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Abstract

The aim of this work is to further the understanding of the important parameters in the
formation process of 2D nanostructures and therewith pioneer for novel applications. Such 2D
nanostructures can be composed of specially designed organic molecules, which are adsorbed
on various surfaces. In order to study true 2D structures, monolayers were deposited. Their
properties have been investigated by scanning tunneling microscopy (STM) under ultra-high
vacuum (UHV) conditions as well as under ambient conditions. The latter is a highly
dynamic environment, where several parameters come into play. Complementary surface
analysis techniques such as low-energy electron diffraction (LEED), X-Ray photo-emission
spectroscopy (XPS), and Raman spectroscopy were used when necessary to characterize
these novel molecular networks.
In order to conduct this type of experiments, high technical requirements have to be

fulfilled, in particular for UHV experiments. Thus, the focus is on a drift-stable STM, which
lays the foundation for high resolution STM topographs. Under ambient conditions, the
liquid-solid STM can be easily upgraded by an injection add-on due to the highly flexible
design. This special extension allows for adding extra solvent without impairing the high
resolution of the STM data. Besides the device, also the quality of the tip is of pivotal
importance. In order to meet the high requirements for STM tips, an in vacuo ion-sputtering
and electron-beam annealing device was realized for the post-preparation of scanning probes
within one device. This two-step cleaning process consists of an ion-sputtering step and
subsequent thermal annealing of the probe.

One study using this STM setup concerned the incorporation dynamics of coronene (COR)
guest molecules into pre-existent pores of a rigid 2D supramolecular host networks of trimesic
acid (TMA) as well as the larger analogous benzenetribenzoic acid (BTB) at the liquid-solid
interface. By means of the injection add-on the additional solution containing the guest
molecules was applied to the surface. At the same time the incorporation process was
monitored by the STM. The incorporation dynamics into geometrically perfectly matched
pores of trimesic acid as well as into the substantially larger pores of benzentribenzoic acid
exhibit a clearly different behavior. For the BTB network instantaneous incorporation within
the temporal resolution of the experiment was observed; for the TMA network, however,
intermediate adsorption states of COR could be visualized before the final adsorption state
was reached.

A further issue addressed in this work is the generation of metal-organic frameworks (MOFs)
under ultra-high vacuum conditions. A suitable building block therefore is an aromatic
trithiol, i.e. 1,3,5-tris(4-mercaptophenyl)benzene (TMB). To understand the specific role
of the substrate, the surface-mediated reaction has been studied on Cu(111) as well as on
Ag(111). Room temperature deposition on both substrates results in densely packed trigonal
structures. Yet, heating the Cu(111) with the TMB molecules to moderate temperature
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(150 ◦C) yields two different porous metal coordinated networks, depending on the initial
surface coverage. For Ag(111) the first structural change occurs after annealing the sample
at 300 ◦C. Here, several disordered structures with partially covalent disulfur bridges were
identified.
Proceeding further in the scope of increasing interaction strength between the building

blocks, covalent organic frameworks (COFs) were studied under ultra-high vacuum conditions
as well as under ambient conditions. For this purpose, a promising strategy is covalent
coupling through radical addition reactions of appropriate monomers, i.e. halogenated
aromatic molecules such as 1,3,5-tris(4-bromophenyl)benzene (TBPB) and 1,3,5-tris(4-
iodophenyl)benzene (TIPB). Besides the correct choice of a catalytic surface, the activation
energy for the scission of the carbon-halogen bonds is an essential parameter. In the case
of ultra-high vacuum experiments, the influence of substrate temperature, material, and
crystallographic orientation on the coupling reaction was studied. For reactive Cu(111) and
Ag(110) surfaces room temperature deposition of TBPB already leads to a homolysis of the
C-Br bond and subsequent formation of proto-polymers. Applying additional heat facilitates
the transformation of proto-polymers into 2D covalent networks. In contrast, for Ag(111)
just a variety of self-assembled and rather poorly ordered structures composed of intact
molecules has emerged. The deposition onto substrates held at 80K has never resulted in
proto-polymers.
For ambient conditions, the polymerization reaction of 1,3,5-tri(4-iodophenyl)benzene

(TIPB) on Au(111) was studied by STM after drop-casting the monomer onto the substrate
held either at room temperature or at 100 ◦C. For room temperature deposition only poorly
ordered non-covalent arrangements were observed. In accordance with the established UHV
protocol for halogenated coupling reaction, a covalent aryl-aryl coupling was accomplished
for high temperature deposition. Interestingly, these covalent aggregates were not directly
adsorbed on the Au(111) surface, but attached on top of a chemisorbed monolayer comprised
of iodine and partially dehalogenated TIPB molecules. For a detailed analysis of the processes,
the temperature dependent dehalogenation reaction was monitored by X-ray photoelectron
spectroscopy under ultra-high vacuum conditions.

Keywords
Scanning tunneling microscopy, ultra-high vacuum, self-assembly, supramolecular, host-guest
networks, metal-organic frameworks, covalent organic frameworks, graphene.
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Chapter 1

Motivation

Science and research are preferentially conducted to improve living conditions and solve
upcoming problems. The major challenge that needs to be faced is the demographic
growth and associated problems like nutrition, environmental issues, energy production, and
responsible exposure of resources. To date, science and technology are intrinsically tied to
our daily life and are therefore crucial for the overall progress of mankind. They help to
preserve stable democracies all over the world by assuring a constantly growing economy
and national prosperity.

Scientific research aims at gaining knowledge of the complexity of nature and transferring
these results into technical products. Research has pioneered inventions and discoveries
throughout all of time. In the last centuries a quantum leap forward has been achieved in
health care, energy generation, communication, and computer technology. Recently, the field
of nanotechnology, i.e. materials and structures with characteristic dimensions or tolerances
of less than 100 nm, has attracted great attention. New insights and inventions in this field
are assumed to be able to solve current challenges such as medical issues, e.g. drug delivery,
diagnostics, as well as energy issues, e.g. energy conversion and storage, fuel cells, power
consumption reduction, nutrition, e.g. food, clean water, electronics, and communication,
e.g. molecular electronics, and customer goods. Nevertheless, nanotechnology and the
accompanying effects on the environment have to be fully understood in order to make a
suitable comprehensive risk analysis.
In the last decade, the semiconductor industry has developed as predicted by Moore’s

law, i.e. the number of components in integrated circuits doubles every 18 months. [1] The
top-down approach now encounters its limits at an increasing growth rate, [2] i.e. the common
lithographic techniques face physical, technical, and economical limitations. [3] To fabricate
even smaller structures, a new strategy, the bottom-up approach, has been established, which
operates at the ultimate length scale of the order of single molecules and atoms, respectively.
When operating in this dimension, also quantum phenomena have to be taken into account, [4]

because the classical descriptions of processes hit more often the dead end and new theories
have to be established.
To investigate nanometer sized structures, scanning probe microscopy (SPM) can be

applied and has proved suitable in probing the world of atoms and molecules. In the 1980’s,
scanning tunneling microscope (STM) [5] and atomic force microscope (AFM) [6] were the
first representatives of these analytical tools. The STM utilizes an electric current between
a sharp metal tip and the sample. The AFM on the other hand detects a force between a
cantilevered sensor and a sample, which makes it applicable to insulating samples. Nowadays,
several modifications of these analysis techniques such as scanning capacitance microscopy
(SCM), scanning near-field optical microscopy (SNOM), or spin polarized scanning tunneling
microscopy (SPSTM) have been established. Most of these methods can be applied under
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Motivation

ultra-high vacuum conditions, ambient conditions as well as at the liquid-solid interface. These
surface science analysis techniques allow to study a large range of phenomena from structures
on the micrometer range down to the sub-nanometer scale: surface topography and structure
dimension, [7–9] electronic and vibrational properties, [10] film growth, [11] studies of lubrication
and friction, [12,13] determination of adhesion and strength of individual chemical bonds, [14]

controlling the charge state of individual atoms, [15] dielectric and magnetic properties, [16,17]

contact charging, and molecular manipulation. [18] Nevertheless, it is still an open question
whether SPM methods have the capability of being a useful fabrication tool in nanotechnology
despite the extreme slowness of this serial approach.
For the creation of novel structures, manipulation [19–21] and imaging of single atoms or

molecules [22] is an essential part. The used building blocks, also referred to as tectons,∗ are
often functionalized molecules, inhibiting various chemical functionalities and thus electronic
properties. [23] Following the bottom up strategy, these building blocks arrange on 2D surfaces
to patterns driven by the interplay of attractive and repulsive interaction. In 1987, the Nobel
Prize in Chemistry was awarded jointly to Donald J. Cram, Jean-Marie Lehn, and Charles
J. Pedersen “for their development and use of molecules with structure-specific interactions
of high selectivity”. This toolbox of supramolecular chemistry† offers a broad perspective
on applications in various fields related to nanotechnology e.g. molecular information
storage devices, [24] self-healing materials, [25,26] functionalized organic surfaces [27,28] such as
corrosion resistance, [29] oxidation protection, [30] and organic thin film transistors for large area
electronics. [31] Other applications aim at catalysis, [32,33]molecular electronics,‡ [35] electronic
transition to organic layers, harvesting sunlight [36], emitting light, [37] nano-machines, [38]

artificial muscles [39] and battery materials for ultra-fast charging and discharging. [40] For
many of these applications, molecules have to be arranged in a repetitive structure and also
have to be addressable and manipulable in a controlled manner. [24]

Molecular self-assembled networks that are stabilized by reversible interactions such as
hydrogen-bonds and van der Waals forces bear the potential to form complex sophisticated
structures with a low defect density. Moreover, the well-known bulk metal coordinated
complexes were transferred to two dimensions. The strength of this type of interaction
lies in an intermediate position between hydrogen-bonded networks and covalent organic
frameworks, albeit these bonds of metal-organic frameworks are reversible under certain
conditions. [28] In contrast, the final structure of 2D covalent networks are affected by a high
defect density.
This fundamental research work, where some newly developed technical devices are

supplemented, should at least increase the understanding of the important parameters for
the formation of 2D nanostructures such as self-assembled monolayers (SAMs), metal-organic
frameworks (MOFs), as well as covalent organic frameworks (COFs). Hopefully, the gathered
knowledge serves as basis for new devices. Apart from the involved forces, i.e. molecule-
molecule and molecule-surface interaction, kinetic and thermodynamic considerations have
to be taken into account to understand the complex processes during the synthesis of such
networks. [41] The molecules investigated here were mostly composed of π aromatic systems,

∗derived from Greek word τεκτων meaning “from the base of”.
†chemistry beyond the molecules, dealing with structures that are composed/assembled of a discrete number
of components or molecular subunits.
‡Molecular electronics is believed to be the successor of today’s electronics based on silicon technology. [34]
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rendering them suitable for molecular electronic devices due to their conductive organic
backbone. Frequently, the terminating lobes were functionalized either with carboxylic
groups, halogens, or thiols groups. To form laterally interlinked 2D structures from a single
tecton, their symmetry has to be at least threefold. Moreover, the used building blocks tend
to adsorb in a planar orientation on the surface at specific adsorption sites. [42] This process
of physisorption or chemisorption is dependent on the characteristics of the surfaces, i.e.
surface orientation and material. The final structure is also decisively influenced by the
reactivity and catalytic properties of the surface. For structures on inert graphite surfaces
mostly self-assembly occurs, however, adsorption on transition metals, e.g. Au, Ag, Cu, can
facilitate chemical reactions. Furthermore, external parameters such as solvent, concentration
and temperature, to name but a few, have a significant influence.
This thesis is organized as follows: Chapter 2 gives a short overview on the fundamental

principle of the scanning tunneling microscope, the analysis device which was primarily used
in this thesis. At first, the fundamental principle of the device is described followed by a
theoretical description of the tunneling process through molecules adsorbed on different
surfaces. Finally, the instrumentation and design concept of the STM is briefly presented.
Chapter 3 introduces the experimental details and materials used in this work. After a
short comparison of the influence of UHV and ambient conditions to the formation of 2D
networks, the focus lies on probe manufacturing as this is critical for atomic and submolecular
resolution. Following this, the used substrates, solvents, and molecules are introduced. This
chapter ends with a description of surface and sample preparation protocols and the devices
involved in that. Chapter 4 outlines the concept of self-assembly and self-organization
and considers Gibbs free energy, transition state theory, and reveals external parameters
governing the formation of 2D networks. Molecule-molecule interaction and interaction of
molecules with the substrate, i.e. the processes of physisorption and chemisorption are also
discussed. In here, general trends are outlined rather than a concise description is provided.
Chapter 5 presents summaries of further unpublished results and published articles. The first
summary deals with the incorporation dynamics of host-guest systems using the example of
coronene adsorption in a trimesic acid host network. In the second one, the competition
of halogen bonded networks versus hydrogen bonded networks is discussed. Third, the
intriguing improvement to the imaging quality, i.e. submolecular resolution, of networks
on graphene terminated substrates is examined. Fourth, the synthesis of metal-organic
frameworks on the basis of thiolated building blocks is presented. Fifth, the formation of
covalent organic networks employing a radical addition reaction under ambient conditions as
well as ultra-high vacuum condition is analyzed. Chapter 6 summarizes the results and gives
an outlook. Chapter 7 presents the published manuscripts.
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Chapter 2

Introduction to scanning tunneling
microscopy

This chapter deals with one of the most ubiquitous tools in surface science,
the scanning tunneling microscope (STM). This device is commonly used
for imaging molecular and even atomic structures on surfaces in real space,
in contrast to k-space methods such as diffraction techniques. Section 2.1
introduces the fundamental principle of scanning tunneling microcopy. The
following section, 2.2, focuses on the mechanism of tunneling through molecular
monolayers on different substrates and elucidates the underlying fundamental
physical principles. Section 2.3 presents a technical realization of an STM and
provides some details on STM data evaluation.

2.1 Fundamental principle

Besides the atomic force microscope (AFM), the scanning tunneling microscope (STM) has
become one of the most important instruments in surface science and nano science. [5,43] In
1981, Gerd Binnig and Heinrich Rohrer succeeded in the technical realization of a device
measuring the tunneling current between a sharp tip and a conductive surface while raster-
scanning. They were awarded with the Nobel Prize in physics in 1986 together with Ernst
Ruska. The first great achievement of their near field microscope was the imaging of a 7×7
reconstruction of Si(111). [44] Later, the STM also turned out to be suitable for positioning [45]

and manipulating atoms and molecules. [19–21] In 1991, Eigler et al. published an STM
topography image of single Xe atoms for the first time. [46,47] Two years later, Crommie and
Eigler arose again much public interest by publishing their ultra-high vacuum STM results
on a quantum corral, formed out of 48 iron atoms on a Cu(111) surface. [48] Meanwhile,
specialized STM setups also enable studies of dynamic surface processes by means of fast
image recording as demonstrated by Wintterlin et al. for studying atomic equilibrium
fluctuations of adsorbed oxygen on Ru(0001) [49] or Tansel et al. for sulfur on Cu(100)
electrodes. [50]

Providing an exact theoretical description of the imaging process is almost impossible due
to experimentally inaccessible information on the electronic states of both the tip and the
surface. The theory presented here is deliberately kept short. For further reading, the text
books of Lüth [51] and Chen [52] and the references cited therein are recommended.

The operating principle A sharp metal tip is brought in close proximity to the sample
surface, i.e. a distance of a few Ångströms. [53] In order to achieve a directed net tunneling
current IT of typically 10 pA to 10 nA, a convenient operating bias voltage VT in the region
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Introduction to scanning tunneling microscopy

of ±2mV to ±2V is applied between tip and the sample. [54] The STM images are recorded
by raster-scanning this sharp tip across the surface and detecting the current by means of
a highly sensitive transimpedance amplifier. Typically, the control unit is able to operate
the STM in two different modes, i.e. the constant-height mode and the constant-current
mode. To attain the latter, the tunneling current is kept constant by means of a feedback
circuit which controls a piezo actuator. The topography images are composed of maps of the
displacement of the vertical piezo element at every lateral position. The data is derived from
the variation of the piezo voltage Uz(x, y), which adjusts the tunneling current to its set-point
value, while the tip is following the surface corrugation. In contrast, the constant-height mode
allows much faster imaging due to deactivated feedback control. Hence, the information is
contained in a spatial map of the tunneling current signal IT(x, y). Independent of the chosen
mode, the lateral movement of the tip is conducted by utilizing the inverse piezoelectric
effect. In order to resolve atoms, the movement in the lateral direction must be controlled
with a precision of 0.05Å to 0.10Å, which is feasible by piezo ceramics. [54] The obtained
images reflect the complicated convolution of the electronic properties of surface and the
tip. Detailed information of the technical realization on different setups are presented in
section 2.3.

The origin of the tunneling current The fundamental principle of scanning tunneling
microscopy is based on the tunneling effect, which allows electrons to penetrate through
classically impenetrable potential barriers. Figure 2.1 shows the schematic of the electron
tunneling process from a metal tip through the vacuum gap into a metal surface, where
the electrons in the nth sample state, i.e. the quantum number of the energy levels, are
represented by their wave functions Ψn.

Figure 2.1: Sketch of a tunneling junction including a one dimensional potential
barrier between two metal electrodes, where the electron is presented with its
wave function Ψn. A negative tunneling voltage VT is applied, i.e. the electrons
tunnel from occupied tip states into empty sample states. The Fermi levels of
sample EF,s and tip EF,t and the related work functions φs and φt are indicated
with respect to the vacuum level.

The probability w for an electron to be present at the sample surface, i.e. z = s, is

w ∝ |Ψn(0)|2 e−2κs (2.1)
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where κ is the decay constant which is defined as κ =
√

2mφ/~ with m being the electron
mass, φ the work function,∗ and ~ reduced Planck’s constant (~ = h

2π ). For simplicity, it
is assumed that the work function of tip and surface are equal. In order to achieve a net
tunneling current, a small bias voltage (eV ≤ φ) is applied. For electrons in the energy
interval between EF − eV and EF, there is a non-vanishing probability for tunneling. [52] Yet,
this tunneling current IT is proportional to the sum over all contributing states. Therefore,
it can be stated that

IT ∝
EF∑

En=EF−eV
|Ψn(0)|2 e−2κs (2.2)

For sufficiently small bias voltages Equation 2.2 can be conveniently written in terms of
the the local density of states (LDOS, ρs) at the Fermi level

ρs(z, EF) ≡ 1

eV

EF∑
En=EF−eV

|Ψn(z)|2 (2.3)

The LDOS is a physical quantity that gives the space-resolved number of electrons per
unit volume per unit energy at a given energy. Substituting Equation 2.3 into Equation 2.2
yields

IT ∝ V ρs(0, EF)e−2κs (2.4)

Hence, the tunneling current depends exponentially on the sample-probe distance, which
makes the instrument utmost sensitive to corrugations of the surface electron density. For
typical experimental imaging conditions, an increase of the sample-tip distance of about 1Å
already causes a reduction in IT to approximately one-tenth.

Bardeen formalism, Tersoff-Hamann-Model In 1961, two decades before the invention
of the STM, Bardeen used time dependent first order perturbation theory to calculate the
tunneling current between two planar metal plates. [55] Using this approach, he avoided
solving the Schrödinger equation of the combined system. Instead, Bardeen solved the
Schrödinger equations for two unperturbed subsystems. The electron transfer between the
two electrodes, i.e. the probability of transition Γ, is determined by Fermi’s golden rule and
expressed as

Γ =
2π

~
|Mµν |2 δ(Eµ − Eν) (2.5)

where Mµν is the tunneling matrix between the states ψµ of the probe and ψν of the
surface. Eµ and Eν are the energies of state ψµ and ψν , respectively, in the absence of
tunneling. [56]

The general problem in handling Equation 2.5 is to calculate Mµν , which requires the
knowledge of the wave functions of the electrodes. Bardeen showed that the tunneling matrix
element Mµν is determined by a surface integral on a separation surface A between the
states of the probe ψµ and the surface ψν : [52]

∗the minimum energy, which is required to remove an electron from the bulk to the vacuum level, depending
on the material and the crystallographic orientation of the surface.
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Introduction to scanning tunneling microscopy

Mµν = − ~2

2m

∫
A

(
Ψ∗µ∇Ψν −Ψν∇Ψ∗µ

)
d ~A (2.6)

Ψµ is the wave function and the area integral is over any arbitrary surface in the barrier
region. [54] J. Tersoff and D. R. Hamann modeled the tip as a radially symmetric wave
function in order to provide a framework for interpreting scanning tunneling microscope
data. Up to now, the Tersoff-Hamann Model is the standard model for three dimensional
tunneling, despite several over-simplifying assumptions. [56,57] In Bardeen’s formalism, the
tunneling current, i.e. IT = eΓ, is given by

IT =
2eπ

~
∑
µ,ν

f(Eµ)[1− f(Eν + eV )] |Mµν |2 δ(Eµ − Eν) (2.7)

Taking only low temperatures into account, the Fermi function can be approximated by a
step function. Due to restriction of the bias voltage to small values and elastic tunneling, i.e.
Eν = Eµ, only states in immediate vicinity to the Fermi level contribute to the tunneling
current. Equation 2.7 is therefore reduced to

I =
2π

~
e2V

∑
µ,ν

|Mµν |2 δ(Eν − EF)δ(Eµ − EF) (2.8)

By the assumption of a localized s-wave function as the probe and a Bloch wave decaying
exponentially perpendicular to the surface, the tunneling current is proportional to the
amplitude of Ψν at the center of the spherical potential ~r0 of the probe. [56] For this reason
Equation 2.8 can be simplified to

I ∝
∑
ν

|Ψν(~r0)|2 δ(Eν − EF)︸ ︷︷ ︸
ρ(~r0,EF)

(2.9)

Consequently, the tunneling current in STM imaging displays the contour of the surface
local densities of states (LDOS, ρ(~r0, EF)) at the Fermi energy at the position, where the
center of the spherical tip is located. [56] However, this s-wave-tip model is not suitable to
explain atomic resolution of metal surfaces as well as the imaging of adsorbed molecules, but
it provides a qualitative picture of the surface. [52] For a more quantitative understanding of
the imaging process a more general theory is needed. [58] Such approaches will be described
below.

Further theoretical approaches The following models for calculating the tunneling current
are only introduced qualitatively. A detailed overview is presented in the work of G. A. D.
Briggs and A. J. Fischer [59] and references herein.
N. D. Lang computed the tunneling current of an additional adsorbed atom between

two planar metal electrodes in his pioneering work. [60] He modeled both electrodes with
a jellium model† and took the effects of adatom valence resonances entirely into account.
The resulting current density was derived in analogy to Bardeens approach and enabled

†uniform electron gas model, quantum mechanical model of interacting electrons, which are assumed to be
uniformly distributed in space.
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the model to determine the contrast of single atoms adsorbed on a metal surface in STM
images. [61] Eigler et al. demonstrated the applicability of the atom-on-jellium model by
comparing the measured apparent height of a Xe atom with its calculated value, which were
in good agreement. [47]

For all the improvements considered by Lang, the atomic structure of the tip remained still
disregarded. C. J. Chen extended the Tersoff-Hamann s-wave tip approach by considering
the detailed structure of the tip’s wave functions, i.e. a linear combination of the wave
function and its (first and higher) partial derivatives. Accordingly, the electronic structure of
the tip was assumed as localized surface states, for example metallic surface dz2 states (e.g.
W, Pt, and Ir) or pz dangling-bond states (e.g. silicon). [62] Therefore, the nucleus of the
apex atom of the tip tracks the contour, which is determined by the derivatives of surface
wave functions of the sample, causing a much stronger atomic corrugation than Fermi-level
LDOS. [63]

A recent approach to interpret STM images with subatomic resolution was established by
P. Sautet in terms of the elastic scattering quantum chemistry (ESQC). This approach treats
the tunneling process as a scattering phenomenon with a defect at the position of the tip
apex-adsorbate-substrate tunneling junction. [64,65] ESQC exceeds the limitation of theories
based on electron-density maps or the Tersoff-Hamann local density of states formula which
are all based on the Bardeen formalism that is restricted to short tip-substrate distances. In
ESQC, the entire Hamiltonian for the tunneling junction (tip apex, barrier, and surface) is
formed. The conductance between tip apex and substrate surface, that are both connected
to an electron reservoir, is calculated by an generalized Landau formula. [64] The required
elements of the scattering matrix are extracted from a quantum chemistry calculation. [66]

Due to raising computational power, even more complex numerical calculation can be
conducted including atomic shape of tip and surface and adsorbed substrates. Nevertheless,
all models, whether the class of perturbation theory or the class of scattering theory formalism,
depend crucially on the assumptions made, e.g. that tunneling does not change the properties
of the system.
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2.2 Tunneling through molecules – Contrast mechanism and
interpretation

Once the STM data are acquired, the major challenge is to match the obtained pattern with
a proposed model based on the chemical structure of the adsorbed molecules. The resulting
topographs convolute the geometric and electronic properties of both sample (molecules and
surface) and tip. As a consequence, the attained data are affected by the respective materials
of tip and surface, the associated chemical and electrostatic interaction, the material inherent
electronic properties, the applied bias voltage, and the distance between tip and surface. [18]

Datta et al. described the tunneling through molecules by a scattering theory of electron
transport, taking into account the chemical potential of the electrodes involved. [67]

The intuitive interpretation of STM images as a direct measure of topological height is
not generally correct, in particular for adsorbates on metal surfaces. For instance, oxygen
atoms adsorbed on metal surfaces appear as depressions even if they sit on top of the bare
metal surface. Thus, knowledge of the relative alignment of energy levels of the involved
molecules or atoms is crucial. [68] Under tunneling conditions, an electron has a non-vanishing
probability to pass the potential barrier between the two “electrodes” forbidden in the classic
picture. This basic model is expandable to adsorbed atoms and molecules on surfaces. To
describe the tunneling process, the theory introduced in section 2.1 has to be extended by an
additional component which considers the newly formed tunneling junction (see Figure 2.2).

