energy, respectively. In
vacuum, the spins of the diradicalic trimer are unpaired, but become paired upon
adsorption on the surface, due to interactions with the surface. The frontier
molecular orbitals are strongly hybridized, indicating the covalent character of
the bond between the radical sites and the surface-bound iodine atoms.
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Figure A.8: Atom-wise Bader charge analysis of the carbon atoms of the deio-
dinated (diradicalic) trimer and the two adsorbed iodine atoms bonded to the
trimer. Charges are given in units of e. The total charge of the molecule (includ-
ing H atoms, but excluding the adsorbed iodine atoms) is -0.24 e. Notable, the
two iodine atoms bonded to the trimer have positive Bader charges of +0.17 e
each. In contrast, all other adsorbed iodine atoms have negative Bader charges in
the range -0.23 e to -0.26 e. The local positively charged character of the iodine
atoms bonded to the trimer might partly explain the repulsion between trimers.

Figure A.9: DFT optimized adsorption geometries of the benzene-1,3-diradical
on Cu(111). The adsorption energies, calculated with respect to isolated and
surface-adsorbed molecule, are indicated below the respective structures. The
most stable adsorption geometry is shown in (d).
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Figure A.10: DFT optimized adsorption geometries of the benzene-1,3-diradical
on Cu(110). The adsorption energies, calculated with respect to isolated and
surface-adsorbed molecule, are indicated below the respective structures. The
most stable adsorption geometry is shown in (a).
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B.1 Supplementary DFT Calculations for BIB on

Ag(111)

Periodic density functional theory calculations were performed with the VASP
code,[174] using the projector-augmented wave method to describe ion-core
interactions.[175] Exchange-correlation were described by the van der Waals den-
sity functional (vdW-DF),[176, 177] in the recent form by Hamada,[178] denoted
by rev-vdW-DF2, which has been shown to accurately describe molecular adsorp-
tion in a variety of systems.[178, 179] The Ag(111) surface was represented by a
slab geometry of four layers. A p(9Ö6) surface unit cell was used (with respect to
the primitive unit cell of Ag(111)), for the calculations both with and without the
iodine overlayer. The iodine overlayer was placed in the known structure.[125]
Furthermore, a 2Ö3 k-point sampling, and a 400 eV kinetic energy cuto� were
used. Structural optimization were performed on all atoms � except the bottom
two layers of the Ag slab, which were kept frozen � until the residual forces were
smaller than 0.01 eV/Å.
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Figure B.1: (a) � (h) Top- and side-views of DFT-optimized adsorption geome-
tries of terphenyl on pristine Ag(111). Corresponding adsorption energies Eads
and dihedral angles αdihedral between adjacent phenyl rings are stated for each
sub�gure. Con�gurations (a-d) were optimized from an initial con�guration with
a αdihedral of 40°, while con�gurations (e-h) were optimized from a planar initial
con�guration. The lowest adsorption energies were obtained for con�guration (d),
i.e. the structure with the smallest αdihedral among the non-planar con�gurations,
and the fully planar con�guration (h). Interestingly, both optimized structures
feature identical adsorption sites and azimuthal orientations. The corresponding
adsorption energies are virtually identical, hence a DFT based energetic ordering
is not possible.

Figure B.2: (a) � (e) Top- and side-views of DFT-optimized adsorption geometries
of terphenyl on top of a close packed iodine

√
3 ×
√

3 R30° superstructure on
Ag(111). Corresponding adsorption energies Eads and dihedral angles αdihedral
between adjacent phenyl rings are stated for each sub�gure. On iodine-terminated
Ag(111) con�guration (e) with the largest αdihedral results in the lowest adsorption
energy.
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B.1. Supplementary DFT Calculations for BIB on Ag(111)

Figure B.3: Top- and side-views of (a) starting geometries and (b) corresponding
DFT-optimized adsorption geometries of terphenyl on top of a close packed iodine√

3 ×
√

3 R30° superstructure on Ag(111). For (a) the preset dihedral angles
αdihedral are stated, whereas for (b) the optimized αdihedral and the respective
adsorption energies Eads are stated. All starting geometries are based on the
lowest-energy adsorption site depicted in Figure B.2(e). Optimization results in
similar αdihedral and Eads irrespective of the initial starting geometry, indicating
that the optimized structure represents the global energy minimum.
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B.2 Supplementary STM Images for BIB on Au(111)

Figure B.4: STM image of BIB-derived covalent polyphenylene networks on
Au(111) acquired after room temperature iodine exposure (5Ö10−7 mbar, ∼15
min, UT = +858 mV, IT = 25 pA). Same image as Figure 5.12 a) depicted with
alternative color scale.
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Figure B.5: STM images acquired after a) room temperature iodination (2Ö10−6

mbar, ∼20 min, UT = +114 mV, IT = 200 pA). vs. b) �hot iodination� (1Ö10−6

mbar, ∼6 min, UT = -561 mV, IT = 20 pA). The black lines serve as guide to
the eye. After room temperature exposure the iodine atoms on either side of the
covalent networks or within the pores are not adsorbed on the same lattice, but
form incoherent domains. This is a strong indication for a non-closed layer. In
contrast, after �hot iodination� all iodine atoms including those within the pores
occupy sites of a coherent lattice. This provides evidence for a closed iodine layer
underneath the covalent networks.

Figure B.6: STM images of BIB-derived covalent polyphenylene networks on
Au(111) acquired after iodine exposure (1Ö10−6 mbar, ∼6 min) at elevated sam-
ple temperatures, i.e. �hot iodination�. a) (UT = +825 mV, IT =20 pA). b) (UT

= -561 mV, IT =20 pA). These images show a fully closed iodine layer (hexago-
nal structure in the background). Moreover, the covalent networks appear with
internal contrast, resembling frontier molecular orbitals of free-standing networks.
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C.1 DFT Simulations

All dimer motifs, metal=organic, and covalent zero-generation STs were simulated
by DFT using the software Gaussian[181] with the B3LYP functional[182, 183]
and LANL2DZ basis sets for all atoms.[184, 185, 186] Additional simulations with
the PBE functional[187] resulted in similar geometries. Periodic type A and B
chains as well as �rst generation metal=organic and covalent STs were simulated
by DFT using the software CP2K[188, 189] with the PBE functional and DZVP
basis sets for all atoms. CP2K calculations used periodic cells with a vertical
dimension of 12 Å, while the dimensions in the lateral nonperiodic directions
were chosen so as to leave at least 7 Å vacuum between adjacent molecules or
chains. Motif 2 dimers adsorbed on Au(111) structures were also simulated using
CP2K software and the PBE functional with the empirical dispersion correction
(DFT-D2).[190] Owing to the large system size, the Au(111) surface was modeled
using a single layer consisting of 10 Ö 14 unit cells with 140 Au atoms; the SZVP
basis set was used for the Au surface atoms, and the DZVP basis set for the Au
adatoms and all other atoms. Atomic positions in the single Au(111) layer were
�xed, while the adsorbate was fully optimized.