Figure 2.2: Energy diagram for a typical tunneling process through an organic
molecule for a negative tunneling voltage VT. The position of the frontier orbitals
(HOMO and LUMO) and the Fermi level of the sample EF,s and the tip EF,t are
indicated. ΓC describes the electronic coupling between adsorbate and substrate,
which is the cause of broadening (shaded blue) and shifting of the molecular
energy levels. [69]

Basically, the electronic coupling ΓC of the adsorbed molecules to the surface is expected
to be stronger in comparison to the coupling to the STM tip. [67] The prerequisite for imaging
partially electrically insulating molecules on top of a conductive surface is sufficiently thin
layers. This limitation is caused by the exponential distance dependence of the tunneling
current on the tip-sample separation. The packing density of the molecules on the surface,
i.e. the surface coverage, can also influence the observed contrast by molecule-molecule
interactions.
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It is generally accepted, that the STM contrast is governed by the applied bias tunneling
voltage VT and in particular its polarity.‡ By switching the sign of the tunneling voltage,
electrons can tunnel either into the lowest unoccupied molecular orbital (LUMO) for negative
tunneling voltages (see Figure 2.2) or out of the highest occupied molecular orbital (HOMO)
for positive tunneling voltages. Hence, different features of the same molecule or sample
can emerge in the STM topographs, depending on the predominantly involved molecular
orbitals. Lackinger et al., for instance, observed a dark region representing the center of
naphthalocyanine (Nc) molecules in a bias dependent study of Nc molecules on graphite,
when measuring with a negative bias voltage. [70] This indicates tunneling out of occupied
states. For positive bias voltage, on the other hand, all molecules appear as bright spots
indicating tunneling into unoccupied states.

In addition to the polarity of the bias voltage, which selects whether tunneling into LUMO
or out of HOMO, the magnitude of the bias voltage can be identified as the reason for varying
image contrast of the molecules under investigation. [71] Typically, the applied bias voltages
in STM experiments, which are assumed to drop entirely at the tunneling barrier, are well
below the spectroscopic and electrochemically band gap of 5 eV to 10 eV that characterize the
molecules. [53] The physical reason for the occasional occurrence of STM contrast variation
can be based on the injection of the electrons into different molecular orbitals (HOMO,
HOMO−1, HOMO−2, LUMO, LUMO+1, LUMO+2) depending on the applied bias voltage.
Figure 2.3 (a) - (c) presents a bias voltage height dependence study of a single coronene
molecule adsorbed in a trimesic host matrix on graphite. A line profile through the occupied
cavity is shown below the respective STM topographs.

Figure 2.3: Bias voltage dependent study for a single coronene molecule adsorbed
in a cavity of a trimesic host network structure. The STM topographs (a) - (c)
show the same area scanned with different voltages, i.e. (a) VT = 0.76V, (b) VT
= 0.96V, and (c) VT = 1.26V whereas the lower part of the images present a
cross section along the indicated lines. All other parameters were kept constant.
STM tunneling conditions: IT = 53.5pA.

The higher the applied voltage the higher the coronene molecules appear in contrast to
the trimesic molecules. In order to approach a more precise height-value for coronene, the

‡To avoid confusion, a positive sign of VT means tunneling into the tip. Therefore, a positive tunneling
voltage is equivalent to a negative sample bias voltage: VT = -VS.
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known lattice constant of a step-edge on the substrate can be utilized as a rough calibration
standard.

Nevertheless, the contrast of STM topographs of organic molecules adsorbed on surfaces is
regularly independent over a certain range of bias voltage. Lippel et al. explain this behavior
by close resemblance of HOMO and LUMO bands of the investigated molecules. [72]

In the case of liquid-solid experiments, the presence of any solvent affects the electric field
in the vicinity of the STM tip and can lead to a shift of energy levels accompanied by a
change in STM contrast. [69] Basically, molecules adsorbed on surfaces are able to modify
the local density of states (LDOS) at the Fermi level and therefore affect the STM contrast.
Molecular orbitals, whose energies are close to the Fermi level, have a stronger contribution
to the tunneling current and appear brighter than those far away from the Fermi level. [73]

In general, brighter shading in STM images is addressed to higher conductivity. Moreover,
modification of the probe, e.g. picking up a molecule by the tip apex, during the scanning
process can facilitate different tunneling conditions, which may result in an inverted STM
contrast. In order to change the tunneling conditions and modify the tip, a short voltage
pulse can be applied. In addition, the chemical conformation of the adsorbed species and
the adsorption sites also plays an important role on for the STM contrast. [74]

Claypool et al. presented an explanation of STM contrast at submolecular resolution
observed for functionalized alkanes and alkyl alcohols, taking the ionization potential of
the functional groups into account. [75] Identification of individual hydrogen atoms or the
determination of the length of methylene units (bright spots in STM contrast) at least was
possible in most cases. De Feyter et al. described contrast features of physisorbed organic
monolayers (derivates of isophthalic and terephthalic acid) on highly oriented pyrolytic
graphite. [76] As a rule of thumb, the authors observed that aromatic moieties, for instance
phenyl rings, are imaged as bright spots, whereas the darker regions correspond to the
interdigitated alkyl chains.
Another phenomenon occurring in STM images of ordered monolayers adsorbed on

crystalline surfaces is the observation of a large scale contrast modulation. [77] The so called
Moiré patterns§ are reflected in a slight periodic variation in the apparent height of STM
topographs. Prerequisite for the appearance of Moiré pattern in organic (mono)layers on
crystalline surfaces is an incommensurate relation between the lattice of the adsorbate film
and the substrate giving rise to this superstructure. In contrast to Moiré patterns occurring
in transmission electron microscopy (TEM), Moiré pattern in STM images cannot be simply
understood in terms of superposition of two slightly different lattice constants. In STM, these
patterns originate primarily from three-dimensional tunneling and the fact that nanoscale
waves, generated by the interface scattering in lattice-mismatched systems, propagate through
many layers without decay. [78] Due to the high sensitivity of Moiré patterns, Diaye et al.
used such superstructures to determine epitaxial relations between graphene and Ir(111). [79]

Figure 2.4 (a) presents an STM topograph of a trimesic acid (TMA) dissolved in nonanoic
acid on highly oriented pyrolytic graphite after the self-assembly process was finished. A de-
tailed view on the STM topography reveals two different lattices occurring in this honeycomb
structure, i.e. the hexagonal trimesic acid network as well as the TMA superstructure lattice.
In order to determine the exact lattice parameter, fast Fourier transformation (FFT) tends

§Moiré pattern occur in different places in nature as a result of superposition of two slightly different lattices
generating a third.
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to be appropriate as done in Figure 2.4 (b). The spots in the FFT spectra were addressed
either to the TMA network lattice or the Moiré Pattern and they were measured to be
(1.6± 0.1) nm and (5.8± 0.1) nm, respectively. On basis of FFT spectra analysis a rotation
by (10± 1)◦ of the TMA superstructure lattice with respect to the TMA lattice was also
assessed, which is in good agreement with a previous study. [42] In general, for determining
the lattice parameters as well as the relative (epitaxial) orientation with respect to each
other, the evaluation of a FFT spectra is the method of choice rather than the evaluation of
the respective STM topographs.

Figure 2.4: (a) STM topography of the TMA honeycomb self-assembled mono-
layer on highly oriented pyrolytic graphite. (b) 2D fast Fourier transformation
spectra of the raw data. The inner spots (encircled red) correspond to the TMA
superstructure network, i.e. the Moiré pattern, whereas the outer white encircled
spots are related to the TMA network. The angle γ indicates a rotation of the
TMA network relative to the TMA superlattice of approximately (10± 1)◦. (c)
STM topography of p-terphenyl-3,5,3’,5’-tetracarboxylic acid (TPTC) molecules
adsorbed on graphene terminated Cu foil.¶A chemical model of the molecule
is presented in the inlay. The blue arrow marks the brighter inner phenyl ring,
whereas the black arrows highlight the outer phenyl rings. STM tunneling
conditions: (a) VT = 0.50V, IT = 48.1pA; (b) VT = 0.60V, IT = 50.0pA.

Another important factor that determines the contrast of STM topographs is the substrate
on which the molecules are adsorbed. Normally, STM studies have been conducted either on
metal substrates or on graphite. Recently, graphene terminated substrates (e.g. conducting
Cu foil or insulating SiO2, for details see section 3.3) are used to investigate various atoms
and organic molecules. The behavior of the adsorption and desorption process of molecules
on graphene terminated substrates seems to be similar to graphite. [80] Due to the unique
properties of graphene, i.e. that the electrons within a layer can roam freely for hundreds of
nanometers before they hit a defect, [81] submolecular resolution for conjugated π electron
systems, that are decoupled from graphene or the underlying substrate were reported. [82]

In contrast to the adsorption on graphite, there is less contribution from the bulk material
and the aromatic molecules couple with the pz orbitals to the graphene. The incredible
sensitivity of this substrate is demonstrated in Figure 2.4 (c), where individual phenyl rings
are resolved on the nonanoic acid - graphene (on Cu foil) interface. The single aromatic rings
of one p-terphenyl-3,5,3’,5’-tetracarboxylic acid (TPTC) molecule are exemplarily marked

¶Publication in preparation: Georg Eder, Izabela Cebula, and Peter Beton, University of Nottingham.
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with color coded arrows. Mostly, the inner phenyl ring appears brighter. Identical high
resolution topographs of the same system were obtained on a graphene sheet, terminating
an insulation SiO2 substrate.
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2.3 Instrumentation‖

The scanning tunneling microscope provides the technical platform for imaging atoms by
exploiting the tunneling effect for electrons. Therefore, the designs primarily have to provide
stability in order to avoid drift in vertical and lateral directions during raster-scanning of the
tip. Within the last 30 years, a variety of different STM designs (e.g. louse [5], Besocke, [83]

or possible variation such as Frohn [84] or Wilms [85]) have been realized, operating under
different environmental conditions such as ultra-high vacuum, [86] high pressure, [87] liquids, [88]

or even under high magnetic fields. [89] Some STMs have also been designed for operating at
extreme temperatures, i.e. from extremely low temperature of 30mK [90] to extremely high
temperatures of up to 1100K.
The fundamental operating principle of the scanning tunneling microscope is simple.

However, the components have to meet high requirements in construction and design. In
the following, the primarily used setup in this work is described. It can be operated in
different modes, i.e. as scanning tunneling microscope (STM) and non-contact atomic force
microscope (NC-AFM). Figure 2.5 presents an overview of the major assembly parts. The
device was designed and realized by Stephan Kloft.

Figure 2.5: Sketch of the setup of the scan-head on the sample platform
with its major assembly parts: ¬ attocube linear positoner,  piezo tube, ®
housing/shielding, ¯ probe holder, ° sample platform with sample-pad and
sample-holder, ± base plate. CAD drawing (b) and photograph (c) of the
injections add-on which enables the application of additional solvent during
raster-scanning.

The metal tip is clamped by a set-screw in the magnetically attached STM probe holder ¯.
A piezo tube scanner  enables the raster-scanning across the substrate, which is electrically
connected to the sample °. A permanent magnet attaches the sample to the base plate
±, which renders the setup very versatile in terms of an adaptable sample holder. A linear
positioner ¬ is utilized for the coarse approach. The whole STM head ®, including the

‖Publication in preparation:”A versatile drift-stable Scanning Probe Microscope with inertial coarse approach
for molecular self-assembly studies”, Stephan Kloft, Georg Eder, Khaled Karrai, Wolfgang M. Heckl, and
Markus Lackinger.

15



Introduction to Scanning Tunneling Microscopy

electrical wiring, rests on three magnetic feet on the base plate. The coarse approach
mechanism is based on an interplay between the voltage driven expansion and contraction
of the scanner tube and the movement of the whole scanning unit, driven by a modified
linear positioner (a modified ANPz50∗∗) utilizing the stick-slip effect. First, the axis of
the positioner performs a slow acceleration, leading to a mass transport by static friction.
This movement is followed by a fast acceleration in the opposite direction, which causes the
positioner to slip over the clamped axis. A periodic repetition results in a stepwise motion
that is controllable with nanometer precision over a millimeter range. A combination of
this step-by-step motion with the expansion and contraction of the tube scanner piezo is
repeated until tunneling contact is established.

The tube scanner is intended for movement in the x−y plane planar-parallel to the sample
surface as well as for z-positioning of the tip in the vertical direction. The latter is achieved
by a closed loop feedback. The tube scanner used in this setup has four outer segments and
one inner segment for electrical supplies. This type was realized by Binnig and Smith for the
first time. [91] Applying voltages on the opposite outer segments results in the contraction
of one and the expansion of the opposite side, and thus, an x/y positioning by bending of
the tube. The vertical motion is obtained by applying a voltage to the inner electrode with
respect to all four electrodes on the outside.
For studing the dynamics of guest incorporation in a pre-existing host matrix at the

liquid-solid interface a novel injection add-on (see Figure 2.5 (b) and (c)) was developed. [92]

This system facilitates data acquisition while applying additional solution through a bent
glass capillary, which is directed at the sample. The injection of the solution takes place
under visual camera control by means of a thoroughly mechanically decoupled syringe outside
the shielding of the STM. The injection neither impairs high resolution nor caused substantial
drifts.

Besides the mechanical components of the STM, the characteristics of the used electronics
regarding amplification, bandwidth, reaction time, stability and signal to noise ratio (SNR)
play a major role. To date, special control systems allow frame rates up to 200Hz. [93]

Figure 2.6 depicts a schematic plan of a standard STM setup consisting of a scanning
unit and a control electronics. The separation of signal and high voltage supply wiring is
introduced to avoid possible crosstalk. In addition, an outer housing shields the instrument
from electromagnetic fields. Besides the feedback controller,†† the high-voltage amplifier, a
very sensitive current-to-voltage converter (IVC, typical bandwidth 1 kHz) and a software
interface complete the whole setup.
To achieve high resolution STM images or to perform scanning tunneling spectroscopy

(STS) measurements, the noise of both mechanical and electronic origin have to be minimized
or – ideally – reduced to their physical minimum. An extensive contribution to mechanical
noise reduction can be achieved by mounting the vibration-isolated STM setup on a damped
optical table, which suppresses much of environmental vibrations. The resonance frequency of
the custom built damping stage is in the range of 2Hz to 3Hz and its transfer function shows
excellent damping characteristics for higher frequencies. However, the internal resonance
frequency of the scanning head is in the range of 1.7 kHz. This is in very good agreement with

∗∗attocube systems AG, Königinstrasse 11a RGB, 80539 München, Germany.
††in most cases a PI controller, X(t) = g ·

[
e(t) + 1

Ti
·
∫∞
0
e(τ)dτ

]
, X(t) manipulated variable (voltage on

the z-direction of the scanner); e control deviation, error; g proportional gain; 1
Ti

integral gain.
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the requirement of vastly differing eigenfrequencies of the damping stage and the supporting
table. [94]

Figure 2.6: Overview sketch of a standard STM setup with its major assemblies:
An IVC (current-to-voltage converter) to convert the tunneling current in easier
to process voltage, a high voltage amplifier to operate the piezo elements, a
feedback control to adjust the tunneling distance in dependence of the selected
current set point, and a PC interface.

To reduce the aftereffects of thermal drift during the measurements the choice of construc-
tion materials as well as the design details are crucial. In order to reduce these negative
impacts, the present symmetrically designed setup was made of Invar steel, which has an
extremely low linear thermal expansion coefficient of 1× 10−6 K−1 at room temperature.

Data Analysis and evaluation Typically, an acquired STM data set consists of a 512 ×
512 pixel matrix initiated by a header, which includes chosen experimental values such
as current set-point, bias voltage, and feedback parameters. Each data value is assigned
to a physical signal such as tunneling current (current image) or the required voltage for
readjusting the tip surface distance (topography image) when running the STM in constant
current mode. An image processing software‡‡ converts this value corresponding to a lookup
table (LUT) to false color images. Afterwards, various types of operations can be conducted
in the post-processing to enhance the visual representation of the raw data. Besides the
basic operations (rotating, flipping, cropping, etc.), data correction functions (filtering, line
corrections, etc.), transformation functions (2D fast Fourier transformation, 2D FFT) also
detections, analysis, and statistical programs can be applied to the data.
The evaluation of split images is a common technique to determine unknown lattice

parameters of self-assembled patterns and possibly correct images from distortion. This
special type of images is recorded by modifying the scanning parameters during the image
acquisition and presents the adsorbate structure as well as the substrate within a single
frame (see Figure 2.7). After fast Fourier transformation is applied to the raw data, the
lattice parameter of the known substrate can be corrected to its real values. This also leads
to correct values for the parameter of the unknown structure.

‡‡commercial image processing software: Scanning Probe Image Processor (SPIP) from Image Metrology,
Freeware: Gwyddion, ImageJ.
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Figure 2.7: Split image of a distorted BTB monolayer on HOPG. (a) The lower
part of the STM topography presents the lattice of the self-assembled sixfold
BTB network and the upper part the known graphite lattice. (b) 2D fast Fourier
transform (FFT) of the split image. The white encircled spots correspond to the
substrate lattice. However, the red encircled spots are related to the hexagonal
lattice of the organic adsorbate. To eliminate the influence of the drift, the
graphite lattice can be adjusted to its known values. The relationship between
adsorbate and substrate lattice, and therefore the superstructure matrix, can
also be directly derived.
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Chapter 3

Experimental Details and Materials

This chapter summarizes the experimental details and materials used in this
work. In section 3.1, a comparison of ultra-high vacuum conditions versus
ambient conditions from the STMs’ perspective is presented. Section 3.2
discusses the critical process of probe preparation, which is of pivotal importance
to achieve atomic and submolecular resolution. The emphasis of section 3.3 is
on the used substrates, solvents, and molecules. Subsequently, the preparation
of clean surfaces and the specific sample preparation as well as the used devices
are introduced in section 3.4.

3.1 Ultra-high vacuum versus ambient environment

A significant number of the experiments presented in this thesis were performed under
ultra-high vacuum conditions at a base pressure of approximately 5× 10−10 mbar. The used
UHV system (see Figure 3.1 (b)) consists of a main chamber and a load-lock offering the
possibility to quickly transfer samples and STM tips without venting the main chamber.

Figure 3.1: (a) The graph shows residual gas spectra from 5 u to 55u before
and after bake-out of a UHV chamber, depicted in arbitrary units for visualiza-
tion reasons. The difference between the ratio of the H2O+ peak and N+

2 peak
before and after the bake-out is obvious. (b) The sketch represents the used UHV
chamber equipped with an Omicron VT1000 STM (¬), a low-energy electron
diffraction system (LEED, ¯), and a quadrupol mass spectrometer (QMS, ), a
Knudsen cell (®) and the arms for manipulation of the samples (°), adapted
from [95].

The whole framework is mounted on four pneumatic suspension posts facilitating active
damping. For surface analysis, the chamber is equipped with an Omicron STM (¬), a
low-energy electron diffraction system (LEED, ¯), and a quadrupol mass spectrometer
(QMS, ). Furthermore, there are several devices for surface preparation integrated such as
an ion-sputtering gun, various evaporation cells (®), and heaters for both sample and tip
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preparation. The UHV conditions are achieved by oil-free pumps, namely by a combination
of a low-vibration magnetically levitated turbo-molecular pump coupled to a forepump. An
ion pump and a titanium sublimation pump for removal of residual gases are used for the
last two orders of magnitude in pressure.

UHV experiments demand ahead-of-schedule work. After an UHV system had been vented,
a bake-out (typical temperatures are in the range of 150 ◦C) of the whole system and its
components is essential. The applied heat increases the desorption rate of adsorbed molecules,
primarily of water molecules, and therefore facilitates low chamber pressures in acceptable
time. Simultaneous degassing of parts exposed to air such as filaments supports re-gaining
UHV conditions. A residual gas spectrum before and after the bake-out (see Figure 3.1 (a)) is
used as quality criterion. Before bake-out, peaks corresponding to ionized water molecules at
18 u and for its fragments at 2 u, 16 u, and 17 u are dominating the spectra. After bake-out,
hydrogen (1 u and 2 u) is the prevailing residual gas besides minor traces of CO, CO2, and
hydrocarbons. [96] A peak at 32 u associated to molecular oxygen would indicate a leak.
UHV conditions provide well-defined and clean conditions for reproducible experiments

and are essential for minimizing the complexity and diversity of molecule-surface interactions.
In order to achieve less than 1013 residual gas molecules per cm2 on the surface (coverage
of roughly 1/100) within a typical time span of an experiment of 104 s, a base pressure
of 5× 10−12 mbar is vital. [96] However, for the simple reason that most of the residual
gas molecules are harmless to the surface, a base pressure of 5× 10−10 mbar is sufficient.
Moreover, UHV condition enables to control the total number of molecules on the surface by
adjusting the molecular flux and taking into account the sticking coefficient, i.e. the ratio of
the adsorbed molecules to impinging atoms. Based on the controlled way of preparation, the
reactions can mainly be attributed to the fundamental reaction principles.∗ Beyond that,
the low number of free residual gas molecules renders thermal treatments possible, neither
causing oxidation nor other unwanted processes. Moreover, many surface analysis techniques
are based on the excitation with or the detection of electrons which at least demand high
vacuum conditions.

Molecules on surfaces under UHV conditions may undergo basic processes such as diffusion,
desorption, or even reactions like dissociative chemisorption. [97,98] In addition, using vacuum
conditions enables the independent manipulation of parameters, such as the surface temper-
ature or impinging rate of molecules. Due to the low gas density, also molecule-molecule
collisions are mostly avoided and the molecules reach the substrate within their initial energy
state.

In contrast, under ambient conditions, i.e. at the liquid-solid interface, a complex interplay
of adsorption and desorption of the investigated molecules and interactions with solvent
molecules comes into play. The dynamic exchange of molecules promotes self-repair but also
complicates the formation of sub monolayers or even clusters. For self-assembled monolayers
at the liquid-solid interface, the finally observed structures are commonly in thermodynamic
equilibrium with the supernatant solution. Furthermore, the viscosity of the solvent can
influence the kinetics of adsorption. What is more, the concentration at the interface tends
to be a parameter that is challenging to control. Although the evaporation of the solvent

∗Gehard Ertl also relied on UHV conditions to establish the surface science approach which can play a major
role in elucidation of the molecular principles (involved basic physical and chemical processes) that govern
reaction on catalyst surfaces. [43]
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can be suppressed, a concentration gradient can hardly be prevented. Moreover, the surface
is exposed to a mixture of air and water molecules, depending on humidity. This can also
lead to unpredictable conditions at the interface. Moreover, dust particles can also serve as
nucleation seeds starting the formation of unwanted networks or phases.
Nevertheless, there were similar or even identical morphologies and structures for self-

assembled monolayers (SAM) reported, both for ambient and for ultra-high vacuum con-
ditions. [99,100] For instance, Figure 3.2 (a) shows STM topographs of the self-assembled
honeycomb network of 1,3,5-tris(4-carboxyphenyl)benzene (BTB) on graphite at room tem-
perature. The upper part of the STM image presents the self-assembled host structure
acquired under ultra-high vacuum after the building blocks were evaporated by means of
organic molecular beam epitaxy (OMBE). The same system has been observed under ambient
conditions using nonanoic acid as solvent. The resulting structure is displayed with the
same length scale in the lower part of the image. Both conditions lead to exactly the same
hexagonal host network with an identical lattice parameter of 3.2 nm. [101] They all have in
common, that the network is stabilized via double hydrogen-bonds between the building
blocks. The registry of the molecules on the surface is not influenced by the environmental
conditions.

Figure 3.2: (a) A composition of two STM topographs of 1,3,5-tris(4-
carboxyphenyl)benzene at different environmental conditions. The upper image
was acquired under ultra-high vacuum condition, whereas the lower was imaged
at the liquid-solid interface. (b) STM topograph of a 2D polymer (1,3,4-tris(4-
bromophenyl)benzene (TBPB)) synthesized under ultra-high vacuum conditions
and transferred to ambient conditions. STM tunneling conditions: (a) VT =
0.75V, IT = 62.6pA for the upper part and VT = 0.70V, IT = 55 pA for the
lower part; (b) VT = 0.77V, IT = 61pA.

In contrast, there are several systems, especially ones where surface-mediated reactions
are involved, that end up in different structures. Yet, under ambient conditions some types
of chemical reactions are blocked or hampered, independent from the used solvent. For
instance, 1,3,4-tris(4-bromophenyl)benzene (TBPB) on Au(111) forms a covalent network in
UHV after warming the sample (for details see section 5.5). Applying the same protocol
to the liquid-solid interface while dissolving the TBPB molecules in ethanol results in just
dimers. [102] A practicable approach to overcome this restriction is to transfer the sample after
the synthesis under UHV conditions was completed to ambient conditions. Figure 3.2 (b)
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displays an STM topograph of a TBPB network, which was prepared under UHV conditions
and stored for 48 h under ambient conditions before the image was acquired. Obviously, the
network is not composed of perfect hexagons and some dust particles are adsorbed due to
the storing time under air. Nevertheless, the stability of the network was not influenced by
the transfer process.
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3.2 STM tip preparation†

A crucial factor for STM image quality is without any doubt the characteristics of the used
tip. The origin of atomic resolution is facilitated by the shape of the tip, where close to
100% of the tunneling current is transported via the foremost apex atom. [18] Ideally, the tip
is terminated with one single atom at the apex, free of contamination, and should have a
small aspect ratio to reduce possible mechanical vibration. Of course, the apex of the tip
should have atomically stable configuration during the raster-scanning process.