C.2 Monte-Carlo Simulations

MC simulations used both monomers and dimers as basic building blocks.
Monomers only consisted of four segments representing the phenyl rings. Dimers
were modeled as rigid planar structures composed of nine interconnected seg-
ments, i.e., eight phenyl rings and one linking sulfur atom (cf. Figure C.2). The
sulfur atoms of the thioether linkages between dimers were not explicitly con-
sidered but implemented through the allowed bonding con�gurations, leaving an
empty lattice site at the respective position of the sulfur atoms (cf. Figure C.2).
In all simulations, each of the segments was allowed to occupy one vertex (ad-
sorption site) of a triangular lattice. This lattice de�nes adsorption sites and
orientations of the dimers but does not represent the actual Au(111) surface.
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Figure C.1: DFT optimized geometries of S-Au-S linked motif 2 dimers on
Au(111). The surface was approximated by a single layer of Au(111) with Au
atoms frozen in bulk-like positions. Upper and lower rows depict top- and side-
views, respectively. Di�erent termini were considered: (a) peripheral thiolate
groups that similarly bind to Au adatoms versus (b) hydrogen terminated, i.e.
the peripheral thiolate groups were replaced by hydrogen atoms. Initially, the
dimers were placed 0.55 nm above the surface (on average), and adopted the
depicted geometries after optimization with the central Au atoms adsorbed in
twofold bridge sites. This adsorption geometry also facilitates additional bonds
between the sulfur atoms in the S-Au-S linkage and Au surface atoms. Anchor-
ing through the peripheral thiolate groups in (a) imposes additional geometrical
constraints, resulting in tilted phenyl rings and a relatively large average carbon
adsorption height of 0.351 nm with a similarly large standard deviation of 0.053
nm. In contrast, the hydrogen terminated motif 2 dimer remains almost planar
on Au(111) with notably smaller average carbon adsorption height of 0.319 nm
and reduced standard deviation of 0.015 nm. The S-Au adatom bond lengths
amount to 0.233 nm for (a) and 0.234 nm for (b), respectively.
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C.2. Monte-Carlo Simulations

Molecule=surface interactions were assumed to be equal for all lattice sites; i.e.,
the potential energy landscape of the surface was entirely �at. This simpli�cation
is justi�ed by the relatively high formation temperature of the STs of ∼250 ° C
where di�usion barriers are no longer playing a decisive role. The simulations
were performed on a 200 Ö 200 rhombic section of the lattice using the standard
Monte Carlo method in canonical ensemble (CMC).[162, 191] Periodic boundary
conditions were applied to minimize edge e�ects. Dimers were not allowed to
overlap or occupy neighboring sites of the lattice. Bonding was only possible
in con�gurations that feature a 120 ° bond angle (cf. Figure C.2). Each inter-
molecular bond resulted in a contribution to the interaction energy of ε=−1; all
other nonbonding intermolecular con�gurations resulted in a zero contribution
to the interaction energy (ε=0). According to the CMC formalism, the system
size, number of adsorbed dimers N, and temperature T were �xed. The simula-
tions started with a set of dimers at random positions with random orientations.
The system was equilibrated by typically 106 Ö N MC steps, where translation
and rotation of dimers was attempted in each step. To this end, a dimer was
selected at random and its potential energy E0 evaluated in its current position
with contributions from adjacent molecules equal to ε. Accordingly, only neigh-
boring molecules in a bonding con�guration contribute to E0. Next, an attempt
was made to move the selected dimer to a new position. The random translation
of the dimer was accompanied by a random in-plane rotation by a multiple of
60 ° around its central segment. If all required lattice sites in the new position
were unoccupied, the corresponding potential energy En was calculated using the
same procedure as for E0. If moving to the new position already resulted in an
overlap with other dimers, the considered dimer was left in its original position.
To accept the new position, the conventional Metropolis criterion was used with
the acceptance probability p = min[1,exp( =Δ E/kT)], where 4E = En = E0

and k is the Boltzmann constant. The calculated acceptance probability p was
compared with a uniformly distributed random number r ε (0,1). If r < p the new
position was accepted; otherwise, the move was discarded. The results reported
herein were calculated for N = 700 and T = 0.12. The energies and temperatures
are reduced values expressed in the units of ε and |ε| /k, respectively.
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Figure C.2: (left) Schematic representation of the thioether linked dimer used as
basic building block in MC simulations. Dimers consist of nine interconnected
segments that represent the eight phenyl rings and the sulfur atom of the internal
thioether linkage, respectively. Dimers can form intermolecular bonds at their
four terminal segments (marked with gray dots) in the directions indicated by the
red arrows. The right hand side depicts examples for allowed bond con�gurations
between dimers featuring an overall bond angle of 120° (indicated by the red lines).
Note that the sulfur atoms of the inter-dimer thioether linkages are not explicitly
taken into account. However, all allowed bond con�gurations feature an empty
lattice site at the position of the linking sulfur atom (marked by blue circles) that
can be viewed as virtual sulfur atoms.

C.3 Supplementary STM Images

Owing to their intermediate bond strength, single S-Au-S linkages are still re-
versible even at room temperature. This gives rise to dynamic behavior and
recon�gurations of the metal-organic structures:

Figure C.3: (a) � (c) Series of subsequent STM images of TMB on Au(111)
after room temperature deposition acquired from the same sample area (time per
frame: ∼185 s, UT = +1.39 V, IT = 47 pA). The dashed ovals highlight areas
with dynamic recon�gurations.

Sample annealing at 200 °C improved the order and resulted in extended type
A and B chains. Type B chains showed a higher tendency for defect formation,
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Figure C.4: STM images of TMB on Au(111) acquired after annealing at 200
°C. (a) Overview (UT = +1.64 V, IT = 38.0 pA). (b) Close-up of braided type A
chains (UT = +1.64 V, IT = 37.9 pA). Interestingly, all four individual type A
chains are in phase for the upper and lower braids. (c) Close-up of a defect free
segment of a type B chain (UT = +1.84 V, IT = 37.6 pA).

whereas type A chains were mostly grouped into molecular braids that were
aligned along the herringbone reconstruction.

However, annealing at 200 °C not only resulted in extended chains, but also in
less regular aggregates and shorter chain segments. Those appeared either as
separate entities or as groups of similarly oriented chains mostly at step-edges (as
in Figure C.5(b)). Interestingly these aggregates locally modi�ed the herringbone
reconstruction, a further indication for involvement of Au adatoms.

Further sample annealing at 250 °C resulted in triangular structures on terraces
and type C chains aligned along step-edges:
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Figure C.5: STM images of TMB on Au(111) acquired after annealing at 200 °C.
(a) Overview (UT = +1.84 V, IT = 37.3 pA). (b) Close-up (UT = +1.67 V, IT =
49.9 pA). The white dashed lines serve as guides to the eye and mark the soliton
lines of the Au(111) herringbone reconstruction.

Figure C.6: STM images of TMB on Au(111) acquired after annealing at 250 °C.
(a) Overview showing the alignment of type C chains along step-edges and STs
on terraces (UT = +1.47 V, IT = 38.0 pA). (b) /(c) Close-ups (UT = +1.67 V, IT
= 37.7 pA) of the area marked in (a) showing less well de�ned STs with defects.
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Figure C.7: (a) � (c) Series of sequential STM images of TMB on Au(111) ac-
quired after annealing at 250 °C from the same sample area (time in between
frames: ∼204 s, time per frame: ∼102 s; tunneling parameters: (a) UT = +1.80
V, IT = 38.7 pA; (b) UT = +1.71 V, IT = 39.7 pA; (c) UT = +1.71 V, IT =
38.7 pA. This series demonstrates orientational �exibility of a cyclic trimer that
is attached to a larger aggregate. The nature of the linkage between trimer and
larger aggregate is not entirely clear, but a slightly shorter bond length suggests
a covalent C-S-C thioether linkage.

Figure C.8: STM image of a second generation ST acquired after room tem-
perature deposition of TMB onto Au(111) and subsequent annealing to 250 °C
(UT = -1.63 V, IT = 38.1 pA). The overlays represent DFT optimized geome-
tries. (a) Scaled overlays with models based on coordinative S-Au-S linkages.
Both the model of the zero generation ST in the lower half and the model of the
�rst generation ST in the upper half exhibit a center-to-center distance of 1.59
nm between adjacent molecules. As evident from the overlay, these hypothetical
metal-organic structures are signi�cantly larger than the experimentally observed
structures. (b) Scaled overlay with a model based on covalent C-S-C linkages.
The covalent model of the �rst generation ST features a center-to-center distance
of 1.27 nm between adjacent molecules, resulting in a perfect size and geometry
match.
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Figure C.9: (a) � (c) Series of sequential STM images of TMB on Au(111) ac-
quired after annealing at 250 °C from the same sample area (time between frames:
∼204 s, time per frame: ∼102 s, UT = +1.71 V, IT = 39.8 pA). The covalent
triangular structures on the left hand side do not change between the subsequent
images and remain static, whereas the metal-organic structures on the right hand
side exhibit dynamic recon�guration. Provided that all intermediate steps were
captured, the following processes were observed: a motif 3 dimer at the lower
part decomposes; the released molecule �rst forms another motif 3 dimer at the
upper part that subsequently transforms into a motif 2 dimer.