There exists a variety of approaches to form sharp metal tips that could be roughly classified
as mechanical production of tips and others classified as physicochemical fabrication processes.
Although several theoretical and experimental works were focused on tip fabrication, [104–107]

it still remains difficult to produce tips that meet the high requirements. Nevertheless,
optimal strategies for the tip fabrication process increase the yield noticeably. [108] Tips used
under ambient conditions are mostly made of an alloy of Platinum and Iridium, e.g. Pt0.9Ir0.1.
They are produced by mechanical procedures such as cutting the wire at a certain angle
with diagonal pliers, machining, or fragmenting. These mechanical tip formation approaches
are very simple and time-saving. They facilitate scans with submolecular or even atomic
resolution, specifically for less corrugated surfaces. Unfortunately, the tunneling junction of
mechanically produced tips is normally less stable than for physicochemically produced ones
because of numerous tiny asperities at the tip apex that may cause artifacts.

Thus, for UHV conditions the material of choice is tungsten due to its increased stability
and inherent mechanical properties. In addition, the simple processing of sharp tips by
using mild chemicals renders tungsten also suitable as probe material. Yet, the typically
fabrication procedures, i.e. electrochemical etching, are more complex. The etching process
for tungsten wires (diameter 0.5mm) follows the overall reaction:

W(s) + 8 OH− −−→ WO 2−
4 + 4 H2O + 6 e−

6 H2O + 6 e− −−→ 3 H2(g) + 6 OH−

W(s) + 2 OH− + 2 H2O −−→ WO 2−
4 + 3 H2(g) E0 = −1, 43eV

The basic etching setup consist of two electrodes, namely the tip and the counter electrode,
both placed in an electrolyte solution. Applying a voltage in the range of 2V to 5V between
these two electrodes leads to a dissolution of the tungsten wire. The sharp shape of the
tip is caused by the fact that capillary forces are forming a meniscus of solution around
the immersed tip wire that influences the etching rate. So, the etching rate at the bottom
of the meniscus is a lot faster than at the top of the meniscus that leads to a tapering of
the wire. [109] The quality of STM tips can be optimized by the choice and concentration of
the electrolyte (KOH, NaOH) and with that its ion activity, [106] the applied voltage (range,
AC/DC), and the used material, i.e. its purity. The finishing of the pre-fabricated tips
is performed by means of a zone electro-polishing device under optical control in a light
microscope. [110] Beyond that, it is worthwhile to note that tungsten is prone to oxidation
under ambient conditions. [106,107] In order to remove the tungsten-oxide layer and etching
remnants to achieve a stable tunneling junction, various procedures are proposed in literature

†published [103]
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such as ion-sputtering, [105,111,112] annealing by electron bombardment, [113,114] dipping into
hydrofluoric acid (HF), [115] and self-sputtering in a noble gas environment. [116]

Before using the tips under ultra-high vacuum conditions, they have to undergo an after-
treatment consisting of an in situ ion-sputtering. Subsequent thermal annealing is strongly
recommended in order to remove tungsten oxides and etching residues. For this reason a
versatile ion-sputtering and electron-beam annealing device (see Figure 3.3) was developed.

Figure 3.3: Scheme of the combined ion-sputtering and electron-beam annealing
device: filament ¬, ring electrode  used as grid for ion-sputtering and used as a
filament for electron-beam annealing, and tip holder ®. (b) Adaptation scheme
of the proposed device presented in (a) for commercially available Omicron tip
holders ¯. [103]

The basic components of the UHV compatible device for STM tip post-preparation are
the axially arranged filament (tungsten wire, diameter 0.2mm, 13 coils, grounded on the
flange on the vacuum side), ring (tungsten wire, wire diameter 0.2mm, ring diameter 10mm),
and tip. This setup can easily be customized to a specific tip transfer and carrier system
(see Figure 3.3 (b) for adaption to Omicron sample standard) and is therefore universally
adaptable. Four high-voltage feedthroughs provide the wiring of the components. Due to
adjustably mounted parts, the distances between tip and ring as well as between ring and
filament are tunable in order to optimize the sputtering yield. To find optimal geometrical
parameters, finite element simulation of the electrostatic potential and the electrostatic
field was performed. The proposed device can be operated in two different modes, i.e.
ion-sputtering and electron-beam annealing, just by changing the external wiring.
To operate the device in the ion-sputtering mode, noble gas (typically argon) has to be

dosed into the UHV chamber via a leak-valve at a partial pressure of 1× 10−5 mbar. Passing
a DC current of 4.5A through the filament yields thermal emission of electrons. A positive
potential in the range of 800V is applied to the ring assuring an acceleration of the electrons
in this direction. During their acceleration to the ring, these electrons generate positively
charged noble gas atoms by impact ionization. On their part, the argon ions are attracted by
a negative potential of −2000V onto the tip, resulting in a detectable sputter current. The
ion current is positively correlated with both noble gas pressure and negative bias on the tip.
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To operate the device in the electron-beam annealing mode, the ring is used as filament,
i.e. as a source for thermal electrons. In contrast to the sputtering mode, a positive
voltage in the order of 1500V is applied to the tip acting as a sink for electrons. After the
sputtering, subsequent annealing is necessary to reduce defects which originate from the
material removal during the ion-milling process. Here, the parameters, i.e. acceleration
voltage, time of exposure, etc. have to be chosen very carefully to avoid blunting of the
apex. [113]

In order to demonstrate the efficiency of the device, the prepared tips were characterized
before and after sputtering as well as after annealing by scanning electron microscopy (SEM)
in combination with spatially averaged energy dispersive X-ray (EDX) analysis. Directly
after the electro-polishing procedure, the tip apex exhibits clearly visible contaminations
(see Figure 3.4 (a) and (c)), which are due to etching remnants.

Figure 3.4: (a)/(c) present SEM micrographs of electrochemically etched tung-
sten tips directly after electrochemical etching and electropolishing without any
further treatment. (b) illustrates the tip as shown in (a) after sputtering with
5 µA for 1min, (d) the same tip as shown in (c) after sputtering with 10 µA for
5min. Both examples clearly demonstrate that ion-sputtering in the proposed
device is efficient for removing contaminations, but that also changes the surface
structure, and possibly the tip shape. The detectable change of the outer shape
of the tip shown in (d) is addressed to a tenfold increased ion-dose as compared
to (b). [103]

In addition – for approximately 50% of the probes – oxygen was detected by EDX
confirming the presence of tungsten oxides which were also observed by other groups. [104,112]

After the ion-sputtering process, the quality of the tips was assessed again by SEM and
EDX characterization. Obviously, all visible contaminations were removed (see Figure 3.4
(b) and (d)) and the EDX spectra reveal no oxygen indicating the absence of tungsten oxides.
Furthermore, the surface structure and possibly the tip shape were changed. Figure 3.5
presents SEM topographs of an electro-polished STM tip before and after annealing (1500V,
1.5mA, 5min). Apparently the shape of the annealed tip is changed because of partial
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melting of the tip and the onset of blunting. In this regard, it is important to mention
that further studies of STM tips with different initial geometric shapes have shown that the
resulting geometry is strongly related to the initial one. Therefore, it is hardly possible to
provide general parameters for the annealing process. As a rule of thumb, we propose that
for cone angles ∼ 25◦ no indication of blunting occurs after annealing times below 3min and
currents of 1.5mA at maximum acceleration of 1500V. EDX revealed a further interesting
result by detecting aluminum at the shank of the STM tip (see SEM images in Figure 3.5).
The concerned parts were not electrochemically treated. We attribute this contamination to
the wire drawing process.

Figure 3.5: SEM micrographs of an electrochemically etched tungsten tip (a)
before and (b) after electron-beam annealing (1.5 kV, 1.5mA, i.e., 2.25W for
300 s). The dashed line in (b) illustrates the outer shape of the tip before
annealing. The cone angle changes from 20◦ to 25◦. (c) and (d) present SEM
micrographs of the shank of a tungsten tip and a zoom in, respectively. [103]
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3.3 Substrates, solvents, and molecules

Substrates In order to perform STM investigations, a solid, electrically conducting, and
chemically stable sample is essential, which provides a versatile platform for steering and
monitoring structures at the nanoscale. [28] The most commonly used substrate material to
carry out STM measurements under ambient conditions is highly ordered pyrolytic graphite
(HOPG), cleaved along the (0001) plane. Graphite surfaces are used because of their chemical
inertness and the ease of preparing large and atomically flat areas. The (0001) direction is
favored because of weak van der Waals interaction between sp2 hybridized covalently bonded
carbon layers within the stacked material. An additional consequence of this ABAB stacking
is the increased lattice constant of 2.46Å in STM images when just every other carbon atom
is resolved. Figure 3.6 (b) shows an STM topograph that is also used as calibration standard
for the lateral dimension. Since typical STM images have a size of the order 10 nm to 100 nm
the domain size of the HOPG or the mosaic spread‡ does not impair the experiment.

Figure 3.6: (a) STM topograph of a flame annealed Au(111) surface, the inset
illustrates a 22 x

√
3 herringbone reconstruction caused by a contraction of

the atomic spacing along the [110] direction resulting in alternating hexagonal
close packed (hcp) and face centered cubic (fcc) domains (b) STM topograph of
atomically resolved graphite, inlay shows the 2D FFT image.

Also metals can be used as substrates but predominantly under UHV conditions due to
their high reactivity. Under ambient conditions, the number of applicable metals is limited
due to the lack of available preparation protocols and their tendency to oxidation and high
vulnerability to undergo undesirable reactions with the air. Thus, the choice is often restricted
to Au, which is of particular interest due to its bio-compatibility, non-toxicity, inertness,
and available preparation methods under ambient conditions. Figure 3.6 (a) presents an
STM topograph of flame annealed Au(111). In the context of the reaction on 2D surfaces
the influence of the size of terraces, the abundance of step edges and kinks, the surface
roughening, and the temperature dependent 2D adatom gas are decisive factors. Besides the
material, the crystallographic orientation and consequently the related coordination number

‡different quality grades caused by a variation of the c-axis orientation spread of the polycrystalline graphite,
i.e. ZYA = 0.4◦ ± 0.1◦, ZYB = 0.8◦ ± 0.2◦
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of the surface atoms§ are of pivotal importance for governing surface mediated reactions.
Therefore, every endeavor is made to prepare the desired crystallographic orientation (cf.
section 3.4) which is conditio sine qua non either for studying surface properties at all or to
serve as a template for epitaxial growth studies.

A very interesting type of new materials are graphene terminated substrates. To date, the
one monolayer thick carbon sheets are available on various substrates, such as conducting Cu
foil [117] or insulating SiO2. [118] Graphene has outstanding properties, e.g. the longest known
free mean path of electrons and highest current density at room temperature (106 times of
copper) which arises from a combination of relativistic and quantum mechanical effects. [119]

In addition, this modification of carbon has also excellent mechanical properties. Graphene
is the thinnest imaginable, strongest, and stiffest known material but at the same time
the most stretchable crystal (up to 20% elastic). Moreover, it is completely impermeable,
i.e. even He atoms cannot penetrate and its thermal conductivity outperforms diamond.
Figure 3.7 (a) shows a representative STM topograph of graphene terminated SiO2, where
graphene “wrinkles” were observed. They originate from the growth process of the graphene
on the copper foil [117] and are not related to the transfer process onto the SiO2 substrate. To
characterize the quality and the number of graphene layers, the prominent and rich features
in Raman spectra, i.e. the G and 2D peaks, are examined (see Figure 3.7 (b)).

Figure 3.7: (a) Overview STM topograph of a graphene terminated SiO2, where
a wrinkled structure is obvious. The inlay 2nm× 2nm shows a zoom-in of the
monolayer graphene structure. (b) Raman spectra of graphene terminated SiO2.
The line width of the 2D peak is 32 cm−1 and the IG/I2D ratio is approximately
0.5 both indicating a monolayer of graphene. STM tunneling conditions: VT =
0.280V, IT = 87pA.

A sharp line width ∼ 30 cm−1 and a single Lorentzian profile of the 2D band at 2680 cm−1

provide an indication for a monolayer graphene. Furthermore, the ratio of the intensity of G
to 2D peak IG/I2D provides a good correlation with the number of graphene layers. [120] For
monolayer graphene, the IG/I2D ratio is approximately 0.5. On such substrates, even if the
graphene was transferred to different materials, the graphene monolayer is not interrupted.
Thus, it connects the adjacent terraces electrically over steps and kinks and compensates

§Coordination numbers of a surface atom for a fcc crystal with (110), (100), or (111) orientation are 7, 8,
and 9, respectively.
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surface irregularities. In contrast to STM topographs of graphite, every atom within the
graphene layer is visible, confirming a hexagonal lattice constant of 0.142 nm.

Moreover, ultra-thin films of insulating compounds, e.g. NaCl or RbI with a thickness of
≤10Å were also used as substrates for STM studies. [53] By means of such thin films, the
interaction strength of the adsorbed molecules can be adjusted.

Solvents and molecules In the first instance, the insulating solvent is used to dissolve
the targeted molecules. The solvent molecules interact among themselves, with the surface,
and, dependent on their chemical characteristics, with the molecules under investigation.
So the choice of the solvent can influence the final structure by offering different solvent-
solute interaction. [121,122] Moreover, the solvent should have a low surface affinity in order
to avoid full coverage with these molecules. Furthermore, attention should be foccused
on the vapor pressure of the solvent, which influences the experimental conditions at the
liquid-solid interface by varying the absolute concentration. In addition, the evaporation of
the solvent can cause unstable tunneling conditions by thermal drift. As a rule of thumb,
the similia similibus solvuntur rule is useful for choosing an appropriate solvent by taking
the chemical functionalization of solvent and molecules into consideration. In this thesis,
the investigated molecules under ambient conditions were predominantly dissolved in fatty
acids (carboxylic acids with a long unbranched aliphatic tail) as presented in Table 3.1. It is
worthwhile mentioning that the adsorption energy (on graphite) increases linearly with the
fatty acid chain length. [123] Another important fact is the observation, that the concentration
of dissolved molecules seems to vary with storage time, even for unsaturated solutions. These
findings should be investigated in more details after the first preliminary UV-Vis adsorption
spectroscopy experiments of coronene dissolved in nonanoic acid indicate a storage time
dependency of concentration. Causal for these effects could be precipitation or clustering of
the more likely dispersed than dissolved molecules.

In this thesis, organic compounds were used exclusively due to their relevance for further
application in the scope of molecular electronics. Mainly, the molecular mass as well as
dimension of molecules applied in the experiments was relatively small, i.e. 200 u to 700 u
and 0.5 nm to 2.0 nm, respectively. These solid chemical compounds typically consist of an
organic (aromatic) backbone, which facilitates in most cases a planar adsorption on the
surface. These flat lying adsorption geometries favor lateral recognition on appropriate
surfaces. [124] For the formation of laterally interlinked 2D patterns, a three-fold symmetry of
the elementary building blocks is favored. In general, the final structure of the network and
thereby their properties can be governed by the type of functionalization, e.g. carboxylic
acid groups, thiols, or halogens. Precisely, the final patterns are stabilized either by chemical
interactions, i.e. covalent bonds, or physical interactions, e.g. hydrogen bonds or van
der Waals interaction of the elementary building blocks. Nowadays, a very wide range of
flexibility in the structure is possible due to advances in chemistry. [34]
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chemical structure Details

7A, C7H14O2

Heptanoic acid, Oenanthic acid
Molecular weight: 130.18 gmol−1, CAS number: 111-14-8
Vapor pressure: 1 hPa @ 20 ◦C

9A, C9H18O2

Nonanoic acid, 1-Octanecarboxylic acid
Molecular weight: 158.23 gmol−1, CAS number: 112-05-0
Vapor pressure: 4 hPa @ 20 ◦C

COR, C24H12,
Coronene, [6]circulene
Molecular weight: 300.36 gmol−1, CAS number: 191-07-1

TMA, C9H6O6

1,3,5-Benzenetricarboxylic acid, Trimesic acid
Molecular weight: 210.14 gmol−1, CAS number: 554-95-0
three-fold symmetry (D3h)

TPTC, C22H14O8,
p-terphenyl-3,5,3’,5’-tetracarboxylic acid
Molecular weight: 406.34 gmol−1

synthesized after known literature procedure [125]

R = H,
TPB, C24H18, 1,3,5-triphenylbenzene
Molecular weight: 306.40 gmol−1, CAS number: 612-71-5

R = COOH,
BTB, C27H18O6, 1,3,5-benzenetribenzoic acid,
1,3,5-tris(4-carboxyphenyl)benzene
Molecular weight: 438.43 gmol−1, CAS number: 50446-44-1

R = SH,
TMB, C24H18S3, 1,3,5-tris(4-mercaptophenyl)benzene
Molecular weight: 402.59 gmol−1

R = I,
TIPB, C24H15I3, 1,3,5-tris(4-iodophenyl)benzene
Molecular weight: 684.09 gmol−1, CAS number: 151417-38-8

R = Br,
TBPB, C24H15Br3, 1,3,5-tris(4-bromophenyl)benzene
Molecular weight: 543.09 gmol−1, CAS number: 7511-49-1

Table 3.1: Chemical information of the regularly used solvents and investigated
organic molecules. For further information please consult http://webbook.nist.
gov/chemistry/.
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3.4 Surface and sample preparation

STM experiments require a careful preparation of both extended atomically flat smooth
surfaces and STM probes. In general, surface properties differ strongly from bulk material.
Attributed to the broken bulk periodicity at the surface, unsaturated valences are accountable
for relaxation, reconstruction, defects, or segregation. [126,127] As a consequence of this, surfaces
often show different electronic, vibronic, optical, or magnetic properties compared to the
bulk material properties.
At the liquid-solid interface, the sample preparation is straightforward. In particular,

this is true for HOPG, where the topmost layers are just cleaved off using adhesive tape.
Preparing Au(111) surfaces for ambient purposes requires either 12 seconds of O2 plasma
treatment whilst being heated to 100 ◦C [102] or thermal flame annealing using a Bunsen
burner. To avoid contamination of the Au(111) on mica samples (purchased from Georg
Albert, Heidelberg), the films were stored in pressurized nitrogen atmosphere. Moreover,
there are electrochemical preparation protocols available to modify a metal surface by other
metals with different coverage. Figure 3.8 (a) shows a Cu terminated gold surface with a
mixed adlayer of 2/3 monolayer of Cu and 1/3 monolayer of sulfate utilizing underpotential
deposition (UPD) in the vicinity of 0.15V in steady-state cyclic voltammetry. [128–130] The
copper atoms form a commensurate honeycomb lattice with a (

√
3 ×
√

3)R30◦ symmetry
while the sulfate ions are adsorbed in the centers. By selecting a voltage of approximately
0.50V during the deposition process, a pseudomorphic monolayer of Cu(1× 1) on Au(111)
is attainable. [131] Depending on the applied potential, various surface coverages of Cu can
be achieved.

Figure 3.8: (a) STM topographs of an underpotential deposition of Cu, pre-
senting an adlayer consisting of 2/3 monolayer of Cu on a Au(111) surface. The
inlay 2 nm× 2 nm shows the commensurate honeycomb lattice of the Cu atoms
with a (

√
3×
√

3)R30◦ symmetry. The sulfate ions in the centers are not visible.
(b) presents an STM topograph of an iodine terminated Au(111) film. The inlay
2 nm× 2nm illustrates a zoom-in of the structure.

To increase the number of available substrates having different properties such as lattice
constant and corrugation, also iodine terminated gold substrates were prepared. [132] Besides
an electrochemical way to create this modification, the immersion of a pre-annealed Au(111)
film in a 3mM potassium iodine solution for 180 s and subsequently rinsing with pure water
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is sufficient (see Figure 3.8 (b)). Depending on the exposure time and the concentration,
different densely packed monolayers can be obtained. [132] The interaction strength of organic
adsorbates with iodine terminated gold substrates compared to bare Au(111) surfaces is
weaker. In general, the coating of metal surfaces with a monolayer of a different elements
modifies the surface properties with respect to the bare bulk material.
After finishing the sample preparation, a droplet of solution ∼ 2.5 µL, consisting of organic
solute molecules in the solvent, was immediately applied onto the surface. Subsequently, the
STM tip was immersed into the liquid and brought to tunneling distance.
On the contrary, the sample preparation under UHV conditions requires major efforts.

This is described for metals such as Au, Cu, and Ag in the following.

Sputtering Before using a crystal or thin metal film after exposure to air for the first
time or starting a new experiment with a previously used crystal, preparatory work has
to be done. It is imperative to remove the residuals from storage or former experiments
and to optimize the surface quality, e.g. by removing scratches from polishing and reducing
surface roughness. Thus, cycles of sputtering and subsequent annealing are essential. [133]

For cleaning, bombarding the surface with noble gas ions (e.g. Ar+, Ne+ ) and subsequent
annealing is the most commonly employed method. Typical ion energies are in the range
of 500 eV to 1000 eV, and a current density of 5 µAcm−2 is optimal for removing surface
contaminants together with the topmost atomic layers. The optimal duration of bombarding
(typically 20min) is dependent on the current density, the chosen number of layers to be
removed, and the kind of material. [51] In order to detach embedded and adsorbed noble gas
atoms and to recover the clean crystalline surface, subsequent annealing has to be performed.
Heating the crystal to temperatures below its thermal roughening temperature [134] results in
terraces separated by mono-atomic steps across the surface. [133] For quality inspection, i.e.
to confirm cleanliness and ordering of the surface, low-energy electron diffraction analysis
can by utilized.

Knudsen cell – Evaporating molecules To deposit molecules onto surfaces under vacuum
conditions, various different techniques are available such as electro-spray deposition, [19,135,136]

pulse injection, [137] and organic molecular beam epitaxy (OMBE). [138] Albeit OMBE carries
the disadvantages that large fragile molecules can either be fragmented during the evaporation
or some type of molecules are already reacting within the crucible, it is the most frequently
used technique for sublimating molecules with sufficiently low vapor pressure. Despite
these restrictions to evaporable components, large extended 2D networks on surfaces can
be achieved by depositing one or more different types of molecular building blocks and
subsequent activation of a bottom-up assembly mechanism. [139] To fulfill the requirements
for this approach, at least two independently addressable evaporation cells are needed.
Hereafter, a double Knudsen cell evaporator based on the setup of Gutzler et al. is

presented (see Figure 3.9). [140] Besides the sublimation of molecules, this design also enables
to determine the evaporation rate as a function of temperature with the integrated quartz
crystal microbalance. Based on these results, an approximation of the sublimation enthalpy
of the molecules is possible. The power supply for the resistive heater (0.3mm tantalum
wire with defined coil density) is realized by feedthroughs. Type K thermocouples guarantee
the independent temperature control of each molybdenum crucible and serve as control
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variable for the feedback system (Eurotherm 2416). Each cell is connected via separated
feedtroughs to avoid cross talk between the different crucibles. A grounded BNC feedthrough
connects the quartz crystal microbalance, which is integrated in the shutter, with the control
electronics. The setup can be operated in a temperature range between 50 ◦C and 500 ◦C
whereby each source can be addressed independently.

Figure 3.9: (a) Scheme of the enhanced double Knudsen cell based on the setup
of Gutzler et al. The setup is realized on a DN 63 CF flange, but reduced to a
DN 40 CF flange. (b) Detailed view on a revised single Knudsen cell. By means
of a fixing screw touching the bevel plane of the crucible the bottom of it is
pressed against the ball of the thermocouple. Thus a stable mechanical contact is
established. The major assembly parts are a macor holder ¬, a macor housing ,
a molybdenum crucible ®, a shielding ¯, a tantalum wire for resistance heating
°, and a type K thermocouple ±.

It is strongly recommended to degas the compound in the crucibles before beginning an
experiment because otherwise impurities of the powders could be deposited on the surface.
Although molecules which are thermally evaporated from this type of effusion cell are
distributed according to Knudsen’s cosine law, [141]¶ the coverage of the area scanned by the
STM is homogeneous due to the small field of view of the STM.

In order to determine a suitable evaporation temperature for newly synthesized molecules,
the change of mass and the related frequency shift (cf. Equation 3.1) as a function of time,
i.e. ∆m(∆t), is recorded with the integrated quartz crystal microbalance while maintaining
a constant temperature T at the crucible. Assuming that all or a constant fraction of the
sublimated molecules stick on the quartz crystal, the total mass of the system increases,
which causes a downshift of the resonance frequency of the quartz. Sauerbrey derived the
following equation: [142]

∆m = −
Aυtrans ρQ

2f2
0

∆f (3.1)

where f0 is the nominal eigenfrequency of the standard type of microbalance crystal
(6MHz), A the area of the quartz crystal, and ρQ the density of the crystal (2.65 g

cm3 ). The

¶angular distribution of the number of molecules per unit area: N = N0 cos
4 α, N0 maximum number per

unit area for emission angle α = 0, perpendicular beam.
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propagation velocity υtrans of an elastic transversal wave in direction perpendicular to the
surface, i.e. the 011 plane, is 3340 m

s .
Hence, the number of molecules sublimated per unit time is correlated with the impingement

rate. [143] Assuming a constant temperature, a long mean free path of the molecules, and a
constant sticking coefficient yields

∆m

∆t
=

1

4

A

RT

√
8RTM

π
p(T ) (3.2)

where R equals the ideal gas constant, M is the molar mass, and p(T ) is the saturation
vapor pressure. Equation 3.2 reveals a simple proportionality between deposition rate ∆m

∆t

and vapor pressure p(T ). To estimate the sublimation enthalpy ∆Hsub a substitution of
the vapor pressure p with the deposition rate or the frequency shift (∆f

∆t ) in the Clausius-
Clapeyron-equation ln p ∝ −∆Hsub/kBT results in

ln
∆f

∆t
= −∆Hsub

kBT
+ C (3.3)

where kB is the Boltzmann constant, and C is an arbitrary constant which does not have
to be evaluated. A plot of ln ∆f

∆t versus reciprocal crucible temperature 1
T results in a straight

line whose slope is −∆Hsub/kB. Consequently, the sublimation enthalpy per molecule can
be obtained by subtracting out the Boltzmann constant. Alternatively, the sublimation
enthalpy value per mol can also be extracted from the slope, as R = kBNA.