Figure C.10: STM images of TMB on Au(111) acquired after annealing at 300 °C
from two independent experimental runs. (a) Scaled overlays with covalently C-C
linked dimers yield a perfect size and geometry match (UT = +1.0 V, IT = 50 pA).
(b) Zoom out of the STM image already shown in the section 6.3 as Figure 6.5(c)
(UT = +1.63 V, IT = 39.1 pA). The structure directly underneath the covalently
C-C linked dimer matches well with a thioether linked motif 4 dimer. The cyclic
trimer at the lower right agrees very well with a covalent zero generation ST based
on thioether linkages. The other structures cannot be �tted with these clearly
identi�ed motifs, and might thus represent chemically and structurally distinct
linkages (e.g. disulfur bridges) that cannot unambiguously be identi�ed solely
based on STM images.
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C.3. Supplementary STM Images

Figure C.11: Upper part: MC simulation based on dimers as basic building
blocks. The sulfur atoms in the thioether linkages are not depicted for clarity.
Lower part: STM images of TMB on Au(111) acquired after annealing at 230 °C.
Tunneling parameters: (a) UT = +1.00 V, IT = 40 pA; (b) � (d) UT = +1.00 V,
IT = 50 pA; The dashed ovals mark aggregates that were similarly observed in
both experiment and simulation.
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Appendix C. Supplementary Information for TMB on Au(111)

Figure C.12: Upper part: MC simulation based on monomers as basic building
blocks. The sulfur atoms in the thioether linkages are not depicted for clarity.
Lower part: STM images of TMB on Au(111) acquired after annealing at 250 °C.
The MC simulations with monomers and dimers are essentially similar. However,
for the monomer simulation the growing aggregates were not allowed to move or
rotate anymore already from the dimer stage on. Tunneling parameters: (a) UT

= +1.69 V, IT = 37.5 pA; (b) UT = +1.6 V, IT = 37.9 pA; (c) UT = +1.67 V,
IT = 37.7 pA; The dashed ovals mark aggregates that were similarly observed in
both experiment and simulation.
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List of Abbreviations

2D Two-dimensional

BIB 1,3-bis(p-bromophenyl)-5-(p-iodophenyl)benzene

CHP Cyclohexa-m-phenylene

CVD Chemical vapor deposition

DFT Density functional theory

DIB 1,3-diiodobenzene

FAN Fantrip

FWHM Full-width at half-maximum

HOMO Highest occupied molecular orbital

HREELS High resolution electron energy loss spectroscopy

IRRAS Infrared re�ection-absorption spectroscopy

LUMO Lowest unoccupied molecular orbital

MC Monte Carlo

MO Molecular orbital

NEXAFS Near edge X-ray absorption �ne structure

PDOS Partial density of states

PEY Partial electron yield

RT Room temperature

SAM Self-assembled monolayer

ST Sierpi«ski triangles

STM Scanning tunneling microscopy

STS Scanning tunneling spectroscopy

TDM Transition dipole moment

TERS Tip-enhanced Raman spectroscopy
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List of Abbreviations

TEY Total electron yield

TMB 1,3,5-tris(4-mercaptophenyl)benzene

ToF-SIMS Time-of-�ight secondary ion mass spectrometry

UHV Ultra-high vacuum

w.r.t with respect to

XPS X-ray photoelectron spectroscopy

XRD X-ray di�raction
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