The above-mentioned strategy is applied to determine the sublimation enthalpy of a series
of molecules composed of the same organic backbone, i.e. four phenyl-rings. They just
differ in their functionalization. The results for 1,3,5 Tripenylbenzene (TPB) are exemplarily
demonstrated in Figure 3.10.

Figure 3.10: (a) The graph displays the frequency shift as a function of deposi-
tion time at different evaporation temperatures, i.e. from 90 ◦C to 120 ◦C, for
1,3,5 Tripenylbenzene (TPB). (b) An Arrhenius plot allows the determination of
the sublimation enthalpy. Herein, the slope of different function in (a) is plotted
versus the related inverse evaporation temperature times gas constant 1

RT .

Figure 3.10 (a) shows the frequency shift as a function of the deposition time at different
evaporation temperatures. The sublimation enthalpy ∆Hsub was determined from the slope
of an Arrhenius plot of the frequency shift versus 1

RT to (151.9± 7.0) kJmol−1. A comparison
with values taken from literature for this temperature region (mean value 149 kJmol−1) [144]
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is in perfect agreement with the obtained results, which renders the approach suitable
for the determination of sublimation enthalpies. Besides the sublimation enthalpy (see
Figure 3.10 (b)) a temperature value for sublimation can be derived. For all practical
purposes the most reasonable sublimation temperature can be taken, when the slope of the
frequency shift is 3Hz s−1.

Using the same method, the sublimation enthalpy for 1,3,5-benzenetribenzoicacid (BTB)
was determined to (191± 7) kJmol−1 and for 1,3,5-tris(4-mercaptophenyl)benzene (TMB)
to (151± 6) kJmol−1. Further, Gutzler et al. determined the sublimation enthalpy for
1,3,5-tris(4-bromophenyl)benzene to (177± 3) kJmol−1. [140] The single contribution of each
functional groups to the overall sublimation enthalpy of the entire molecule is dependent on
the vicinity of the functional groups and the organic backbone. Thus, it is impossible to
predict sublimation enthalpies just by simple arithmetic.
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Chapter 4

Interactions at the nanoscale – from
building blocks to 2D networks

This chapter deals with the fundamental interactions and processes at the
nanoscale. Section 4.1 introduces the basic concepts of Gibbs free energy and
self-assembly and also elucidates the influences of external parameters to these
processes. In addition, transition state theory is introduced to describe covalent
coupling through radical recombination. Since molecule-molecule interactions
play an important role for the formation of 2D networks, they are described
in section 4.2. Finally, section 4.3 sheds light on the interactions of adsorbed
building blocks with the substrate, namely physisorption and chemisorption as
well as surface mediated reactions.

4.1 Basic principles – processes at the nanoscale

Understanding the fundamental interactions of the involved building blocks among each
other and with the substrate is a key challenge in 2D crystal engineering on surfaces. It is
worth noting that the confinement to two dimensions already eliminates several degrees of
translational, rotational, and vibrational freedom of the tectons. [23] Nevertheless, some of
these 2D pattern are supposed to serve as initial templates to grow well defined 3D structures.

In 1828 Friedrich Wöhler laid the foundation for supramolecular chemistry by the synthesis
of urea. This was the first time, a chemical compound was artificially synthesized from
inorganic educts. Until now, the field of supramolecular chemistry has developed fast and
brought up powerful methods for the construction of complex molecular structures by forming
or breaking of non-covalent bonds between atoms in a controlled and depreciated manner. [145]

In the toolbox of molecular chemistry, self-assembly∗ is of particular interest. Whitesides
described this phenomenon as spontaneous formation of molecules into stable, well-ordered
structures with non-covalent interactions between the building blocks. [146] The spontaneous
process of self-assembly enables the formation of larger units out of small buildings blocks
consisting of individual functional components. [139] The information for self-assembly is
encoded in the involved components, their shape, topology, sequence of deposition, and
specific surface properties. This reversible [147] process also occurs in several examples in
nature (e.g. DNA double helix) and can be used as a blueprint for the adaptation of “artificial”
materials. Prerequisite for molecular self-assembly are predefined tectons which only weakly
interact and facilitate bond formation and bond breaking until a stable state of equilibrium
is reached. However, the term self-organization is reserved for molecular systems that forms

∗The term is also often used in biological systems, in which complementary units find each other and form a
stable aggregate. [28]
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structures far from thermodynamic equilibrium. [27] In general, these processes occur in three
dimensions but are restricted to surfaces in the following. Self-organization and self-assembly
can be controlled to some degree by the ratio between molecular flux (F) and surface diffusivity
(D). For high flux and low diffusivity, the molecules are trapped in a diffusion-limited state
(see Figure 4.1 (a)). These kinetically stabilized structures are not settled in the global
thermodynamic minimum. In contrast, for high diffusivity and low flux, the molecules are
allowed to move freely on the surface ending up in the thermodynamically favored equilibrium
structure. [34] Nevertheless, kinetically stabilized phases in an energetically meta-stable phase
can be transformed within the time of the experiment into thermodynamically comparably
stable polymorphs. [148] In general, thermodynamically controlled systems minimize Gibbs
free energy G. The change of Gibbs free energy ∆G is the appropriate measure

∆G = ∆H − T∆S (4.1)

where ∆H is the change in enthalpy, T the temperature, and ∆S the change of entropy of
the system at constant temperature (isothermal) and pressure (isobaric). The overall entropy
is composed of contributions from translational, rotational, vibrational, and conformational
entropy. For liquid-solid environments, solvation and adsorption enthalpy are the main
contributions to the enthalpy term of Gibbs’ free energy equation. For ∆G < 0 (exergonic),
a spontaneous reaction is favored without the need of any external stimulus, for ∆G = 0

neither the forward nor the reverse reaction is preferred because the system has reached
its equilibrium state, and for ∆G > 0 (endergonic) the reaction is disfavored and external
stimulus is required. In the case of self-assembly (∆G < 0), the degree of order increases
accompanied by a decrease of internal entropy. This contribution to the Gibbs free energy
has to be at least compensated by a respective gain in enthalpy.
Without any doubt, the process of self-assembly is a balancing act between molecule-

molecule (see section 4.2, Einter) and molecule-substrate (see section 4.3, Eads) interac-
tions [149] and carries the potential for engineering advanced structures with a high degree of
complexity. Figure 4.1 illustrates possible processes on a surface while Table 4.1 gives an
instructive overview of the different interaction types in terms of energy range, typical bond
lengths, and characteristics.

At room temperature, the typical adsorption energy per molecule Eads should exceed 1 eV to
prevent adsorbed molecules from desorption. [28] After the tectons are adsorbed on the surface
– usually at specific sites due to their functional groups – they can diffuse between these
different sites on the surface. This process obeys to a rate equation Γdiff = νdiff exp

[
−Ediff
kBT

]
,

where Γdiff is the hopping rate, Ediff is the diffusion energy barrier, and νdiff a prefactor.
In the case of large adsorbed molecules under ambient conditions, a prefactor νdiff in the
range of 1010 s−1 to 1014 s−1 and a diffusion energy Ediff of 0.5 eV are reasonable assumptions.
In order to “hop” on top of the surface, these adsorbed molecules have to overcome the
energy barrier, which is either determined by the particular adsorption-configuration of the
system [150] or governed by anisotropic surface effects. [151] In analogy to lateral transport
phenomena, tectons also need an activation energy to facilitate rotation. This process also
obeys a rate equation, where similar barrier heights are expected for the rotation energy Er

as known for the diffusion energy barrier Ediff in most systems.
The mobility of the molecules can be changed by varying the substrate temperature. The
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Figure 4.1: (a) Scheme illustrating molecular self-organization and self-assembly
processes. Depending on the ratio of molecular flux (F) and diffusivity (D),
either diffusion-limited self-organized structures (left) or self-assembled (right)
structures are formed. [27] (b) Sketch of possible interaction at the nanoscale.
The lateral interactions Einter can be caused by van der Waals interactions,
hydrogen bonding, electrostatic ionic interaction, dipole-dipole interactions, or
metal-ligand interactions after the tectons are adsorbed onto the surface. Besides
the adsorption energy Eads, diffusion Ediff and rotational Erot motion of the
tectons are crucial processes occurring on the interface.

applied thermal energy is transferred into kinetic energy Ekin of the molecules, whereby the
diffusion barrier of the surface can be overcome. [34] Nevertheless, the kinetic energy of the
molecules has to stay below the adsorption energy, otherwise this would cause desorption of
the molecule from the surface. Moreover, for self-assembled structures, the bond strength of
molecule-molecule interactions should be sufficiently weak in order to allow the molecular
entities to optimize the structure and eventually reach an equilibrium with a global minimum
of energy. On the other hand, the molecule-molecule interaction must be sufficiently strong in
order to form stable structures. To obtain molecular self-assembly on surfaces, the following
conditions have to be fulfilled: Eads > Einter ≥ Ekin > Ediff. As a consequence of the weak
interactions between molecules, reorganization and self-repair can easily be achieved.

Energy range Distance Character

Van der Waals Evdw ≈ 0.02 eV to 0.1 eV < 10Å Non-selective
Hydrogen bonding Eh ≈ 0.05 eV to 0.7 eV ≈ 1.5Å to 3.5Å Selective, directed
Electrostatic ionic Eel ≈ 0.05 eV to 2.5 eV ≈ 1.5Å to 2.5Å Non-selective
Dipole-dipole Edd ≈ 0.05 eV to 2.5 eV ≈ 1.5Å to 2.5Å Directional
Metal-ligand interactions Eml ≈ 0.5 eV to 2.0 eV ≈1.5Å to 2.5Å Selective, directional

Adsorption Eads ≈ 0.5 eV to 10 eV ≈ 1.5Å to 3Å Directional, site selective
Surface diffusion Ediff ≈ 0.05 eV to 3 eV ≈ 2.5Å to 4Å 1D / 2D
Rotational motion Erot ≈ dim (Em) s 2D
Substrate mediated Esm ≈ 0.001 eV to 0.1 eV Nanometer range Oscillatory
Reconstruction mediated Erm ≈ 1 eV Short Covalent

Table 4.1: Overview of basic interactions and processes at the nanoscale, with
associated energy and typical distances, adapted from [28,34].
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Transition state theory (TST) – Ullmann reaction For a qualitative description of chemi-
cal reactions, in particular for the Cu-mediated Ullmann coupling† of two aryl halides, [152,153]

transition state theory is appropriate. [154,155] Herein, a hypothetical energy state that exists
during a chemical reaction between reactants and products is described. The transition
state is primarily composed of unstable regions of the energy landscape which lead to a
quick stabilization into the reactant or product basins. In Ullmann reaction the intermediate
state involves most likely a bond of the aryl to a Cu+I. [156,157] However, also more complex
mechanisms such as single electron transfer were discussed. [158] At this intermediate state,
reactants are combined in order to form species called the activated complexes, which are
in quasi-equilibrium with the reactants. A reaction profile diagram (see Figure 4.2) allows
to plot the respective energies, i.e. the standard enthalpy of activation ∆‡H, the standard
entropy of activation ∆‡S, and the standard Gibbs energy of activation ∆‡G, in dependence
of a reaction coordinate under the assumption of a known rate constant.

Figure 4.2: Reaction profile of a hypothetical exothermic reaction of reactants
(A + B) to products (C + D). On the axis of the abscissas, the progress of the
reaction is plotted using the example of an Ullmann reaction. The activated
complex (transition state AB‡) is marked with a light gray shadowed area.

In addition, transition state theory can be utilized to predict, whether or not a reaction
will take place, depending on the population of the activated complex. The rate at which the
activated complex breaks apart, and the way it breaks apart (to reconstitute the reactants
or to form a new complex, i.e. the products) can also be described with this theory. The
rate constant k of an elementary reaction between reactants and activated complexes, which
are assumed to be in a special kind of equilibrium, is given by the Eyring equation:

k = κ
kBT

h
exp

[
−∆‡G

RT

]
(4.2)

where k is the reaction rate constant, κ the transmission coefficient that is often assumed
to have a value of unity, kB is the Boltzmann constant, R the gas constant, h Planck’s

†The Ullmann reaction is named after Fritz Ullmann. It includes a copper-catalyzed nucleophilic aromatic
substitution between various nucleophiles (e.g. substituted phenoxides) with aryl halides.
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constant, and ∆‡G the Gibbs energy of activation. Since ∆G = ∆H − T∆S, Equation 4.2
can be expressed as:

k = κ
kBT

h
exp

[
∆‡S

R

]
exp

[
−∆‡H

RT

]
(4.3)

where ∆‡S is the entropy of activation, which is the standard molar change of entropy
when the activated complex is formed from reactants, and ∆‡H is the enthalpy of activation.
Indeed, the energy of activation and the enthalpy of activation ∆‡H are not quite the
same, depending on the type of reaction. In this context, it has to be mentioned that the
fundamental equation of TST resembles the Arrhenius rate equation k = A exp

[−E
RT

]
and

nevertheless offers an interpretation of A, the pre-exponential factor, and E, the activation
energy.

Besides the molecular structure addressed above, external conditions such as solvent,
concentration, and temperature have an effect on the formation of 2D patterns because they
change the kinetics and thermodynamics of the processes.

Solvent effects A major role in the formation of two dimensional networks at the liquid-
solid interface is taken by the used solvent. It is capable of determining the final structure
by the interaction between adsorbate and solvent. Due to great differences in the properties
of liquids (polarity, viscosity and therewith related diffusivity of the molecules, and vapor
pressure), the dissolved molecules may assemble in various structures at the liquid-solid
interface.
Figure 4.3, for instance, illustrates different self-assembled phases of saturated 1,3,5-

cynabiphenyl-benzol (CBPB) solution. The STM image Figure 4.3 (a) was acquired in
heptanoic acid whereas (b) and (c) were obtained in nonanoic acid. The latter STM topograph
was acquired on a Au(111) surface in contrast to the others that were obtained on a HOPG
surface. For heptanoic acid (7A), the CBPB molecules form double rows of densely packed
molecules. As clearly visible in Figure 4.3 (a), adjacent double rows are separated by the
same distance. A detailed view on the rows suggests that hydrogen bonds between the
cyano nitrogen atoms of the nitrile group and hydrogen atoms of the phenyl rings stabilize
the entire structure. This is similar to 3-phenyl-propynenitrile on the Cu(111) surface, as
reported by Luo et al. [159] On the other hand, using nonanoic acid (9A) as solvent while
keeping all the other parameters constant yields a more regular spacing between the rows of
CBPB molecules in accordance with some variation of the contrast. This phenomenon is
very likely based on different adsorption sites of the CBPB molecules on the basal plane of
the graphite.
The different phases are most likely a consequence of co-adsorbed solvent molecules, that
influence the spacing between the CBPB molecules and thus the strength of intermolecular
interaction, e.g. van der Waals interaction and hydrogen bonds. As a consequence, the CBPB
molecules are locked at different preferred adsorption sites due to the different geometric
circumstances, e.g. length of the used fatty acid within the motifs. However, irregularly
assembled structures were obtained when applying 1,3,5-cynabiphenyl-benzol dissolved in
nonanoic acid (9A) on a Au(111) surface. In Figure 4.3 (c), the three-fold symmetric
molecules are present and clearly discernible by their outer contour. This demonstrates that
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the choice of the substrate can suppress primary solvent effects by increasing the strength of
substrate-molecule interaction in comparison to the strength of molecule-molecule interaction.

Figure 4.3: STM topographs of saturated 1,3,5-cynabiphenyl-benzol (CBPB)
on HOPG dissolved in (a) heptanoic acid and in (b) nonanoic acid. (a) The image
shows a typical obtained contrast, where a similar distance between adjacent
rows was determined. The inset represents the chemical structure of CBPB. (b)
STM topograph of the same system, while nonanoic acid was used as solvent.
Here, a more regular spacing between the rows is clearly visible. (c) Adsorption
of CBPB on Au(111) leads to irregular patterns, where the organic molecules
are discernible by their three-fold symmetry. STM tunneling conditions: (a) VT
= 0.35V, IT = 56.0pA, (b) VT = 1.43V, IT = 78.5pA, (c) VT = 0.96V, IT =
7 pA.

Walch et al. presented a liquid-solid STM study, where the influence of the used fatty
acid on the final structure of a hexagonal melamine network was investigated. [121] In these
self-assembled networks, the fatty acid molecules were integrated in the structure. Each
additional carbon atom in the tail of the solvent molecules causes an increase of 0.15 nm in
the lattice constant.
Another aspect worth mentioning in this context is solvent induced polymorphism in

supramolecular networks at the liquid-solid interface. Lackinger et al. reported two different
structures of trimesic acid (TMA) on graphite, i.e. the flower structure and the chicken-wire
structure. [100] Dependent on the used solvent and thus the length of the fatty acid, a certain
TMA structure is favored. For short-chain fatty acids (CH3(CH2)nCOOH with n ∈ [2, 7])
a flower structure was observed. However, for long-chain acids (n > 7) the chicken-wire
structure was formed. Kampschulte et al. studied the behavior of an analog molecule, i.e.
1,3,5-benzenetribenzoicacid (BTB), where a polymorphism was evident as well. [101]

Concentration The final structure of 2D molecular networks at the interface is often
dependent on the concentration of the building blocks in solution. By adjusting the con-
centration of the building blocks (dehydrobenzo[12]annulenes) in the liquid reservoir (1,2,4-
trichlorobenzene), Lei et al. were able to generate different surface patterns in a controlled
way. [160] The pores of these networks were stabilized by interdigitation of the alkoxy chains of
the building blocks. The diameter of the pores reached a value of 5.4 nm which is by no means
a fundamental limit and strongly dependent on the concentration. This dilution principle of
surface self-assemblies can also be transferred to vacuum conditions. Here, the concentration
dependence of adsorbed molecules on various surfaces is called “surface dilution principle”. [161]
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For instance, reducing the surface coverage and with this the molecular packing density of
trimesic acid on Au(111) leads to various structures with different interpore distances. [162]

Temperature A crucial factor not only for self-assembly is the temperature of the substrate,
which primarily influences the mobility of adsorbed molecules and also provides access
to controlled chemical reactions, i.e. catalysis. [32] Generally speaking, temperature is
decisive in nearly every process governed by kinetic or thermodynamic factors on this length
scale. [11,124,163] Occasionally, thermally activated processes such as diffusion and rotation of
molecules have to be suppressed by cooling the sample down to low temperature in order to
clarify the structures by means of STM. For controlling and varying the temperature, UHV
conditions are appropriate. Under ambient conditions, the available range of temperature
is restricted. Nevertheless, Gutzler et al. used temperature controlled liquid-solid STM
experiments to reveal a reversible phase transition of 1,3,5-benzenetribenzoic acid from
a nanoporous low-temperature (25 ◦C) phase to a more densely packed high-temperature
(55 ◦C) phase. [164]

In general, there are several internal parameters such as geometry and functionalization
of the molecular building blocks as well as external parameters such as used solvent, con-
centration, temperature, surface, orientation, and steric hindrance that govern the resulting
self-assembled structures. The corresponding variety of possible combinations makes it hard
to predict a structure, but also provides a great scope to create new advanced materials.
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4.2 Interaction between molecules

The following section provides a short overview on the interactions between molecules
adsorbed on surfaces, which are relevant for this thesis. In Table 4.1 the general characteristics
of these forces, their energy range, and their typical bond distances are specified.

π−π interactions π−π interactions cause an attractive force due to electrostatic interaction.
This type of interaction is of pivotal importance, because the molecules investigated here are
mostly planarly adsorbed due to their conjugated aromatic systems. Hunter et al. proposed
a simple model to describe favorable net π − π interactions (π − π stacking) for parallel
oriented organic molecules, describing each molecule separated in a σ-framework and two π
electron clouds. Thereby the π−σ attraction between the molecules overcomes the repulsions
of the electron clouds. This results in an attractive interaction. [165] Björk et al. calculated
the adsorption energy of polycyclic aromatic hydrocarbons (PAH) physisorbed on graphene
using van der Waals density functional (vdW-DF) theory. [166] Herein, the binding energy per
carbon atom for the aromatic hydrocarbons was calculated and turned out as proportional
to the ratio of hydrogen to carbon atoms. These calculated values are in good agreement
with the results of temperature programmed desorption studies of the PAH. For instance,
the adsorption behavior of coronene in a trimesic acid host network on graphite is presented
in detail in section 5.1.

Van der Waals Interactions (vdW) are probably the most prominent type of non-
directional interactions. [167] Despite the fact that these interactions are often considered
weak,‡ they dominate the behavior of neutral systems. [169] VdW interactions originate from
thermal and quantum charge fluctuations of neutral molecules and are therefore always
present in vitro as well as in vivo. The main contribution to the overall force balance includes:

• the attractive or repulsive electrostatic interactions between permanent charges and
between permanent multipoles in general (Keesom force)

• the attractive polarization force between a permanent multipole on one molecule with
an induced multipole on another (Debye force)

• the attractive dispersion force between any pair of molecules, including non-polar
atoms arising from the interactions of multipoles (London dispersion force). [170,171]

VdW interactions have anisotropic character, leading to a dependence on the relative
orientation of the molecules. In order to describe the vdW interaction between two neutral
particles as a function of distance the Lennard-Jones potential, [172] VvdW is often used as an
approximation. Herein, the repulsive portion is approximately proportional to r−12§ and the
attractive contribution scales with r−6:
‡Nevertheless, Geckos facilitate vdW interaction to climp up smooth vertical surface or stick to virtually any
surface. Therefore, the animal brings their superfine, flexible bristles (spatulae) in close distance to the
surface and thus vdW interactions become effective. [168]

§Also a very common approximation is assuming an exponential repulsive part.
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VvdW = Vrepulsive + Vattractive = 4ε

{(σ
r

)12
−
(σ
r

)6
}

(4.4)

where ε is the “depth” of the potential well at the equilibrium distance, σ a finite distance
where the potential is zero, and r the distance between the particles. These parameters
are accessible via quantum chemical calculations or can simply be fitted to reproduce
experimental data. Moreover, the contribution of vdW forces to control the final structure of
self-assembled layers and the competition of vdW interactions with other types of interactions
such as hydrogen-bonds are well documented in literature. [173–175] For the visualization of
molecules, the so-called van der Waals surface, an imaginary surface unifying the spherical
surfaces (van der Waals radii) of the involved atoms is often used.

Hydrogen bonds or hydrogen bridges are omnipresent in chemistry and biology. Their
nature is based on a complex combination of electrostatic interactions, polarization effects,
covalency, and van der Waals interactions. [176] It is not surprising that also nature utilized
these type of interaction to create the most fundamental natural example of a molecular
recognition system: the DNA. These non-covalent interactions between the DNA base pairs
link the two complementary strands into a double helix. This type of highly directional and
selective hydrogen bonds can also be utilized in nanotechnology to tailor and design 2D
structures. [23] Steiner proposed the following definition for hydrogen bonds:
“An X-H· · ·A interaction is called a hydrogen bond, if 1. it constitutes a local bond, and 2.
X-H acts as proton donor to A.” [177] The X-H group is called the (proton) donor and A is
called the (proton) acceptor, respectively (see Figure 4.4 (a)). Typically, the strength of this
interaction scales with the electronegativity of X and A. Depending on the internal structure
of the molecules, i.e. the functional groups and the (organic) backbone, hydrogen bonds show
a high variation in strength from very weak interactions (CH4· · ·FCH3, 0.8 kJmol−1) [178] up
to very strong interactions ([F−H− F]−, 163 kJmol−1). [179] Besides their length dependence
also the bond angle is variable rendering hydrogen bridges versatile for 2D crystal engineering.
This allows topologically flexible interconnections in supramolecular architectures. [180]

C-H· · ·O and O-H· · ·O hydrogen bridges are of particular interest due to the fact that
oxygen and hydrogen atoms are present in various organic molecules. [181] The emphasis
is on carboxylic acid groups (COOH), which combine within a single functional group
both hydrogen-bond donors (via the hydroxyl group R−O−H) as well as hydrogen-bond
acceptors (via the carbonyl oxygen atom). In the case of cyclic double hydrogen bonds,
resonance assisted hydrogen bonding (RAHB) [182,183] has to be taken into account. This
special type of hydrogen bonds is stronger than equivalent single hydrogen bonds, whereas
standard force fields such as the widely used MM3 fail to predict its energy and thus
underestimate the strength of cyclic double hydrogen bonds. Such cooperative resonance
effects are well known in molecular orbital theory, where the total energy of multiple bonds
is larger than the sum of the individual components. Applying such tailored building blocks
onto surfaces allows to form a wide range of 2D structures. [184–187] Common binding motifs
(see Figure 4.4) for carboxylic acid groups are dimers, trimers, and catemeric motifs. [188]

Figure 4.4 (b) - (c) presents STM topographs of self-assembled structures, that are stabilized
by hydrogen bonds. The STM topograph in Figure 4.4 (b) shows an image of the final
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structure of 4,4’-stilbenedicarboxylic acid (SDA) on the nonanoic acid-graphite interface.
Herein, the two π-systems of the phenyl-rings, which are interconnected by an ethenyl unit,
are clearly discernible. The one-dimensional rows within the large domains are stabilized
by double hydrogen bonds, formed within the typical bonding distance of 0.25 nm. [189]

Figure 4.4 (c) and (d) present STM topographs of 1,3,5-benzenetribenzoic acid (BTB)
and 4-2-3,5-bis[2-(4-carboxyphenyl)-1-ethynyl]-2,4,6-trimethyl-phenyl-1-ethynyl benzoic acid,
respectively. Both types of building blocks can be dissolved in nonanoic acid and applied on
top of a graphite surface. The obtained honeycomb structures are stabilized by cyclic double
hydrogen bonds between carboxylic groups in a self-complementary manner.

Figure 4.4: (a) Sketch of typical binding motifs formed between carboxylic
acid, i.e. a cylic dimer (left) and a cyclic trimer (right). The STM topographs
show different self-assembled structures at room temperature on graphite that
are governed by hydrogen bonds, highlighted by white circles. The used solvent
was nonanoic acid. STM topograph (b) presents a 4,4’-stilbenedicarboxylic acid
(SDA) network, VT = 0.35V, IT = 56pA, (c) the self-assembled structure of
BTB, VT = 0.48V, IT = 47pA, and (d) the hexagonal structure of 4-2-3,5-
bis[2-(4-carboxyphenyl)-1-ethynyl]-2,4,6-trimethyl-phenyl-1-ethynyl benzoic acid,
again a dimeric hydrogen bonded network, VT = 1.24V, IT = 56pA.

Halogen-halogen interactions cause directed intermolecular forces that are comparable in
strength to hydrogen bonds. [190] This type of interaction that is not well known can be involved
in crystal engineering, forming 1D, 2D, and 3D architectures, [191,192] in the construction of
porous structures [193] as well as in biological application. [194] The nomenclature of halogen
bonds is analog to the hydrogen bridges, just the hydrogen atom is substituted by the
halogen atom leading to: D-X· · ·A, where D is the donor, X is the halogen atom acting as
Lewis acid, and A is the electron-rich species, i.e. the acceptor. Consequently, the type of
interaction is a donor-acceptor-relationship where the strength follows the general trend: F
< Cl < Br < I. [195] Bosh performed calculations of iodobenzene showing a non-spherical
charge distribution leading to an attractive force between the positive potential at the cap
opposing the C-I bond and a negative ring potential around the bond axis. [196] Depending
on the organic backbone, the strength varies. For instance, the hybridization of the carbon
atom next to the halogen influences the interaction strength: sp2 > sp > sp3. [197]
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Metal-ligand bonds are highly specific directional interactions between a metal atom and
an organic compound, e.g. carboxylic groups and alkoxides, that form robust entities in
which the incorporated metal atoms provide specific functions (e.g. electronic, magnetic, and
catalytic). [28] Materials based on these interactions allow for many possible applications in
gas storage and gas separation, chemical sensing, as well as medical applications. [198–200] The
thermodynamic stability of such complexes is increased by the number of ligands and the
strength of the bonds. Moreover, an increasing number of ligands can lead to ligand repulsion,
where the size of the metal atoms can become a limiting factor. For many complexes, a
valence shell with 18 electrons is the most stable, as this is a restatement of the octet rule
with additional 10 d-electrons.

Metal-ligand bonds have also been used not only to form 3D structures but also to form
highly ordered metal-organic arrangements on surfaces. [201,202] Zacher et al. focused on
surface chemistry of MOFs at the liquid-solid interface in their review. [203] Another example
is the work of Schlickum et al. who formed honeycomb nanomeshes with tunable cavity
sizes. They used ditopic dicarbonitrile-polyphenyl molecular linkers that were coordinated
via cobalt (Co) on an Ag(111) surface. [204] These types of networks were extended over
micrometers as a single domain and remained thermally stable up to 300K. Thus, this type
of network provides an opportunity for adsorption of guest molecules.

Covalent bonds are characterized by a balance of attractive and repulsive forces between
atoms which are sharing one, two, or three electrons forming single, double, or triple bonds.
The characteristics of the covalent bond is affected by the electronegativity of the involved
atoms. Equal electronegativity between the binding partners leads to a homopolar covalent
bond. In contrast, unequal conditions create a polar covalent bond. Molecular orbital theory
is used to describe the bonding between atoms combining the wave-like characteristics of
their atomic orbitals to form a molecular orbital. Typically, bonding molecular orbitals
stabilize the newly formed molecule since less energy is associated as opposed to a system of
unbound atoms. In contrast, anti-bonding molecular orbitals destabilize the system due to
the higher energy. Normally, these bonds are distinguished by the symmetry and number
of involved atomic orbitals. This means that σ-bonds have a head-on overlapping between
the atomic orbitals, π-bonds form a molecular orbital by an overlap of two lobes of an
appropriate atomic orbital, and a δ-bond is formed by an overlap of four lobes of one involved
atomic orbital with four lobes of the second involved atomic orbitals. In the framework of
this thesis, most of the investigated molecules are comprised by a combination of σ-bond
along with π-bonds.

The most noted 2D covalently interlinked network is graphene, which was only discovered
and fabricated in 2004. [81] Since then, great effort has been put into the synthesis of such 2D
covalently bonded networks based on different tectons. The band gap of these graphene-like
2D structures is strongly related to the choice of the building block. In the last years, covalent
organic networks were intensely investigated, [205,206] because of their outstanding mechanical
and electronic properties and their huge potential for various applications. In 2007, Grill et
al. reported a bottom-up construction strategy for sophisticated electronic circuits based on
the covalent coupling of individual functionalized molecules for the first time. [207]
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4.3 Interaction between molecules and surfaces

A fundamental understanding of interactions between adsorbates and metal surfaces as well
as graphite is the prerequisite for understanding the complex processes on surfaces such
as self-assembly, diffusion, growth of thin films, or catalytic reactions. [208] On surfaces, the
periodicity of the crystal is breached by unsaturated bonds and thus the properties are
changed with respect to the bulk. Moreover, the number of electrons associated with the
organic molecules and the substrate varies extremely, which is a major difference to chemical
bonds just among molecules.

Physisorption This type of exothermic and reversible interaction affects all atoms and
molecules which get adsorbed on a surface. However, for reactive species and surfaces,
this adsorption state may just be a precursor state before being converted in the final
form of a chemical bond. Particularly, on less reactive surfaces such as graphite, the
interaction between substrate and molecules is dominated by physisorption. Normally, the
geometrical and electronic structure of adsorbent and adsorbates remains rather unmodified.
Physisorption is strongly associated with van der Waals attraction. In contrast to vdW
interaction between atoms, where the attractive interaction scales with r−6, the attractive
forces between adsorbent and adsorbates decays with r−3 implying a higher reach of the
interactions. This reduction can be elucidated by the interaction between the charges outside
the two dimensional surface and their images inside. Consequently, the attractive forces
between adsorbate and surface are described as Eatt = −c1r

−3, where c1 is a product of
dipole moments. One of theses dipole moments is attributed to the adsorbate and the other
one to the image dipole scaling with the polarizability and the adsorbate dipole moment,
respectively.
However, at closer distances (electron clouds of the adsorbate start overlapping with the
substrate) short range Pauli repulsion also has to be considered: Erep = c2 exp [−c3r] where
c2 and c3 are constants. Therefore, the interaction potential has a steep increase at short
distances. The overall interaction is given by the following expression:

EvdW = Erep + Eatt = c2e
−c3r − c1

r3
(4.5)

Figure 4.5 shows a typical total potential of a physisorption process. The shape of the
curve is characterized by a very shallow minimum of only a few meV which is located rather
far away from the surface, typically more than 3Å. At room temperature (kT ∼ 25meV), a
variety of physisorbed molecules are rather mobile and can diffuse on the surface while there
is no interaction taking place among adsorbed adjacent molecules. Consequently, raising
the temperature of surfaces decorated with physisorbed molecules can reduce the surface
coverage of the species as a consequence of an increasing desorption rate. On the other hand,
the retention time of physisorbed molecules on a surface kept at 100K is in the order of
seconds, whereas at room temperature it is just 10−8 s.

Chemisorption originates from the formation of actual covalent or ionic bonds between
adsorbed molecules and the surface, where the elementary step often involves an activation
energy. This irreversible process of chemisorption, which is almost always spontaneous, as
well as physisorption both require a negative change in the Gibbs free energy ∆G. For
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a negative change in enthalpy ∆H an exothermic reaction occurs. Since the adsorbed
molecules are more ordered and consequently lose their freedom of movement, also the
entropy ∆S change is negative. With this the requirements for a spontaneous reaction, i.e.
∆G < 0 are fulfilled. However, after all molecules have occupied a certain adsorption site on
the substrate, i.e. a mono-molecular layer of the species is formed, further chemisorption is
blocked. These chemical adsorption processes necessarily lead to a strong change within the
adsorbed molecules. Thus, strong interaction between adsorbate and substrate can lead to
bond break within the adsorbed species. This bond weakening or dissociation is also the
basis for chemical reactions such as heterogeneous catalysis (see next paragraph).
In contrast to physisorption, the enthalpy of the chemical adsorption, i.e.
40 kJmol−1 to 800 kJmol−1, is approximately one order of magnitude higher. This
higher energy also leads to a shorter bond length of chemisorbed atoms and molecules.
For instance, the bond length of a chemisorbed sulphur atom on a Ni(111) surface is
2.3Å [209] and for chemisorbed acetate on a Cu(111) surface the Cu-O bond distance
amounts 1.91Å, [210] respectively.¶ Figure 4.5 shows a general potential energy diagram with
two intersecting curves, illustrating the process of molecular physisorption (curve 1) and
dissociative chemisorption (curve 2).

Figure 4.5: Schematic diagram of the potential energy of molecule X2 and 2
X, respectively, as a function of distance from the surface. The flatter curve
represents the molecular physisorption where the enthalpy is negative. After the
point of intersection I, where an activation energy is required, the dissociative
chemisorption starts. Point II represents the optimal bonding distance of X
and substrate. ED represents the dissociation energy, and EA the activation
energy for adsorption. According to the position of the point of intersection,
chemisorption can require an activation EA > 0, adapted from [211].

For the adsorption of H2 on a Ni surface, the molecular hydrogen is physisorbed at an
equilibrium distance of 3.2Å while the corresponding enthalpy ∆HP is −4 kJmol−1. After
passing the point of intersection, highlighted with I, the dissociative chemisorption starts
and Ni-H bonds are formed. The chemisorption process reaches its minimum energy (point
II, ∆‡HC = −46 kJmol−1) at a distance of 1.6Å. The total number of bonds is increased
during this process.

¶In comparison, the distance between adjacent “physisorbed” planes of graphite is 3.35Å.
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Reactions on surfaces – Catalytic properties In the following, the process of chemisorption
is exclusively restricted to metal surfaces. The Newns-Anderson model is used to elucidate the
bonding situation between the adsorbate and the Fermi sea in the substrate. [212–214] Herein,
the adsorbate states interact with the continuum of states in the valence band of the metal.
In the case of an interaction of the adsorbate with a broad metal s or p band, the local density
of states of the adsorbate is only broadened into a Lorentzian shaped state often referred to as
“weak chemisorption” (see Figure 4.6 (a)). In contrast, an interaction of the adsorbate states
with localized d states causes the formation of sharp bonding and anti-bonding adsorption
states above and below the initial levels referred to as “strong chemisorption” comparable
to chemical bonds between atoms (see Figure 4.6 (b)). Accordingly, the coupling of the d
states can be described as a two-level problem.

Figure 4.6: (a) and (b) The schemes illustrate the local density of states at an
adsorbate for two different situations. The left sketch (a) shows the interaction of
an adsorbate with a broad surface s band. In the right graphic (b) the interaction
of the adsorbate with an narrow metal d band is depicted, after [215]. (c) Sketch
of the local density of states projected onto an adsorbate state interacting with
the d bands at a surface. Herein, the interaction strengths of the adsorbate with
the surface is kept fixed as the center of the d bands εd is shifted up towards
the Fermi energy (EF = 0). In order to keep the number of electrons in the
bands constant the width W of the d bands is decreased. Therefore εd shifts up,
leading to empty anti-bonding states above EF which cause stronger bonds. [215]

The focus within the framework of this thesis lies on the adsorption of organic molecules
on transition metals, which have a broad half-filled s band and a very narrow d band. [215]

Depending on the transition metal, the d states vary in their degree of filling. Hence, the
d bands can be characterized by the position of their band center ε with respect to the
Fermi level, as illustrated in Figure 4.6 (c). Since the contribution of the s states to the
coupling is approximately the same for each of the considered transition metals, the d states
are the determining factor. [215] As moving to the left of the periodic table of elements
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starting with the group 11 elements, the d bands move up in energy. Thus, the anti-bonding
adsorbate-metal d states become increasingly emptier, which raises the bond strength of the
newly formed interaction. This renders Cu, Au, and Ag less reactive than early transition
metals, where more antibonding adsorbate-metal d states are above the Fermi level. The
further down in a group of the periodic table of elements the weaker the interactions with
the (electronegative) adsorbates are. This downward drift in the adsorption strength from
copper to gold is mainly caused by Pauli repulsion which originates from an overlapping of
adsorbate orbitals with d states. Taking into account the degree of filling of the anti-bonding
states of adsorption and the degree of orbital overlap with the adsorbate, gold is the most
noble metal. [216]

Thus, the used materials and also their surface orientation play a pivotal role for chemisorp-
tion process. Moreover, the choice of material frames the type and strength of interaction
between surface and adsorbate and can either support or hinder catalytic reactions. In
addition, the number of available active sites (size of the terraces, the number of edges, kinks,
and available adatoms) can affect the catalytic properties of the surface. [217] In the case of
not uniformly distributed active sites, the reaction can be restricted to local areas, such as
kinks and step edges. So, literature supports that chemical activity is enhanced by step
edges as compared to terraces. [217–219]
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Chapter 5

Two-dimensional molecular structures

This chapter gives a summary of the publications underlying this thesis on
2D molecular networks. It is complemented by yet unpublished results. In
section 5.1 the focus is placed on self-assembled 2D nanoporous networks,
particularly on the dynamics of host-guest systems at the liquid-solid interface.
Section 5.2 discusses the stability of such 2D networks with respect to the
bonding type involved, i.e. halogen bonds or hydrogen bonds. The emphasis
of section 5.3 lies on organic molecules which are self-assembled on graphene
terminated SiO2 or Cu foil substrates. Section 5.4 deals with a further class
of self-assembled structures, namely metal-organic frameworks (MOFs). New
insights of thiolate-copper coordinated networks are presented. The final
section 5.5 presents the results on covalent organic frameworks (COFs).

5.1 Supramolecular host-guest networks at the liquid-solid
interface∗

Nanoporous 2D networks have attracted substantial interest, because of their ability to
incorporate guests in exisiting pores of these networks. [92] The two dimensional host-guest
networks comprise the idea of molecular recognition by non-covalent interactions. In 1894,
Hermann Emil Fischer described a fundamental principle for host-guest chemistry, the
key-lock principle. Herein, the host and guest molecules must have mutual spatial and
electronic complementarity in order to form unique complexes. Thus, the characteristic of
the host matrix provides a high selectivity for guest molecules.
Owing to the tendency of all systems to minimize the overall Gibbs free energy (see

section 4.1), the additional interactions between host and guest structures lower the Gibbs
free energy compared to the sum of energies of the separated individual host and guest
molecules. Thus, host structures are thermodynamically stable although it is opposed to
nature’s tendency for dense packing. The host structures are typically sustained through
either hydrogen-bonds, [188] metal-ligand, [8] alkyl chain interdigitation, [220] or even van
der Waals interaction. [221] The related cavity sizes range from 1 nm to 5 nm for single- or
multicomponent systems. [160] Recently, also covalent porous structures were reported, which
also bear the potential to act as a host matrix. [222,223]

In recent studies on host-guest systems, the main focus has been either on structure
determination of the empty host matrix or the finally occupied pores. [160,224,225] Consequently,
little is known about the incorporation dynamics of molecular guests into 2D supramolecular
host-networks. To shed light on these processes, a standard STM setup was extended

∗published [92]
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by an injection add-on (see section 2.3) which allows image acquisition while adding an
additional solution containing the guest molecules. At the beginning, scanning tunneling
microscopy was used to characterize the initial structure of the host matrix with submolecular
resolution. These supramolecular host networks were prepared from saturated solutions
of 1,3,5-benzenetricarboxylic acid (trimesic acid, TMA) or 1,3,5-benzenetribenzoic acid
(BTB, synthesized following a known literature procedure [226]) in either heptanoic acid
(7A) or nonanoic acid (9A). As a suitable guest, coronene (COR), i.e. a planar polycyclic
aromatic hydrocarbon, was applied to the pre-existing film. Utilizing UV-Vis spectroscopy,
the solubility of COR was determined to (1.0± 0.2)mmol L−1.

Figure 5.1: STM topographs of unoccupied host networks resulting from the
self-assembly of (a) trimesic acid (TMA) and (b) 1,3,5-benzenetribenzoic acid
(BTB). STM tunneling conditions: VT = 0.86V, IT = 57pA, and VT = 0.48V,
IT = 48pA, respectively. The inset at the upper right corner of the images
represents a structural model of the corresponding host-guest structures and
exemplifies the size relation of the six-membered pore in relation to the COR
guest molecule. [92]

After the self-assembly process of the TMA or BTB molecules on the graphite surface
has taken place, topologically similar porous honeycomb structures were verified with
submolecular resolution by means of STM (see Figure 5.1). These networks, in which a
cavity is comprised of six planar adsorbed host molecules, are stabilized by cyclic double
hydrogen bonds engaged in a complementary manner. Due to the different sizes of the
organic backbone of TMA and BTB, the lattice constant (1.7 nm for TMA vs. 3.2 nm for
BTB) and accordingly the pore size, i.e. 1.0 nm for TMA vs. 2.8 nm for BTB, differs. To
study the dynamics of the incorporation process, 2.5 µL of solution containing the COR
molecules was applied onto the existing host-matrix.
The experimental results for TMA dissolved in 9A are depicted in Figure 5.2. The first

part of the STM topograph image clearly shows the self-assembled TMA host matrix, where
the pores are unoccupied. A horizontal green arrow marks the position of the application
of additional solution containing the COR guest molecules dissolved in 9A as well.† The
slow-scan direction is denoted by a vertical arrow. For the TMA pores, the geometrically
matched COR molecules appear as fuzzy and streaky features, which were identified to be a

†90 COR molecules are offered per cavity
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transient intermediate adsorption state of the guest molecules (see Figure 5.2 (b)). Albeit the
COR molecules are centered above the TMA host pores, the guest molecules are not directly
incorporated, but rather appear considerably wider than anticipated from their geometric
dimensions. However, after a time span of a few minutes, the already known contrast for the
binary COR and TMA network was achieved, verifying an entire incorporation of the COR
molecules (see Figure 5.2 (c)). Submolecular details of the finally adsorbed COR molecules
suggest an immobilization of COR within the pores.

Figure 5.2: STM topographs of the incorporation process of COR molecules in
the TMA host networks in 9A. (a) Initial STM topograph of the prefabricated
TMA host network, where the position of the guest injection is marked by a
green horizontal arrow. (b) STM topograph showing the transient intermediate
adsorption state of the COR molecules. (c) STM topograph with submolecular
resolution illustrates the final adsorption state, where guest molecules were
incorporated into the TMA host-matrix. The inset in the STM topographs
presents detailed views of COR guests in the intermediate state and in the final
adsorption state, respectively. In each case, the TMA host network is indicated
by light-gray triangles. STM tunneling conditions: VT = 0.73V, IT = 71pA,
and T = 297.0K for all topographs. [92]

Nevertheless, the dimensions of the TMA host-network were unimpaired by the incorpora-
tion of the guest, i.e. lattice constant, orientation, and lateral extension of the domains were
not affected. Varying the concentration of the guest molecules leads to a distinct difference
in the incorporation dynamics. For low concentration, not all pores were occupied. Moreover,
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the adsorption sites follow a non-random distribution, where the COR molecules tend to
cluster. In addition, the arrival rate of the guests is dependent on the concentration, because
the COR molecules have to diffuse through the liquid film before getting adsorbed in the
pores.

In contrast, the incorporation into the pores of the larger BTB networks proceeds entirely
different. Here, several COR molecules were adsorbed within 0.5 s, whereas the intra-pore
contrast did not change over time (see Figure 5.3 (a)). A comparison of the apparent
heights between initially empty and occupied pores verifies the adsorption of COR molecules.
Interestingly, submolecular resolution was exclusively achieved for the BTB host matrix but
never for any occupied pore. This can be attributed to the high mobility of the guests rather
than to physical limitations of the imaging process. According to molecular dynamics (MD)
simulations, the incorporation of three guest molecules into one cavity is more stable than
the adsorption of the maximum number of four guest. This holds true for both, entropy
and enthalpy arguments. These MD findings also underpin the lack of resolution within the
pores, due to missing lateral immobilization of the COR molecules.

Figure 5.3: STM topograph of COR incorporation into BTB host networks in
9A (VT = 0.76V, IT = 51pA, T = 297.0K). The slow-scan direction is marked
by the vertical white arrow and the horizontal green arrow indicates the scan
line where saturated COR solution was added; a slight disturbance is also visible.
The intrapore contrast changes within one to three scan lines (i.e. in less than
0.5 s). The inset shows a detailed view of an occupied pore, and the six bordering
BTB molecules are indicated by light-gray triangles. (b) Geometry-optimized
model of three COR molecules incorporated within one BTB cavity. Although up
to four COR molecules would fit into one BTB cavity, MD simulations indicate
that this situation is unstable and one COR desorbs. However, because of the
lateral mobility of the loosely packed three remaining COR molecules within the
BTB pore, molecular resolution cannot be obtained. Thus, it is not possible to
verify the postulated structure experimentally. [92]

Furthermore, molecular mechanics (MM) was used to derive the binding energy between
COR molecules and the six-membered TMA host-matrix that is responsible for the immo-
bilization of the guests. MM reveals that an incorporated COR molecule is stabilized by
18 hydrogen bonds with the pore wall (6 C-H· · ·Ocarbonyl and 12 C-H· · ·Ohydroxyl hydrogen
bonds, see Figure 5.4 (a)). In order to determine the bonding strength of the additional
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hydrogen bonds, the distance dependent adsorption energies‡ of a COR molecule accom-
modated in a TMA cavity and just above pristine graphite were calculated. Figure 5.4
presents the adsorption energies of COR adsorption above pristine graphite (red curve) and
in a six-fold TMA pore on graphite (blue curve) derived from MM. Each of these hydrogen
bonds contributes on average 2.2 kJmol−1, while the bonding distance of the C-H· · ·O
hydrogen bonds lies approximately at 2.74Å. However, the normal bonding lengths for
C-H· · ·O hydrogen bonds amount to 2.5Å causing higher binding energies in the range of
4 kJmol−1 to 8 kJmol−1. [223]

Figure 5.4: (a) Sketch of the final structure of a TMA COR host-guest network
that is stabilized by 18 additional hydrogen bonds, i.e. 6 C-H· · ·Ocarbonyl and 12
C-H· · ·Ohydroxyl, where the hydroxyl oxygen atom accepts two hydrogen bonds.
Three hydrogen bonds are indicated. (b) adsorption energies of COR above
pristine graphite (red curve) and within a six-fold TMA cavity again above
graphite (blue curve). The additional stabilization of the COR molecules leads
to a distance-dependent energy difference. [92]

Besides the influence of the geometry, the used solvent also affects the incorporation
dynamics. For the TMA network dissolved in heptanoic acid, the transient intermediate
state was observed very rarely in contrast to TMA networks dissolved in nonanoic acid. It is
generally accepted that the pores at the liquid-solid interface are not empty but are occupied
by solvent molecules. Thus, the solvent molecules within the pores need to be displaced for
the guest incorporation. The dynamics of this process is much faster for heptanoic acid than
for nonanoic acid and for larger BTB pores than for smaller TMA pores. Details can be
found in the attached publication.

‡Binding energies of geometry optimized structures, derived by molecular mechanics calculations.
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5.2 Halogen versus hydrogen bonded 2D networks

In contrast to hydrogen bonded 2D networks, which have been studied extensively, just a
few studies are currently available on halogen stabilized self-assembled networks. [192,227,228]

The major reason for that is the minor distribution of halogenated compounds, which are
the basis for halogen bonds. Yet, a combination of halogen and hydrogen bonds, that are
simultaneously stabilizing a network, is possible and not unlikely, as recently reported by
Yoon et al. [229] This is not surprising because both types of interactions are based on a
similar bonding mechanism, i.e. a donor and acceptor principle as illustrated in section 4.2.
The molecules of choice were composed of the same organic backbone, i.e. four phenyl

rings, but functionalized either with the already studied carboxylic acid group -COOH or
iodine atoms I. The 1,3,5-benzenetribenzoic acid (BTB) offers potential binding sites for
hydrogen bonds, whereas the 1,3,5-tris(4-iodophenyl)benzene (TIPB) bears the potential
for halogen stabilized networks. In order to characterize and compare the strength of these
two fundamental types of intermolecular interactions, STM studies were conducted on the
graphite-fatty acid interface. HOPG, a non-catalytic and unreactive surface for these type of
molecule, was chosen to minimize molecule-substrate interaction. Thus, the final structure is
governed by molecule-molecule interactions rather than by molecule-substrate interactions.

In our first series of experiments, the self-assembly of saturated TIPB solution deposited
onto a freshly cleaved graphite surface was investigated. The finally observed porous
2D network structure was stable against changes of the chain length of the fatty acid.
Figure 5.5 (a) - (c) present STM topographs of routinely obtained TIPB structures dissolved
in heptanoic acid (7A), octanoic acid (8A), and nonanoic acid (9A), respectively.

Figure 5.5: STM topographs of 1,3,5-tris(4-iodophenyl)benzene (TIPB) on
HOPG in heptanoic acid (a), octanoic acid (b), and nonanoic acid (c), respec-
tively. The bright features in the STM tunneling contrast are caused by a high
concentration of iodine atoms. Exemplarily, four iodine atoms in image (c) are
encircled white. Independent of the used solvent, similar features are obtained
in all STM topographs, suggesting a similar basic binding motif. STM tunneling
conditions: (a) VT = 0.59V, IT = 55pA; (b) VT = 0.87V, IT = 65pA, and (c)
VT = 0.74V, IT = 46pA, respectively.

It is worthwhile mentioning that deposition of TIPB onto more reactive surfaces such as
coinage metals enables the scission of the carbon halogen bond and initiate a covalently
interlinked structure. [230,231] In the following, the solvent is restricted to nonanoic acid to
assure comparability and avoid introducing an additional parameter. A detailed analysis of
the STM topograph shown in Figure 5.5 (c) reveals that the TIPB structure is stabilized by
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a complicated mixture of halogen-halogen interactions (encircled white) as well as halogen-
hydrogen interactions. An exclusive stabilization via halogen bonds, as reported for the
analog TBPB molecules under ultra-high vacuum conditions at 80K, can be excluded. [232]

The geometrical extent of the molecules indicates an intact adsorption on graphite which is
consistent with literature. [233] When applying a positive tunneling voltage to the tip, the
iodine atoms terminating the threefold TIPB molecules appear as bright protrusions. The
obtained contrast can be explained in terms of tunneling from filled states of the electron-rich
iodine atoms and phenyl rings (HOMO) to unoccupied states of the tip, as it was explained
for halogen substituted phenyl octadecyl ethers. [234] The variation of the distances between
the bright rows, i.e. high iodine concentration, points to missing long range ordering. Yet,
the occurrence of these remarkable features in every STM topograph, independent of the
used solvent, suggests similar binding motifs, even submolecular resolution was exclusively
obtained in nonanoic acid.
The BTB networks have been studied intensively as presented in section 5.1 and else-

where. [101,235] It is common knowledge that each of the carboxylic acid groups of a BTB
monomer forms a double hydrogen bond with the adjacent monomer, when using nonanoic
acid as solvent. According to the three-fold symmetry of the building block, hexagonal
porous networks with a lattice parameter of 3.2 nm were formed.
Besides the presented studies of pure TIPB and BTB networks, also a mixture of both

molecules was investigated. Therefore, a certain volume ratio of saturated solutions was
applied onto a graphite surface. By varying the ratio of these different molecules, the
competitive assembly behavior between halogen-bonded and hydrogen-bonded networks was
studied. In the case of an excess of BTB, i.e. a volume ratio of 1:4 for the benefit of BTB, the
known self-assembled BTB honeycomb structure was obtained as depicted in Figure 5.6 (a).

Figure 5.6: STM topographs of a mixture of TIPB and BTB with different
ratios, i.e. (a) 1:4, (b) 3:1, and (c) 10:1. (a) The honeycomb structure is disturbed
by some defects, highlighted by white arrows. (b) This STM topograph shows
a mixture of BTB row structure and some disordered areas. (c) Perfect BTB
row structure with two different orientations, indicated by white dashed lines,
α = (60± 2)◦. The inset presents the double hydrogen bond, the basic binding
motif for each structure. STM tunneling conditions: (a) VT = 0.70V, IT =
0.55pA; (b) VT = −0.82V, IT = 0.55pA, and (c) VT = 0.69V, IT = 63pA.

In contrast to other studies exclusively using BTB molecules, the mixture of TIPB and
BTB tends to result in a higher defect density, as highlighted by white arrows in Figure 5.6 (a).
Through the intrinsic self-repair mechanism of these networks, the misaligned BTB molecules
were reoriented and thus the defects were recovered. Increasing the ratio up to 3:1 for the
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benefit of TIPB, a mixture between the BTB row structure and some disordered areas was
obtained (Figure 5.6 (b)). At this point, any contribution of TIPB to the final structure
can be excluded due to missing bright contrast features, which would point to iodine atoms.
Moreover, no lateral offset between two TIPB molecules that are forming the basic dimer
could be revealed. Increasing the ratio to 10:1 for the benefit of TIPB leads exclusively to
a BTB row structure as shown in Figure 5.6 (c). The main axes of the highlighted rows
span an angle of α = (60± 2)◦. Both the honeycomb as well as the row structure are
composed of the same basic BTB dimer motif, where two BTB monomers are stabilized
by a double hydrogen bond as sketched in the inset of Figure 5.6 (c). Unfortunately, the
accurate interaction scheme between two BTB dimers within the row structure cannot be
revealed. This was already reported by Kampschulte et al. [101] Within the investigated
range of TIPB:BTB volume ratios, the hydrogen bonded structure was favored over the
halogen stabilized structures. Surprisingly, an increase of the ratio for the benefit of TIPB
triggers a phase transition of the BTB honeycomb structure into the more densely packed row
structure rather than forming any TIPB networks. Although only weak interactions between
the molecules and the graphite surface are prevailing, slightly different adsorption energies
between TIPB and BTB are possible due to the different dimensions of the functional groups.
To gain further details, DFT calculation of the entire system would be desirable.
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5.3 Organic molecules on graphene terminated substrates§

Since the discovery of graphene, surface scientists have wanted to utilize its outstanding prop-
erties (see section 3.3) for applications. [236] A step forward is the use of graphene terminated
surfaces as a template for the assembly of organic molecules. In 2009 Sykes reported on
the formation of robust organic monolayers of 3,4,9,10-perylene tetracarboxylic dianhydride
(PTCDA) on graphene terminated SiC(0001) under ultra-high vacuum conditions. [119] In the
following, an STM study at the liquid-solid interface on a graphene terminated conducting Cu
foil as well as on insulating SiO2 is presented. In general, such graphene terminated surfaces
are suited for all kinds of molecules which have been successfully applied on conducting
HOPG surfaces so far. Submolecular resolution of aromatic molecules applied on such
graphene terminated surfaces was regularly obtained.
In a first study, the self-assembly process of p-terphenyl-3,5,3’,5’-tetracarboxylic acid

(TPTC) has been investigated by means of STM. According to Blunt et al. [125,237] these
molecules are known to form self-assembled networks on a graphite surface, where the
motifs are composed of three, four, five, or six building blocks. Independent of the number
of molecules involved, the bonding motifs are stabilized by directional double hydrogen
bonds, resulting in two possible placements of adjacent TPTC molecules, i.e. parallel and
arrow-head configuration. [125] Based on these fundamental binding motifs, the self-assembled
2D molecular networks can be described by a random, entropically stabilized rhombus tiling.
For this purpose, each molecule is represented by a rhombus, as demonstrated in Figure 5.7.

Figure 5.7: (a) STM topograph of p-terphenyl-3,5,3’,5’-tetracarboxylic acid
(TPTC) dissolved in nonanoic acid on graphene terminated SiO2. Single phenyl
rings are resolved. The phenyl ring in the middle clearly appears brighter. The
insets represent the chemical structure of TPTC and a color-coded sketch of each
of the three different orientations of the molecules. (b) Analysis of the different
orientations of the STM topograph in (a). STM tunneling conditions: IT =
91.9pA, VT = 1.02V.

In a previous study, [125] the terphenyl backbone of TPTC appeared as bright rodlike
feature, but single phenyl rings were hardly resolved. However, for graphene terminated
SiO2 every binding motif predicted above was revealed with submolecular resolution. The
STM topograph image shown in Figure 5.7 (a) presents an overview, where every single
phenyl ring of the TPTC is resolved. Interestingly, the phenyl-ring in the middle of a TPTC
§Paper in preparation, Georg Eder, Izabela Cebula, and Peter Beton, University of Nottingham
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molecule appears brighter in STM tunneling contrast, independent of the binding motifs. A
detailed analysis of the orientation of the molecules is presented in Figure 5.7 (b). As obvious
from the STM topograph, there are three different orientations discernible, indicated by
color-coded rhombi for their directions. The high resolution of these aromatic molecules on
graphene terminated surfaces was assigned to the largely unperturbed electronic properties
of the monolayer. This is in agreement with recent UHV studies of organic molecules on
graphene. [119] These findings underpin the assumption of weak interaction between TPTC
and graphene, which is just coupled by their conjugated π electron systems and omnipresent
van der Waals interactions. Moreover, it is impressive that every experimental run resulted
in an identical final structure on both substrates, i.e. insulating SiO2 or conducting Cu foil.

Surprisingly, the entire surface was covered with TPTC molecules, indicating a defect-free
intact graphene layer. To verify a single graphene layer on the substrate, Raman spectroscopy
was used, as demonstrated in section 3.3. In addition, the detection of a tunneling current
within the graphene layer on top of insulating SiO2 supports at least an electrically conductive
graphene layer. Nevertheless, the graphene sheets are not flat and possess a lot of wrinkles as
obvious from the height modulation in Figure 5.7 (a). The STM topograph images of TPTC
on graphene terminated Cu foil also confirm uninterrupted graphene (see Figure 5.8 (a)).
Again, submolecular resolution could be achieved. As reported in literature, these graphene
sheets are flowing over the step edges and thereby connecting adjacent terraces at the cost
of not perfectly flat surfaces. [82]

Figure 5.8: (a) STM topograph of p-terphenyl-3,5,3’,5’-tetracarboxylic acid
(TPTC) dissolved in nonanoic acid on graphene terminated Cu foil. (b) STM
topograph of 1,3,5-Benzenetricarboxylic acid (TMA) dissolved in nonanoic acid
on graphene terminated SiO2. The inset clearly shows a hexagonal pore, which
is composed of six TMA molecules. The phenyl-rings are resolved as donut
like structures and highlighted by white arrows, whereas a hydrogen bond is
exemplarily marked by a blue arrow. STM tunneling conditions: (a) IT = 50pA,
VT = 0.60V and (b) IT = 102 pA, VT = 0.76V.

Furthermore, the experiments on graphene terminated SiO2 were extended to a standard
system in STM, i.e. TMA dissolved in nonanoic acid, as depicted in the STM topograph
of Figure 5.8 (b). Here, only in some regions submolecular resolution could be obtained
owing to the poor graphene quality, i.e. a wavelength of the graphene wrinkles in the 10 nm
regime. Nevertheless, the inset of Figure 5.8 (b) clearly shows a six membered pore of TMA

62



Organic molecules on graphene terminated substrates

molecules. The donut-like features forming these hexagonal pores can be addressed to the
single phenyl-rings of the TMA molecules. In between two adjacent molecules some contrast
features, representing double hydrogen bonds were observed.
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5.4 2D metal-organic frameworks (MOFs) based on
thiolate-copper coordination bonds¶

The interaction strength within metal-organic frameworks occupies an intermediate position
between hydrogen-bonded and covalent organic frameworks, [8,28,239] and thus combines the
advantages of both, i.e. overall stability and bond reversibility. The reversibility of the bonds
allows for the growth of long-range ordered structures, also extended in the third dimension.
Metal-organic frameworks are candidates for molecular recognition catalysis, gas storage
materials, and separation techniques. To date, a great variety of structural and chemical
properties of surface-supported metal-organic networks has been reported. [28,239,240]

Recent studies have often been focused on surface-confined coordination networks based
on copper-carboxylate coordination bonds. [201,241] In the following, the toolbox of surface-
supported metal-organic networks is extended by thiolate-metal complexes under ultra-
high vacuum conditions. After a Cu(111) single-crystal was prepared by cycles of Ar+-
ion sputtering and subsequent annealing at 820 ◦C, the organic monomer 1,3,5-tris(4-
mercaptophenyl)benzene (TMB) was thermally evaporated from a home-built Knudsen
cell with crucible temperatures of approximately 145 ◦C. To characterize the samples, scan-
ning tunneling microscopy was applied. Figure 5.9 (a) shows an STM topography image of
the self-assembled and densely packed trigonal structure of TMB on a Cu(111) surface, as
obtained by room temperature experiments.

Figure 5.9: (a) STM topograph of TMB on Cu(111) acquired at room temper-
ature (VT = 0.79V, IT = 185 pA, a = b = 1.30nm, γ = 120◦, unit cell indicated
by dashed white lines), where a densely packed trigonal structure is revealed. The
upper part of the image sketches the deprotonation of TMB when adsorbed on
reactive copper surfaces and forming a surface-anchored trithiolate. (b) Tentative
model of the densely packed trithiolate structure including the Cu(111) surface.
While the azimuthal orientation of the TMB-derived trithiolates with respect
to the substrate directions can be inferred from the experiment, the precise
adsorption site is not known. [238]

A detailed analysis of the lattice parameter of the structure, i.e. (1.30± 0.05) nm, verifies
the deprotonation of the thiolated building block. Moreover, it is generally accepted that the
adsorption of thiols on reactive metals leads to deprotonation and subsequently the generated

¶published [238]
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thiolates are anchored by newly formed sulfur-metal bonds. [242–244] The three sulfur-copper
bonds stabilize a planar adsorption geometry, while the commensurate adsorption position of
the TMB on the substrate suggests that all sulfur atoms are very likely to reside at similar
adsorption sites.
Subsequently, the self-assembled TMB structures were thermally annealed at

160 ◦C to 200 ◦C for approximately 10min. This converts the trithiolate monolayer
into two polymorphs of metal-organic coordination networks. Here, the required metal
coordination centers were supplied by the free adatom gas of the Cu(111) surface. [245,246]

Both, the hexagonal honeycomb structure and a centered rectangular dimer row structure are
depicted in Figure 5.10. This conversion is accompanied by reorientation and repositioning
of the TMB molecules and the introduction of copper coordination centers. Heating of the
sample to higher temperatures leads to an increase of the area density of the free copper
adatom gas, which is a temperature dependent evaporation/condensation equilibrium of
Cu atoms at step edges. The additionally applied thermal energy also enhances the lateral
mobility of the species and enables the formation of new molecular networks.

Figure 5.10: (a) STM topograph (24 × 24 nm2, VT = 1.0V, IT = 67pA)
and (b) close-up (6.5 × 6.5 nm2) of the honeycomb structure. The unit cell is
indicated by dashed lines, i.e. a = b = 3.4nm, γ = 120◦. (c) Tentative model
of the TMB honeycomb structure on a Cu(111) surface. (d) STM topograph
(18 × 18nm2, VT = 0.8V, IT = 121 pA) and (e) close-up (6.9 × 6.9 nm2) of the
less symmetric dimer row structure. The unit cell is indicated by dashed lines,
i.e. a = 2.2nm, b = 6.6nm, γ = 120◦. The bright features between the TMB
molecules (highlighted by a red dashed circle) are attributed to Cu adatoms,
indicating a metal coordinated network. (f) Tentative model of the dimer row
structure on top of the Cu(111) surface. [238]

An evaluation of STM topographs of the hexagonal structure (see Figure 5.10 (a)-(c))
reveals a lattice constant of 3.4 nm and the plane space group p6mm. A model, that
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coordinates each functional group in a linear manner via two Cu adatoms, meets these
requirements. In contrast, the less symmetric row structure is composed of rows of dumbbell-
shaped dimers, as illustrated in Figure 5.10 (d)-(f). In this motif, a dimer itself is coordinated
via two Cu atoms – which is the same basic structural motif as in the honeycomb structure.
Yet, the dimers are coordinated just by a single Cu adatom with respect to each other.
Between the dimers of adjacent rows, an offset by half a lattice parameter along the row
axis was observed, as demonstrated in Figure 5.10 (e). As clearly evident from the STM
topographs and indicated by a red arrow (see Figure 5.10 (d)), some TMB molecules were
entrapped during this conversion and gave rise to additional contrast features within the
pores. Nevertheless, both structures were observed in coexistence. The ratio of the phases
is dependent on the initial coverage of the self-assembled precursor structures. A higher
initial coverage develops the row structure, which is more densely packed in contrast to the
hexagonal structure.
To gain a fundamental understanding of the thiolate-copper coordination bonds and to

confirm the tentative binding models mentioned above, DFT calculations were performed.
For computing cost reasons, the system was reduced to the connecting nodes, modeled by
two phenylthiolates and corresponding copper centers. The influence of the substrate was
neglected. Figure 5.11 presents four different simplified intermolecular bonding schemes.
Here, metal-coordination bonds mediated by one or two copper atoms and a covalent disulfur
bridge were simulated. Only the two-center coordination bond results in a linear connection
of the molecules. One center coordination bond, independent of the fact whether it is
trans-coordination and syn-conformation or trans-coordination and anti -conformation, and
disulfur bridges result in lateral offsets perpendicular to the bond axis.‖

Figure 5.11: Sketches of DFT geometry optimized intermolecular bonding
schemes of interconnected phenylthiolates via (a) one-center trans-coordination
syn-conformation (α = 57◦), (b) one-center trans-coordination anti-conformation
(x-offset = 8.0Å, y-offset = 4.1Å), (c) two-center coordination bond (x-offset
= 9.8Å, no y-offset), (d) covalent coupling via disulfur-bridge (x-offset = 7.0Å,
y-offset = 1.9Å). The numbers in brackets give the center-to-center distance
of the phenyl groups (x-offset) and the perpendicular axial offset (y-offset),
respectively. (e) Tentative model of the fundamental building unit, i.e. two-
copper coordinated TMB dimer, adsorbed on the Cu(111) substrate. The sketch
shows similar adsorption lattice sites for both coordinating copper atoms (colored
red) to simultaneously optimize their adsorption energy. [238]

‖Trans-coordination means “across” or “on the other side” of the main coordination plane, syn-conformation
means on the same side, anti-conformation means on the opposite side.
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According to DFT results, the two-center coordination complex is the strongest with a
binding energy of 555 kJmol−1 compared to 394 kJmol−1 for trans-coordination and syn-
conformation, 397 kJmol−1 for trans-coordination and anti -conformation, and 151 kJmol−1

for disulfur bridges. Yet, since no lateral displacement along the dimer axis was detectable
in all STM topographs, DFT calculations suggest the coordination via two copper atoms.
Moreover, the experimentally obtained bond lengths confirm this assumption. Consequently,
the two-center coordination bond motif is the only basic motif which is involved in the
formation of the honeycomb structure. In order to explain the row structure, a more complex
model involving different types of intermolecular bonds is proposed. Besides the dimer motif,
which is involved in both structures, STM topographs reveal contrast features directly above
and below intra-row neighbors, suggesting a trans-syn-arrangement. Figure 5.11 (e) depicts
the adsorption geometry of a dimer on the Cu(111) surface. The axes of the dimers are
oriented along the

〈
112
〉
direction of the Cu surface. This model illustrates the adsorption of

the copper atoms at similar sites, for instance as tentatively shown in three-fold hollow sites.
In order to address the influence of the type of substrate material, the same preparation

protocols were applied to Ag(111). For room temperature deposition of TMB a densely
packed trigonal structure was obtained, if the precursor was already deprotonated similar to
the Cu(111) case. Following the protocol, the sample was annealed resulting in distinctly
different structures compared to the Cu(111) substrate. Annealing the sample up to 250 ◦C
for 1 h did not result in a phase transition. However, further annealing of the Ag(111) sample
up to 300 ◦C for 1 h results in disordered glassy networks in coexistence with remnants of
the precursor structure. Some of the irregular structures can be identified as covalently
interconnected monomers. The bonding distances within the interconnected monomers are in
good agreement with disulfur bridge distances calculated by DFT. Here, for computing time
reasons the substrate was neglected. In general, a high degree of disorder is an evidence for
covalent networks, in which the irreversible covalent bonds are formed during the growth and
cannot be corrected afterwards. The absence of metal coordination bonds on the Ag(111)
surface can be explained by the different affinity of Cu vs. Ag adatoms to form metal-thiolate
coordination bonds. [247]
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5.5 2D Covalent Organic Frameworks – COFs

2D polymers are expected to be a next generation material in several areas of engineering.
They are composed of one monomer thick, covalently bonded molecular sheets with a long-
range ordered (periodic) internal structure. [248] The most common example of synthetic
2D polymers is graphene, an only one carbon atom thick, covalently bonded, long-range
ordered thin film of carbon. For generating 2D networks with a single type of compound,
molecules that provide three bonding sites are preferred. To build up such synthetic
polymers, there are several different approaches available ranging from light-induced 2D
polymerization, electrochemically induced polymerization, heat-induced polymerization, or
condensation reactions. [205,206] In the following, the approaches are divided in two different
groups corresponding to the environmental conditions, i.e. ultra-high vacuum and ambient
conditions.

5.5.1 2D COF’s under ultra-high vacuum conditions∗∗

Here, the focus is on covalent coupling through radical addition reactions of appropriate
monomers on metallic substrates. After the halogen substituted polyaromatic monomer, i.e.
1,3,5-tris(4-bromophenyl)benzene (TBPB), was sublimated onto either a Cu(111) or Ag(110)
surface, subsequent annealing was performed to generate radicals and interlink the precursor
molecules. During this process, the substrate confines the molecular motion and acts as
catalyst for activating the tailored molecules. [124,249] The chosen TBPB molecule offers three
predetermined breaking points at the C-Br bonds. This is evident, as the homolytic bond
dissociation energy of the C-Br bond of 3.2 eV is substantially lower than the energy of the
C-C bonds within the phenyl rings (4.8 eV) rendering the molecule suitable for dehalogena-
tion. [250,251] Moreover, the Cu(111) substrate is known to facilitate the homolysis of halogen
functionalized molecules. [252] In a preliminary study, the TBPB molecules were evaporated
onto graphite, leading to an ordered self-assembled chain-like structure. Figure 5.12 (a)
shows an STM topograph of such chains of intact TBPB dimers that are stabilized by
Br· · ·H-C bonds. Here, every other row appears brighter. This contrast modulation implies
different adsorption sites of the TBPB on the graphite surface. It is not surprising that due
to the missing catalytic properties of graphite, annealing to 320 ◦C only leads to a complete
desorption instead of triggering dehalogenation.
In contrast to the results on a graphite surface, the adsorption of TBPB molecules on

reactive metal surfaces kept at room temperature ends up in open-pore networks. The
center-to-center distance between adjacent monomers was determined as (1.49± 0.10) nm
for Cu(111) and (1.57± 0.06) nm for Ag(110). Comparing the experimentally determined
center-to-center distances to typical C-C bonds, the experimentally investigated lengths
are definitely larger. Figure 5.12 (b) offers an explanation by revealing bright protrusions
between adjacent molecules, which were identified as single copper atoms. It is obvious from
the distances that two or occasionally three TBPB molecules are coordinated via metal atoms
even if the metal atom often remains unresolved as reported for similar systems. [249,253]

On the route towards covalently interlinked networks, these protopolymers†† are just an

∗∗published [232,233]

††Protopolymers are a new chemical state. Here, a strong interaction is formed between dehalogenated
monomers, i.e. radicals, and metal “adatoms” on the metal surface without generating chemical bonds. [253]
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Figure 5.12: (a) STM topograph of 1,3,5-tris(4-bromophenyl)benzene (TBPB)
on graphite. VT = 1.9V, IT = 76pA. The unit cell is indicated by white lines
(a =3.4nm, b =2.5nm, α = 44◦). (b) Typical STM tunneling contrast of TBPB
on Cu(111) surface, when the monomers were sublimated at room temperature.
The spherical protrusions, marked by white arrows, are identified as Cu adatoms
that coordinate the TBPB molecules. [233]

intermediate state. For Cu(111) and Ag(110) this homolytic bond dissociation is observed
without allocating any activation energy. A promising step to convert protopolymers to 2D
COFs is annealing the sample in order to release the coordinating metal atom and form
covalent bonds. After the sample was annealed to 300 ◦C, the center-to-center distance of
interconnected molecules was reduced to (1.24± 0.06) nm, as visible in Figure 5.13. Thus,
annealing is essential for triggering the physical change within the monolayer, i.e. the
reduction of the spacing of adjacent molecules.

Figure 5.13: (a) STM topograph of a covalent organic framework on Cu(111),
after the TBPB molecule were annealed to 300 ◦C. (b) Line-profile across three
pores of the interlinked network. The center-to-center distance was determined to
2.2nm. (c) Sketch of possible binding motifs: pentagon, hexagon, and heptagon.
The newly formed bond angle is distorted by ∆α. [233]

Unfortunately, the defect density of these 2D porous networks is quite high. The optimal
bonding motif of the threefold symmetric TBPB molecules would be a hexagon, where all
newly formed bonds exhibit an ideal bonding angle of 180◦. In the STM topographs a
variety of differently membered rings were regularly observed, as sketched in Figure 5.13 (c).
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Here, each newly formed bond is distorted from its optimal equilibrium angle on average by
∆α = 60◦(6 −N)/(3N), where N is the number of molecules involved in the motif. The
variation from the ideal bonding angle accounts to 4◦, 0◦, and −2.9◦ for pentagon, hexagon,
and heptagon, respectively. Due to small energy variations caused by non-ideal bonding
angles, a high number of polygons different from the hexagons was revealed by STM.
In order to study the material- and orientation-dependent reactivity for carbon-bromine

bond homolysis, further temperature-dependent STM experiments were carried out. There-
fore, the substrate temperature was introduced as an additional parameter. Deposition of
TBPB onto Cu(111) at 80K leads to highly ordered, virtually defect-free self-assembled
structures. Figure 5.14 (a) presents an STM topograph, where intact molecules are discernible
by their three-fold symmetry. This molecular structure is based on a hexagonal lattice with
a =(2.05± 0.06) nm where a unit cell consists of one TBPB molecule. The corresponding
structural bonding motif is depicted in Figure 5.14 (b). Interestingly, the fundamental
attractive interaction is based on the non-spherical charge distribution around the bromine
substituents, i.e. a force between a positive cap opposing the C-Br bond and a negative
potential around the bond axis. [197] Annealing this sample to room temperature induces
the formation of protopolymers, similar to the observation for room temperature deposition.
Thereby, the Cu adatoms are generated by either a continuous process of detachment from
step-edges or extraction from terraces, which can occur even at room temperature. [254,255]

Figure 5.14: (a) STM topograph of TBPB deposited onto Cu(111) kept at 80K,
where a non-covalent self-assembled highly ordered structure is clearly visible.
The threefold symmetric features are assigned to single intact TBPB molecules.
(b) Tentative structure model of the TBPB molecules on Cu(111) at 80K. The
structure is stabilized by halogen-halogen interaction as a consequence of the
non-spherical charge distribution of the bromine atoms. (c) STM topograph
after warming the sample to room temperature. [232]

Substituting the Cu(111) surface by an Ag(110) surface leads to qualitatively similar
results for room temperature deposition of TBPB, i.e. the formation of protopolymers.
However, deposition onto the Ag(110) surface kept at 80K does not lead to any ordered
structure as observed for Cu(111). Instead, isolated and immobilized TBPB molecules were
observed without any long-range ordering. For face-centered-cubic (fcc) metals, these findings
can be explained by the higher surface corrugation on (110) surfaces than on (111). As a
consequence of this, thermally activated surface diffusion on (110) surfaces is more easily
suppressed at lower temperatures.

70



2D Covalent Organic Frameworks – COFs

To gain deeper insight into the dependence on the crystallographic orientation and the
material, further experiments were conducted on the Ag(111) surface. As expected for low
temperature deposition on Ag(111), also a self-assembled structure similar to the Cu(111)
case was observed. Surprisingly, a variety of distinct self-assembled phases based on intact
molecules was present for room temperature deposition instead of protopolymers that would
be a clear indication of dehalogenation. Figure 5.15 (a)-(d) show some representative
structures of the TBPB on Ag(111) at room temperature, where in (a) three different
coexisting phases, i.e. a row structure in the upper center part, a hexagonal flower structure
in the upper right part, and a disordered phase in the lower half are present.

Figure 5.15: STM topographs of different phases of self-assembled TBPB
molecules on Ag(111) at room temperature, while the images were acquired at
80K for drift stability. (a) Overview image of two different coexisting phases,
i.e. a row structure on the upper center part, a hexagonal flower structure in
the upper right part, and a disordered phase in the lower half. (b) Close-up of
the flower structure with tentative model overlaid. (c) Zoom-in image of the row
structure. (d) Close-up of the densely packed structure. (e) Summary of the
experimentally observed bonding schemes taking the substrate material and the
crystallographic orientation as well as the temperature into account. The red
dots represent adatoms of the particular surface. [232]

It is noteworthy that annealing of the sample from 80K to room temperature leads to
the same morphologies as direct deposition of TBPB at room temperature. Evaluating the
center-to-center distances within these patterns confirm non-covalently interlinked molecules.
Moreover, the structures are stabilized by an attractive electrostatic interaction similar to
the low temperature phases of Cu(111) and Ag(111). The fact of coexisting phases indicates
the relative weakness and topological versatility of the halogen-halogen interaction. The ex-
perimentally observed bonding schemes on different substrates with different crystallographic
orientations and temperature are presented in Figure 5.15 (e).
As obvious from the experimental results, the choice of surface plays a major role for

the formation process. In the following, the surface reactivity is explained in terms of its
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geometrical and electronic effects, where the former is related to the substrate orientation
and the latter to the material. [256] In case of an ideal fcc (111) surface, a surface atom is
coordinated by 9 atoms, while for an ideal fcc (110) surface the coordination number is 7. In
fact, the (110) surface offers a large area of low coordinated surface atoms and, thus, catalytic
activity is promoted. In general, the coordination number can directly influence the energy
of the d band center and therewith the reactivity of the respective sites. [257] Furthermore,
the adsorption of an aromatic molecule, for instance TBPB, on a transition metal results in
a modification of the electronic structure (see section 4.3). Thereby, the homolysis of the
C-Br bond is facilitated by a thermally activated charge transfer process from the newly
occupied π∗ into σ∗ orbitals, which are anti-bonding with respect to the C-bromine bond.
Thus, these bonds are destabilized followed by a dissociation of the C-Br bond. Prerequisite
for this reaction, besides the temperature, is a sufficiently strong interaction strength of the
molecules with the surface, which is fulfilled for Cu(111) but not for Ag(111).

72



2D Covalent Organic Frameworks – COFs

5.5.2 2D COFs under ambient conditions‡‡

In order to reduce the effort of ultra-high vacuum experiments, the preparation protocols for
the generation of COFs [156,207] were transferred to ambient conditions. Therefore, an Ullmann-
type reaction was applied to halogenated monomers, i.e. 1,3,5-tris(4-iodophenyl)benzene
(TIPB), on a metal catalyst. [259] Under ambient conditions, the choice of a metal substrate
was restricted to Au(111) due to a lack of preparation methods for other metals. Moreover,
the gold surface is well known to act as both the catalyst for the homolysis and the template
for the resulting structures. [260]

Figure 5.16 (a) and (b) show STM topographs of TIPB molecules on Au(111) dissolved
in nonanoic acid (9A) at room temperature. The resulting structures on the Au(111)
surface depend on the initial concentration of the solution. For the low concentration
pattern (0.02mmol L−1; Figure 5.16 (a)) a monolayer coverage emerged containing some
small differently oriented domains of TIPB molecules. The angle between the differently
oriented areas is a multiple of 30◦, which is due to the substrate symmetry. In addition,
some bright trigonal features are present, as shown in the inset on the lower right. These
were identified as TIPB molecules adsorbed in a second layer by their perfect fit between the
experimentally determined size and the optimized geometry of intact TIPB molecules with
an iodine-iodine distance of approximately 1.4 nm.

Figure 5.16: STM topographs of TIPB acquired in 9A solution on different
surfaces: (a), (b) on Au(111) and (c) on graphite(001). (a) A TIPB concentration
of 0.02mmol L−1 results in small ordered domains. Individually adsorbed TIPB
molecules in the second layer are highlighted by white arrows and differently
oriented domains in the first layer are indicated by white dotted lines. The
insets depict the chemical structures of TIPB, a domain of TIPB molecules
directly adsorbed on the Au(111) surface, and a zoom-in of second layer TIPB.
(b) STM image showing the second layer with increased TIPB density, when the
concentration was higher (0.04mmol L−1). The inset shows a zoom-in, where
some features of the first layer are still visible and terminating iodine atoms are
highlighted by white dots. The line-profile confirms the formation of a bilayer
system. (c) Self-assembled structure of TIPB with saturated solution on graphite.
A molecular overlay indicates the tentative arrangement within the well-ordered
monolayer. STM tunneling parameter: (a) VT = 0.26V, IT = 12pA; (b) VT =
−0.62V, IT = 61pA; (c) VT = 0.74V, IT = 46pA. [258]

‡‡submitted [258]
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For higher concentrations (0.04mmol L−1; Figure 5.16 (b)) a higher density of TIPB
molecules within the second layer was observed. The bright features terminating the
monomer were assigned to the peripheral iodine atoms. Interestingly, the arrangement of
molecular pairs of TIPB in the second layer on Au(111) with those of the directly adsorbed
TIPB monolayer on non-reactive graphite (see Figure 5.16 (c)) appears quite similar. Here,
three or four iodine atoms are in close adjacency.
To trigger the homolysis of the halogen atoms and to start the interlinking of the

TIPB molecules, the Au(111) substrate was heated to 100 ◦C and 5 µL of the solution
c = 0.80mmol L−1 was deposited on the surface. After 120 s on the hot plate and subsequent
cooling, the networks were characterized by STM. Figure 5.17 (a) shows various aggregates of
covalently interlinked monomers such as one-dimensional chains, open rings, closed pentagons,
hexagons, heptagons, as well as more extended and irregular networks. A detailed analysis of
the experimentally determined aryl-aryl bond length of 1.3 nm is in excellent agreement with
density functional theory [261] and UHV experiments of topologically similar networks. [262]

However, the formation of aggregates with up to 25 monomers yields lateral dimensions
of up to 10 nm which represents a major step forward from previously reported coupling
processes at the liquid-solid interface.

Figure 5.17: STM topograph of covalently interlinked TIPB monomers.
The sample was prepared by deposition of 5 µL of TIPB solution in 9A
(c = 0.80mmol L−1) onto Au(111) held at 100 ◦C for 120 s. The covalent ag-
gregates are adsorbed on top of a first monolayer. Close-ups (A-D) of frequently
encountered covalent aggregates are shown on the middle: (A) one-dimensional
chains, (B) closed hexagons (C) closed heptagons, (D) more extended structures
as merged rings; besides that more extended irregular structures and open rings
were frequently observed. (b) and (c) Subsequently recorded STM images reveal-
ing the detachment process of covalent aggregates. Features are highlighted by
white circles. STM tunneling parameter: (a) VT = −0.752V, IT = 63pA; (b)
and (c) VT = −0.624V, IT = 58pA. [258]

A closer look at the covalently linked structures reveals that some legs of the monomers are
often still terminated by iodine. This might be a possible reason for premature termination
of the polymerization. Interestingly, the aggregates are distributed all over the substrate
terraces and not restricted to step-edges. Moreover, changing the solvent to a shorter fatty
acid such as heptanoic acid results in similar topologies. These covalent aggregates are not
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directly adsorbed on the Au(111) surface, but on top of a first monolayer. The second layer
is rather weakly adsorbed as demonstrated by occasional observation of their detachment
during scanning (see Figure 5.17 (b) and (c)).

Figure 5.18: Deposition of TIPB onto Au(111) at a surface temperature of
100 ◦C either for 120 s (a) or 120min (b) with a concentration of 0.80mmol L−1.
The STM topographs reveal monolayer consisting of a mixture of mostly iodine
atoms and partially dehalogenated TIPB monomers. On the right, zoom-ins
are shown. White arrows highlight spherical protrusions that are assigned to
chemisorbed iodine atoms. STM tunneling parameter: (a) VT = −0.348V, IT =
12pA; (b) VT = −0.359V, IT = 35pA. [258]

A detailed analysis of the first monolayer reveals a disordered mixture of adsorbed iodine
and monomers, possibly partially dehalogenated. Figure 5.18 (a) and (b) depict the results,
that were obtained when the sample was annealed either for 120 s or 120min at 100 ◦C. It is
clearly visible from the STM topographs, that shorter annealing times favor the formation
of nanopores with single bright features at the center. For longer annealing times the area
density of iodine is increased. All show the same typical spacing of 0.5 nm. This distance
can be matched to the characteristic lattice parameter of 0.5 nm for a (

√
3×
√

3)R30◦ iodine
superstructure on Au(111). [132] In a control experiment, TIPB solution was applied to iodine
terminated Au(111) surfaces, kept at 100 ◦C. As anticipated, no covalent structures were
observed due to poisoning effects of the adsorbed iodine atoms.
To further the understanding of the progression of the halogenation, XPS measurements

were performed. Therefore, TIPB was drop-cast on a Au(111) surface, held at room
temperature. In order to stop further TIPB adsorption, the sample was rinsed with ethanol
for 60 s before it was transferred into the UHV system. The first XPS signatures were
acquired from I(3d) core levels. For unreacted TIPB compound on Au(111) the energies
of the spin-orbit doublet for the IPhenyl occurs at 620.4 eV (I-3d5/2) and 632.0 eV (I-3d3/2),
respectively. These values are in perfect agreement to comparable iodinated compounds,
i.e. the iodophenyl isocyanate I-3d5/2 peak at 620.47 eV. However, the characteristic
binding energies for iodine-gold are clearly distinguishable, i.e. I-3d3/2 619.0 eV. Figure 5.19
shows the XPS spectra of TIPB on Au(111), recorded at room temperature (blue curve),
100 ◦C (green curve), and 150 ◦C (red curve). As obvious from the presented spectra, some
spontaneous dehalogenation even occurs at room temperature. Annealing the sample to
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higher temperatures, the ratio of the two chemically distinct iodine species changes. At
temperatures of 150 ◦C unreacted TIPB molecules disappear, indicating a complete homolysis.
Nevertheless, the total amount of iodine on the surface remains constant, as verified by the
constant iodine/Au ratio of approximately 2.0 atom-% based on an evaluation of the total
peak areas.

Figure 5.19: XPS spectra of TIPB deposited onto Au(111) under ambient
conditions at various temperatures. The curves are vertical offset for clarity. The
blue curve shows the data recorded at room temperature, whereas the green
curve was obtained after heating the sample for 10min up to 100 ◦C, and the
red curve after further heating of the same sample for 10min up to 150 ◦C. [258]

It is known from previous UHV studies of the bromine analogs (TBPB) that thermal
activation, i.e. 140 ◦C to 180 ◦C, is essential to cleave the halogen substituents. [263] Russell
et al. reported on the formation of TBPB dimers under ambient conditions and determined
activation temperatures of 200 ◦C. [102] Due to the lower bond dissociation energy of C-I
bonds (2.84 eV in iodobenzene) in contrast to the C-Br bonds (3.49 eV in bromobenzene) [264]

lower surface temperatures are required to trigger the dehalogenation. Moreover, this effect
is supported by a rather strong gold-iodine bond.
For the generation of such covalently interlinked flakes, the following reaction scheme is

proposed: The dehalogenation rate of TIPB molecules on the catalytic Au(111) surface
is significantly enhanced by increasing the sample temperatures. After the homolysis had
occurred on the annealed surface, the radicals recombined and formed new covalently
interlinked aggregates. Interestingly, these organic networks were adsorbed on a layer of
split-off iodine atoms on top of the Au(111) surface. The iodine layer suppresses further
homolysis, but becomes the supporting template for the covalent networks.
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Chapter 6

Summary and Outlook

This thesis shed light on the processes of the formation of molecular structures, namely
the creation of self-assembled 2D networks, 2D metal-organic frameworks (MOFs), and
2D covalent organic frameworks (COFs). These patterns emerge from a complex interplay
between adsorbate-substrate as well as adsorbate-adsorbate interactions and are typically
influenced by a variety of external parameters. In order to investigate and characterize the
dimensions at this length scale, sophisticated experimental setups and devices are essential.
A brief introduction to scanning tunneling microscopy, the fundamental analysis device
used in this thesis, the used materials and methods, and a description of the fundamental
interactions at the nanoscale were given.

The incorporation dynamics of coronene guest molecules into pre-existent 2D host networks
from trimesic acid (TMA) or the larger analogous benzenetribenzoic acid (BTB), was studied.
When adding some guest-containing solution to the TMA system forming a stable honeycomb
host network on the surface, transient intermediate states were identified. In contrast, an
immediate incorporation of the same guest in the significantly larger BTB pores was observed
within the temporal resolution of the STM experiment, i.e. < 0.5 s. Furthermore, a solvent
dependence of the incorporation dynamics has been discovered for the TMA network. For
the shorter heptanoic acid intermediate states have been observed only very rarely. For the
incorporation into TMA pores, molecular mechanics suggests an additional stabilization of
the COR molecules within the pores by 18 newly formed hydrogen bonds between COR
and the pore wall. Due to the fact, that the pores are not empty, but occupied by solvent
molecules, these molecules need to be displaced for the COR to enter the void. This process
is much faster for heptanoic acid than for nonanoic acid and also much faster for BTB pores
than for geometrically matched TMA pores due to differences in pore size. [92]

Furthermore, the synthesis of metal-organic frameworks (MOFs) based on aromatic
trithiols was investigated under ultra-high vacuum conditions. Therefore, 1,3,5-tris(4-
mercaptophenyl)benzene (TMB) molecules were deposited either on Cu(111) or Ag(111)
substrates kept at room temperature. The precursor structures on both surfaces were
composed of densely packed trigonal structures, where the TMB molecules were already
deprotonated. Annealing the Cu(111) to 150 ◦C yields metal-coordination bonds between
the thiolates and either one or two coordinating copper adatoms, depending on the initial
surface coverage. In contrast to Cu(111), annealing the TMB on the Ag(111) sample at
300 ◦C results in irregular structures, where covalent disulfur bridges were identified. These
differences are attributed to the lower affinity of silver adatoms to form metal-coordination
bonds with thiolates as compared to copper adatoms. In general, thiol groups coordinated
via copper adatoms are suited for application in molecular electronics due to their electronic
conjugation, their high stability, and the way of creating them by bottom-up strategies. [238]
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Summary and Outlook

A further issue addressed in this work were covalent organic frameworks (COFs). These
studies were carried out under ultra-high vacuum conditions as well as under ambient
conditions on reactive metal surfaces. Under both environmental conditions, the focus
was on covalent coupling through radical addition reactions of appropriate monomers, i.e.
halogenated aromatic molecules such as 1,3,5-tris(4-bromophenyl)benzene (TBPB) and
1,3,5-tris(4-iodophenyl)benzene (TIPB). Here, a thermal activation energy for the scission
of the carbon-halogen bonds is essential besides the reactive surface itself. In the case of
ultra-high vacuum experiments TBPB was deposited on to different surfaces, i.e. Cu(111),
Ag(111), and Ag(110), kept at different temperatures. The homolysis of the C-Br bond
and subsequent formation of proto-polymers only occur for room temperature deposition
of TBPB on Cu(111) but not on Ag(111). This clearly underpins the material dependency
of the catalytic capability. By further annealing, these proto-polymers can be converted
to 2D covalent networks. However, for Ag(110) the debromination reaction did not take
place indicating a dependency on the crystallographic orientation. Moreover, deposition
onto Cu(111) and Ag(110) kept at low temperature (80K) lead to triply halogen bonded
networks. For Ag(110), only unordered adsorbed molecules were present at this temperature.
These findings underline the necessity of thermal activation. [232,233]

It was shown that the polymerization of the triply iodinated monomer TIPB can be
initiated by drop-casting on a pre-heated Au(111) surface. In contrast to similar experiments
under ambient conditions with TBPB, the brominated analogue of TIPB, more extended
covalent structures that consist of up to 25 monomeric units were obtained, while the
brominated monomer only yielded dimers. So the present system is a further example to
corroborate the enhanced reactivity of iodinated precursors for the proposed polymerization
reaction. Interestingly, most of the covalent structures were found on top of a first monolayer.
This first monolayer is mostly comprised of iodine, but also partially dehalogenated TIPB
monomers were resolved. Since the lifting of the polymerized aggregates from the metal
substrate is unprecedented from UHV experiments, the environmental conditions might
play the decisive role. Moreover, it was shown that deliberately iodine terminated Au(111)
surfaces lack the catalytical activity to promote the initiating dehalogenation reaction. Thus,
progressive iodine adsorption terminates the polymerization reaction. On the other hand
the loosely bound covalent aggregates on top of iodine are weakly adsorbed and promising
for lift-off and transfer to other substrates. In summary, iodinated compounds are ideal
candidates for polymerization under ambient conditions. The enhanced reactivity allows
to operate with relatively inert surfaces such as gold at the price of relatively fast iodine
poisoning and deactivation of the catalytic surface.
In general, self-assembled monolayers (SAMs) bear great technological potential and

are offering a promising strategy for mass fabrication of complex molecular systems. A
specially tailored combination of precursor molecules enables the formation of more complex
chemical products and thus offers new functionalities. Also the co-adsorption of specific guest
molecules onto different surfaces or pre-existing host-networks opens up new perspectives. In
this context, appropriate theoretical calculations can be used to design new materials based
on known reaction schemes.
To date, the generation of large areas of 2D covalent networks which are applicable for

novel devices has not been realized. A promising strategy is the conversion of defect-free
self-assembled structures (1014 molecules/cm2) into stable 2D covalent networks. In order to
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tune the electronic band structure and therewith the properties of these networks, either
appropriate building blocks have to be used for the fabrication or further organic molecules
have to be adsorbed on these networks. [236]

In future, one of the main challenges will be the interfacing of such nanostructures to
the macroscopic world. Research has to be addressed to both contacting and transport
properties in order to unleash the full potential of the newly accessible 2D nanostructures.
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The on surface synthesis of a two-dimensional (2D) covalent

organic framework from a halogenated aromatic monomer

under ultra-high vacuum conditions is shown to be dependent

on the choice of substrate.

The synthesis of 2D covalent organic frameworks (COF) on

surfaces has recently gained much attention.1 Commonly,

these novel polymers are built by sublimation of appropriate

monomers onto metallic substrates under ultra-high vacuum

(UHV) conditions and subsequent annealing.2–6 Many other

studies investigated the formation of covalent structures from

smaller building blocks and demonstrated the importance of

the substrate both for the confinement of molecular motion in

two dimensions and as a catalyst for activation.7–10

Here, we report on the reticular synthesis of 2D COFs built

up from conjugated subunits (phenyl rings) only. The halogen

substituted polyaromatic monomer is thermally sublimed onto

various substrates under UHV conditions at room tempera-

ture. Without providing additional activation energy, the

formation of radicals is observed on Cu(111) and Ag(110).

Deposition of the same compound on graphite(001) results in

non-covalent self-assembly of well ordered networks stabilized

by halogen–hydrogen bonds. These results demonstrate the

decisive role of the substrate for homolysis of covalent carbon–

halogen bonds at room temperature and subsequent association

of radicals.

Our strategy for the synthesis of 2D COFs consists of the

deposition of a suitable organic compound and its subsequent

substrate mediated homolysis. Intermolecular colligation

occurs through radical addition at elevated temperatures.

For formation of 2D open-pore networks from a single kind

of molecule the building block must at least be a triradical, i.e.

exhibit three potential binding sites. Comparatively weak

carbon–halogen bonds are well suited as predetermined break-

ing points and from solution chemistry Cu catalysts are known

to facilitate homolysis.11 The molecule of choice is 1,3,5-tris-

(4-bromophenyl)benzene (TBB, cf. Fig. 1a). TBB is an appro-

priate candidate because the homolytic bond dissociation

energy of its C–Br bonds (3.2 eV) is substantially lower than

that of the C–C link between phenyl rings (4.8 eV).12,13

Evaporation of a TBB monolayer on graphite(001) results

in an ordered structure (cf. Fig. 1b and c). Although no

submolecular resolution is achieved, the long range order

and the mutual arrangement of molecules within the mono-

layer indicate non-covalent self-assembly of intact TBB

molecules.

In agreement with molecular mechanics simulations, mole-

cules arrange in chains of dimers which are stabilized by

Br� � �H–C hydrogen bonds. Similar binding motifs have been

reported for comparable systems14–16 and also stabilize the

bulk structure of TBB.17 The contrast modulation, i.e. every

other row appears brighter, is caused by different adsorption

sites on the graphite lattice. Annealing of the graphite sample

to B320 1C for 10 min results in complete desorption of the

TBB monolayer, thereby demonstrating the inferior stability

of this non-covalent network.

Open-pore networks can clearly be identified in the STM

topographs obtained for submonolayer coverage of TBB on

Cu(111) (Fig. 2) and Ag(110) (cf. Fig. S1, ESIw). These

Fig. 1 (a) Structure of 1,3,5-tris(4-bromophenyl)benzene (TBB). (b) STM

topograph of a TBB monolayer on graphite (V = 1.9 V, I = 76 pA).

Unit cell is indicated by blue lines (a = 3.4 nm, b = 2.5 nm, a = 441)

and accommodates four molecules, symbolized by blue tripods.

(c) Mesh-averaged image (4.1 � 5.0 nm2) of (b).
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networks are composed of polygons, predominantly hexagons

and pentagons but also heptagons, octagons and other

polygons. The experimentally determined values for the center-

to-center distance between adjacent molecules for room

temperature deposition are 1.49 nm � 0.10 nm for Cu(111)

and 1.57 nm � 0.06 nm for Ag(110) and are equal for both

substrates within the error margin. These values are somewhat

larger than anticipated for a covalent C–C link between

adjacent molecules. In the topograph of the TBB net-

work on Cu(111) (Fig. 2), bright protrusions can clearly be

discerned between adjacent molecules. These spherical

features are attributed to single copper atoms which coordi-

nate two or occasionally three radicals. Similar systems based

on halogenated benzene derivatives were reported to assemble

in a first step into so-called protopolymers where two radicals

are linked via a metal atom.7,18 This preceding formation of a

metal coordination complex between on surface-generated

radicals and substrate atoms is also likely to be observed here.

Coordinating atoms could not be resolved on Ag(110), but the

spacing clearly indicates formation of protopolymers as well.

In this respect, no difference between the two metal substrates

was found, although (110) surfaces exhibit a pronounced

anisotropy. In most cases the network structures are attached

to step edges, hence it is probable that growth is initiated by

attachment of a free radical to a step edge (Fig. S1, ESIw).
In order to verify whether protopolymers can eventually be

converted into COFs, annealing experiments have been carried

out with the Cu(111) surface. Fig. 3a depicts an STM topo-

graph of a tempered sample. After annealing to 300 1C the

distance between two interconnected molecules is reduced to

1.24 nm � 0.06 nm (Fig. 3a). Accordingly, the linescan in

Fig. 3b yields a size of 2.2 nm for each hexagon. The STM

contrast of the network after annealing at 300 1C (Fig. 3a) is

very different from the network before annealing (Fig. 2). The

bright features in between two molecules are absent in the

post-annealing topograph, indicating a physical change in the

monolayer. More importantly, the reduced size (both the

lattice constant and the spacing of adjacent molecules) upon

annealing indicates the transition from a protopolymer to a

2D COF. Lipton-Duffin et al. found for polymerization

experiments with p-diiodobenzene that the phenyl–phenyl

spacing is reduced by 0.12 nm upon transition from a proto-

polymer to an actual covalent linkage.7 This value is consistent

with our observations. The necessity of an additional anneal-

ing step to finally induce covalent linkage was also experienced

by other groups for comparable systems.7,19

The distance between two monomers in the post-annealing

network is also in accordance with both DFT and molecular

mechanics simulations of an infinite layer of TBB molecules

covalently linked at the 40-position (1.28 nm, experimental:

1.24 nm � 0.06 nm). A hypothetical hexagonal network based

on intact TBB subunits pointing head-to-head with their

bromine atoms would necessarily result in a considerably

larger center-to-center distance of B1.75 nm as estimated by

molecular mechanics calculations and can thus be excluded.

The high defect density, that is the frequent occurrence of

polygons different from hexagons, can be explained by con-

sidering the energy necessary to bend one bond between two

phenyl groups: due to the threefold symmetry of TBB, a

hexagonal ring comprising six molecules would yield the

lowest-energy geometry because all newly formed links exhibited

an ideal bonding angle of 1801. All other polygons experience

slightly higher stress due to distortion of the bond angle.

Assuming regularity and rigid phenyl rings, each bond between

two phenyl rings in the polygon is distorted from its optimal

equilibrium angle on average by Da = 601(6 � N)/(3N), where

N is the number of molecules in the ring (Fig. 3c). The change

Da is small and accounts to 41, 01, and �2.91 for pentagon,

hexagon, and heptagon, respectively, yielding only a small

additional energy contribution. This small deviation from the

equilibrium geometry is responsible for the high number of

polygons different from hexagons. Since colligation of free

Fig. 2 TBB protopolymer on Cu(111) before annealing (V= �1.85 V,
I = 248 pA). Spherical protrusions between radicals are clearly

observable.

Fig. 3 TBB covalent organic framework on Cu(111) (a) evaporation

temperature of 140 1C for 8 minutes (V = +3.2 V, I = 233 pA) and

subsequent annealing to 300 1C. A scaled hexagonal ring is overlaid.

(b) Linescan as indicated in (a) across three rings yielding a center-to-

center distance of 2.2 nm for a single ring. (c) Principally encountered

binding motifs: pentagon, hexagon and heptagon. Bonds between

phenyl rings are distorted by Da.

This journal is �c The Royal Society of Chemistry 2009 Chem. Commun., 2009, 4456–4458 | 4457
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radicals is virtually barrier free and only diffusion limited,

kinetic effects can result in suboptimal binding geometries

where the binding angle can deviate from 1801. This leads to

a reduced order and high defect densities.

Interestingly, the chemical activity of the substrate has a

major contribution to cleavage of the C–Br bond. The activa-

tion of TBB molecules, that is generation of triple radicals by

cleavage of all three covalent C–Br bonds, requires a metallic

substrate. In general, the binding energy of halides chemi-

sorbed to metal surfaces is particularly strong and was found

to be in the order of 1.5 eV. Thus, a low free energy of the final

state certainly promotes homolytic fission of C–Br bonds in

TBB. Physisorption of halides on graphite would render

homolysis strongly endothermic. In some STM topographs

on metal surfaces, circular features appear after deposition of

TBB and can be attributed to adsorbed Br atoms.

For the likewise covalently linked structures prepared from

Br substituted tetraphenyl porphyrins and dibromoterfluorene

on catalytically less active Au(111) surfaces, significantly

higher temperature thresholds of 315 1C and 250 1C for

thermal activation are reported.2,20 The first compound is

much heavier than TBB and the temperature for bond

cleavage is in the regime of the sublimation temperature, thus

activation can already occur in the crucible. In contrast, for

TBB thermal evaporation of non-activated species is easily

possible. The distinct substrate dependence clearly demon-

strates that homolysis takes place on the surface and not in

the crucible as observed for other systems.2,6 Furthermore,

UV/Vis spectroscopy independently confirms that the TBB

molecules are intact prior to sorption on the surface and do

not dissociate at the sublimation temperatures of 140–160 1C

(cf. ESIw).
Thermal stability of the COFs on Cu(111) has been verified

by further annealing experiments and subsequent STM charac-

terization. Annealing of the Cu(111) sample at 400 1C caused

degradation of the networks and STM images no longer

exhibit open-pore structures (see Fig. S2, ESIw, for a degraded

network). Thermogravimetric analysis of pure TBB reveals

an onset for decomposition at a temperature of around

250 1C (cf. ESIw), which is somewhat lower than for the

COF. Its higher thermal stability can be attributed to the

absence of comparatively weak C–Br bonds in the mono-

layer, strong intermolecular bonds, and interaction with the

substrate.

In this work, we demonstrate the formation of substrate

supported 2D COFs by addition of on surface-generated triple

radicals. Experiments on different surfaces unveil the impor-

tant role of the substrate for the main activation step, homo-

lytic fission of C–Br bonds. On metal substrates where the

split-off Br-atoms are stabilized by strong chemisorption,

homolysis takes place without providing additional activation

energy. Chemically inert graphite surfaces cannot promote

homolysis, thus cannot initiate formation of covalent bonds.

However, due to preceding formation of a protopolymer

through metal coordination of radicals, an additional thermal

activation is required to transfer the networks eventually into

COFs. In this respect it would be highly interesting to find

either a system, a method, or conditions where on one hand

the substrate is catalytically effective for homolysis but on the

other hand formation of protopolymers is suppressed. The

immediate formation of covalent bonds would definitely

change the association kinetics and will thus possibly also

influence the ordering.

Financial support by Deutsche Forschungsgemeinschaft

(SFB 486) and Nanosystems Initiative Munich (NIM) is

gratefully acknowledged. Georg Eder acknowledges support

by the Hanns-Seidel-Stiftung.

Notes and references

1 D. F. Perepichka and F. Rosei, Science, 2009, 323, 216–217.
2 L. Grill, M. Dyer, L. Lafferentz, M. Persson, M. V. Peters and
S. Hecht, Nat. Nanotechnol., 2007, 2, 687–691.

3 M. Treier, N. V. Richardson and R. Fasel, J. Am. Chem. Soc.,
2008, 130, 14054–14055.

4 M. In’t Veld, P. Iavicoli, S. Haq, D. B. Amabilino and R. Raval,
Chem. Commun., 2008, 1536–1538.

5 S. Weigelt, C. Busse, C. Bombis, M. M. Knudsen, K. V. Gothelf,
E. Laegsgaard, F. Besenbacher and T. R. Linderoth, Angew.
Chem., Int. Ed., 2008, 47, 4406–4410.

6 N. A. A. Zwaneveld, R. Pawlak, M. Abel, D. Catalin, D.
Gigmes, D. Bertin and L. Porte, J. Am. Chem. Soc., 2008, 130,
6678–6679.

7 J. A. Lipton-Duffin, O. Ivasenko, D. F. Perepichka and F. Rosei,
Small, 2009, 5, 592–597.
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 S2

I. Experimental procedures 

All experiments are carried out under UHV conditions (base pressure <5.0 × 10-10 mbar) at 

room temperature with two different STMs. One instrument is a commercial STM from 

Omicron whereas the other one a home-built beetle type STM as described elsewhere.1 Both 

STMs are laterally calibrated by atomically resolved graphite images. 1,3,5-Tris(4-

bromophenyl)benzene (TBB) is supplied by Sigma-Aldrich with a purity of 97% and 

extensively (>48 h) outgassed in UHV at 140°C. TBB is deposited from Knudsen cells with 

a crucible temperature in the range from 140 °C to 160 °C. The graphite surface is cleaned 

prior to experiments by annealing up to 500 °C for 30 minutes. Ag(110) and Cu(111) 

surfaces are cleaned by repeated cycles of sputtering and annealing. Cleanliness of the 

substrate is checked prior to evaporation by STM. During deposition, the substrate is held at 

room temperature. Thermal stability of 2D COFs is verified by annealing of a previously 

characterized sample and subsequent repeated STM measurements. 
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 S3

II. Additional STM data 

 

Figure S1. TBB evaporated on Ag(110) at 140 °C for 10 min (a) V = 1.2 V, I = 110 pA (b) 

V = 1,2 V, I = 123 pA. Both topographs show open-pore structures with high defect density. 

The contrast within the cavities can be attributed to coadsorbed molecules or split-off 

bromine atoms. 
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 S4

 

Figure S2. TBB evaporated on Cu(111) and annealed to 400 °C for 20 min (V = 1.3 V, I = 

170 pA). The formerly covalent network is degraded and no ordered structure can be 

observed. 
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III. Forcefield and DFT calculations 

The geometry of covalent organic frameworks is optimized by means of molecular 

mechanics simulations, conducted with the Cerius2 (Version 4.5, MSI) software package and 

the Dreiding forcefield.2 Periodic boundary conditions are applied to a hexagonal lattice with 

p6 symmetry and the lattice parameter is varied in order to find the minimum energy 

configuration. Free standing monolayers, i.e. without substrate influence are simulated. An 

energy difference of < 2×10-5 kcal/mol between single steps serves as a convergence criteria 

in all calculations. 

The minimum energy is found for a lattice parameter of 2.21(2) nm (cf. Fig. S3) in 

agreement with the experimentally deduced value of 2.2 nm. Fig. S3 depicts the calculated 

values for the total energy as a function of lattice parameter. This lattice parameter 

corresponds to a distance of 1.28 nm between adjacent molecules. 
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Figure S3. Calculated energy per unit cell for the geometry optimized framework as a 

function of lattice parameter according to molecular mechanics simulations. The isolated 

monolayer is fixed to p6 symmetry. A lattice parameter of 2.21(2) nm yields the minimum 

energy. 
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The geometry of an ideal hexagonal 2D COF is also optimized by density functional theory 

(DFT) calculations implemented in the Gaussian03 software package.3 For this purpose, the 

B3LYP functional with 6-31G(d) basis set is used. Periodic boundary conditions are 

employed, the substrate is neglected. The input geometry is that of the previously force-field 

optimized geometry with p6 symmetry. Lattice parameter and angle are allowed to vary. 

Standardized convergence criteria as preset in Gaussian03 are used. The structure 

optimization yields lattice parameter of 2.245 nm and 2.243 nm and an angle of 120.02°. 

Adjacent phenyl rings are tilted by ~60° with respect to each other because of steric 

hindrance. Since the rotational barrier for a biphenyl is relatively low, interaction with the 

substrate is likely to cause planar adsorption as experimentally observed in the STM 

topographs. 

 

Figure S4. Model of an ideal hexagonal covalent organic framework. The geometry 

corresponds to the output of the DFT calculation with the above stated lattice parameters. 

Phenyl rings are tilted by about 60° with respect to each other. 
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IV. Thermogravimetric analysis 

In an inert atmosphere, approximately 50 mg of TBB are heated with a rate of 1 °C per 

minute and the weight loss recorded. Degradation sets in at about 250 °C and is largely 

completed at ~375 °C. A residual of 4% of the original weight of sample remains. The 

temperature range for deposition by means of vacuum sublimation is 140° - 160°C as 

indicated by the colored bar in Fig S5 and is significantly lower than the decomposition 

temperature. Thus, the conclusion that intact molecules arrive at the surface can be drawn. 

 

Figure S5. Thermogravimetric analysis of TBB. The colored area indicates the temperature 

range applied for thermal sublimation.  
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V. UV/Vis spectra 

In order to support the hypothesis that TBB molecules remain intact upon vacuum 

sublimation, UV/Vis spectroscopy is conducted with n-hexane as solvent. A quartz glass 

cuvette with an optical path length of 1 mm is used. Unsubstituted 1,3,5-triphenylbenzene 

(TPB) serves as a control substance. Because of its significantly higher solubility, TPB 

solutions are diluted by a factor 30, whereas for TBB saturated solutions are used. Three 

different TBB solutions are prepared and compared: TBB as provided, TBB sublimated once 

onto the shutter, TBB residuals from the crucible of the Knudsen cell. 

In the wavelength range from 200 nm to 500 nm, all absorption spectra exhibit two 

main peaks (see Fig. S6). For all three TBB solutions these two peaks are centered at the 

same wavelength, namely λ1=206 nm and λ2=260 nm. While for unsubstituted TPB the peak 

at longer wavelength is slightly blue-shifted and centered at λ2=250 nm, thereby 

demonstrating the influence of the Br substitution. Because for all three TBB solutions the 

shape of the spectra and the peak positions remain the same, we conclude that both thermally 

sublimed molecules and molecules from the crucible which were held at a temperature of 

140 °C - 160 °C for extended amounts of time remain intact. 
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Figure S6. UV/Vis absorption spectra of TBB (saturated solutions) and 1,3,5-

Triphenylbenzene (1:30 diluted solutions) in n-hexane 
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7.2 Material- and orientation-dependent reactivity for
heterogeneously catalyzed carbon-bromine bond homolysis
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Adsorption of the brominated aromatic molecule 1,3,5-tris(4-bromophenyl)benzene on dif-
ferent metallic substrates, namely Cu(111), Ag(111), and Ag(110), has been studied by
variable-temperature scanning tunneling microscopy (STM). Depending on substrate temper-
ature, material, and crystallographic orientation, a surface-catalyzed dehalogenation reaction
is observed. Deposition onto the catalytically more active substrates Cu(111) and Ag(110)
held at room temperature leads to cleavage of carbon-bromine bonds and subsequent forma-
tion of protopolymers, i.e., radical metal coordination complexes and networks. However,
upon deposition on Ag(111) no such reaction has been observed. Instead, various self-
assembled ordered structures emerged, all based on intact molecules. Also sublimation onto
either substrate held at 80 K did not result in any dehalogenation, thereby exemplifying the
necessity of thermal activation. The observed differences in catalytic activity are explained
by a combination of electronic and geometric effects. A mechanism is proposed, where initial
charge transfer from substrate to adsorbate, followed by subsequent intramolecular charge
transfer, facilitates C-Br bond homolysis.
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Adsorption of the brominated aromatic molecule 1,3,5-tris(4-bromophenyl)benzene on different metallic
substrates, namely Cu(111), Ag(111), and Ag(110), has been studied by variable-temperature scanning tunneling
microscopy (STM). Depending on substrate temperature, material, and crystallographic orientation, a surface-
catalyzed dehalogenation reaction is observed. Deposition onto the catalytically more active substrates Cu(111)
and Ag(110) held at room temperature leads to cleavage of carbon-bromine bonds and subsequent formation
of protopolymers, i.e., radical metal coordination complexes and networks. However, upon deposition on
Ag(111) no such reaction has been observed. Instead, various self-assembled ordered structures emerged, all
based on intact molecules. Also sublimation onto either substrate held at ∼80 K did not result in any
dehalogenation, thereby exemplifying the necessity of thermal activation. The observed differences in catalytic
activity are explained by a combination of electronic and geometric effects. A mechanism is proposed, where
initial charge transfer from substrate to adsorbate, followed by subsequent intramolecular charge transfer,
facilitates C-Br bond homolysis.

Introduction
Heterogeneous catalysis provides the basis for the economic

synthesis of the majority of compounds produced worldwide
and is thus of utmost importance for the chemical industry. In
relation to its importance, however, the atomistic understanding
of the underlying processes lags behind. The “surface science
approach”, which was introduced by Ertl, i.e., the use of
atomically flat and clean single crystal surfaces under ultrahigh
vacuum (UHV) conditions as model catalysts,1,2 has stimulated
a lot of effort in this field. Among other techniques, scanning
tunneling microscopy (STM) has been taking a major role as a
tool to reveal catalytic phenomena by high-resolution real space
imaging,3–6 in particular for the dissociative adsorption of
molecules.7,8

Here we report on the heterogeneously catalyzed dehaloge-
nation of the comparatively large aromatic compound 1,3,5-
tris(4-bromophenyl)benzene (TBB, cf. Fig. 1 for structure) on
coinage metal surfaces. TBB is also a well-suited candidate
monomer for the synthesis of surface supported two-dimensional
polymers. For the synthesis of two-dimensional polymers,
different strategies are proposed to cleave the C-Br σ-bonds,
an activation step which creates free radicals that can subse-
quently form covalent bonds through addition reactions. Re-
cently, we could show that for the on-surface polymerization
the substrate does not merely serve as support, but takes a vital
chemical role.9 An inert substrate like graphite(001) does not
catalyze the surface-mediated homolysis and hence leaves the
molecules intact upon physisorption, whereas on Cu(111) and
Ag(110) the dehalogenation reaction readily occurs. Yet, instead
of directly forming covalent intermolecular bonds, the on-surface

generated radicals coordinate to surface supplied metal atoms
in an intermediate reaction step. Thereby coordination com-
plexes introduced as “protopolymers” by Weiss and co-workers
are formed10 through a surface-mediated reaction that has
meanwhile also been observed for other systems.11–13 The first
reaction step is dissociative adsorption of halogenated aromatic
species on a copper catalyst, a reaction scheme that resembles
the coupling chemistry described by Ullmann in 1901.14

Cleavage of carbon-halogen bonds followed by the formation
of comparatively strong bonds15 of the resulting radicals to
copper atoms is also an intermediate step in the Ullmann
coupling reaction. In the original Ullmann reaction the bidentate
radical-copper complex is a short-lived reaction intermediate,
while for the surface variant the radical-copper complexes are
metastable at room temperature. Subsequent thermal annealing
releases the coordinating copper atoms and induces covalent
C-C coupling of the aromatic species. The initially split-off
bromine species binds to the surface and thermally activated
diffusion results in island formation at ∼600 K,16 whereas
desorption takes place at about 950 K.17 In STM topographs
adsorbed bromine atoms appear as depressions on Cu(111),
which was explained by quenching of the surface state.17 In
accordance with these findings we also occasionally observe
these depressions in the vicinity of protopolymers (see yellow
arrow in Figure 1a), which we attribute to split-off bromine
atoms, although we cannot unambiguously prove it.

In order to study the role of the metal support in more detail
and shed light on the homolysis mechanism, further experiments
were conducted on Ag(111), Ag(110), and Cu(111). The
substrate temperature during deposition was introduced as an
additional parameter. In this study, TBB was deposited on each
substrate held at either room temperature or cooled down to
∼80 K. Subsequently, STM was applied to study the intermo-
lecular bonding schemes and to identify products of a possible
dehalogenation reaction.
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Results and Discussion

Cu(111). Deposition of TBB onto Cu(111) at room temper-
ature leads to the spontaneous formation of protopolymers, in
accordance with previous experiments on brominated aromatic
molecules.11,12,17 Coordinating copper atoms are either extracted
from terraces18 or supplied by the free adatom gas that originates
from a temperature-dependent condensation/evaporation equi-
libriumat stepedges.19 AnSTMtopographofTBB-protopolymer
networks on Cu(111), i.e., radical-metal coordination com-
plexes, is depicted in Figure 1a. Bright circular protrusions midst
the triangular molecular units are clearly discernible, and readily
identified as copper atoms. However, an unambiguous experi-
mental indication for protopolymer formation is the center-to-
center distance between interlinked molecules. In full agreement
with the anticipated value for protopolymers, a distance of ∼1.50
nm was found. The irregularity and high defect density of these
networks is owed to both the pronounced reactivity of phenyl
radicals and the low directionality of coordination bonds. By
virtue of a postannealing step (up to 300 °C), it was possible to
release the copper atoms and eventually convert metal-coordina-
tion bonds into covalent C-C interlinks. This is accompanied
and proven by a ∼0.25 nm decrease of the center-to-center
distance of adjacent interconnected TBB molecules from ∼1.50
nm to ∼1.25 nm.9,12

In order to gain deeper insight into the dissociation mecha-
nism, the present study also takes the influence of the substrate
temperature during deposition into account. In the case of
Cu(111), a prominent difference arises depending on the
substrate temperature: Deposition of TBB onto Cu(111) held
at ∼80 K leads to the formation of highly ordered, virtually
defect-free self-assembled structures which are comprised of
intact molecules. A representative STM topograph and the
corresponding structural model are depicted in Figure 1b,c.
Single molecules are clearly resolved and appear as 3-fold
symmetric features in accordance with the molecular structure.
The structure is based on a hexagonal lattice with a ) 2.05 (
0.06 nm and contains one molecule per unit cell. Both, the high
degree of ordering and the unit cell dimensions substantiate the
conclusion that molecules remain intact and self-assemble due
to relatively weak noncovalent interactions. The halogen sub-
stituents cannot be distinguished from the aromatic backbone
in the submolecular STM contrast, because the frontier molec-

ular orbitals equally have contributions from the aromatic system
and the peripheral halogen substituents, respectively. A com-
parable cyclic bonding pattern among three halogen atoms has
previously been observed in bulk crystals of halogenated
phenyls.20 The underlying interaction is of electrostatic origin
and attributed to a nonspherical charge distribution around the
bromine substituents. Calculations of the electrostatic potential
at the halogen atoms propose a positive cap opposite to the
C-Br bond and a ring of negative potential around the bond
axis.21 A cyclic intermolecular arrangement as shown in Figure
1c thus optimizes electrostatic interactions and can be described
as Coulombic “donor-acceptor” attraction.20

Warming up the well-ordered TBB layer on Cu(111) to room
temperature also induces the formation of protopolymers, similar
to those observed for room-temperature deposition. These
experimental findings illustrate that dissociation of C-Br bonds
on Cu(111) requires thermal activation and that the thermal
energy supplied at 300 K is sufficient.

Ag(110). Regarding the dissociation of C-Br bonds upon
room temperature deposition, Ag(110) shows a qualitatively
similar behavior as Cu(111): formation of protopolymers was
readily observed (Figure 2a). For low-temperature deposition,
however, TBB molecules do not form ordered structures;
instead, adsorption of isolated, apparently immobile single
molecules has been observed, as illustrated in Figure 2b. This
result is explained by a more corrugated surface potential on
Ag(110) as compared to Cu(111). For face-centered cubic (fcc)
metals, the potential energy landscape for adsorbates exhibits
higher corrugation on (110) than on (111) surfaces. Conse-
quently, thermally activated surface diffusion is more easily
suppressed at lower temperatures on (110) surfaces. In addition,
surface diffusion is more anisotropic on (110) surfaces than on
densely packed (111). In many cases this results in quasi-one-
dimensional diffusion, which also hampers self-assembly of two-
dimensional islands. Similar to Cu(111), warming up the low-
temperature deposited Ag(110) sample to room temperature
results in dehalogenation and spontaneous formation of
protopolymers.

In summary, only at room temperature are Cu(111) and
Ag(110) sufficiently reactive to catalyze homolysis of C-Br
bonds in TBB. For low-temperature deposition, differences
concerning the mutual arrangement arose: on the densely packed

Figure 1. STM topographs of TBB deposited onto Cu(111) with the substrate held at (a) room temperature and (b) ∼80 K, respectively. (a)
Room-temperature deposition readily induces the dehalogenation reaction and subsequent formation of protopolymers (UT ) 1.50 V, IT ) 85 pA;
inset, reaction scheme). (b) Deposition onto Cu(111) at ∼80 K leads to noncovalent self-assembly of a highly ordered structure (UT ) -1.98 V,
IT ) 90 pA). Due to their size and symmetry, the 3-fold bright features are assigned to single intact TBB molecules as shown in the overlay. (c)
Tentative model of the intermolecular arrangement based on STM data. As a consequence of a nonspherical charge distribution around the halogen
substituents an electrostatic stabilization known as a halogen-halogen bond becomes feasible.

Heterogeneously Catalyzed C-Br Bond Homolysis J. Phys. Chem. C, Vol. 114, No. 29, 2010 12605

98



Cu(111) surface the lateral mobility of TBB is sufficient to
facilitate self-assembly into ordered monolayers, while on
Ag(110) the lack of surface mobility leads to adsorption of
isolated molecules.

Ag(111). In order to gain deeper insight into the relevant
parameters for the catalytic activity of coinage metal surfaces
for this particular homolysis reaction, further experiments were
conducted on Ag(111). Low-temperature deposition onto Ag(111)
results in self-assembly of a monolayer structure similar to the
Cu(111) case. The arrangement of molecules, the symmetry of
the monolayer, and within the experimental error, the lattice
parameter are identical for low-temperature deposition on
Cu(111) and Ag(111). Most importantly, similar to the afore-
mentioned cases, for low-temperature deposition TBB molecules
also stay intact upon adsorption on Ag(111). Yet, qualitatively
different observations in comparison to Cu(111) were made
when TBB was evaporated onto Ag(111) at room temperature.
Instead of protopolymerssa clear indication of dehalogenationsa
variety of distinct self-assembled phases based on intact
molecules was observed. All structures are stabilized by weak
noncovalent interactions between intact molecules. Representa-
tive STM topographs of the various phases on Ag(111) are

presented in Figure 3.22 It is noteworthy that low-temperature
deposition followed by warming up the sample resulted in the
same morphologies as deposition directly at room temperature.
In the overview image of Figure 3a, two coexisting phases,
namely, a hexagonal and a row structure with oblique unit-cell,
can be distinguished. Furthermore, in the lower part of the image
molecules that are “frozen” in a disordered state can be
identified. We attribute the emergence of this phase to rapid
surface diffusion at room temperature, which kinetically traps
molecules in the disorder state.

A detailed analysis of the intermolecular distances in the
disordered phase does not indicate any formation of protopoly-
mers or covalently interlinked aggregates. Close ups of the
ordered phases are presented in Figure 3b,c. Similar to the low-
temperature polymorphs observed on Cu(111) and Ag(111), the
well-ordered structures are likewise stabilized by electrostatic
interactions between nonspherical charge distributions of halo-
gen substituents. Yet, the structures of these polymorphs are
more complex, and in addition to the triple halogen-halogen
bonds, the hexagonal structure also contains six-membered rings
of cyclic halogen bonds, as shown in Figure 3b. Three of those
supramolecular hexamers are interconnected via single TBB
molecules in a triple Br-Br-Br bond pattern similar to those
observed in the low-temperature structure. As illustrated by the
overlaid symbolic representations of the molecules, attractive
halogen-halogen interactions are topologically very versatile
and not restricted to three or six membered rings. Also a slightly
displaced head-to-head geometry enables favorable electrostatic
interactions, as exemplified in Figure 3c, and gives rise to
another polymorph, the row structure. The measured center-to-
center distances of halogen-halogen bond associated dimers
(2.05 nm) is significantly larger than for metal-coordinated (1.50
nm) or covalently interlinked dimers (1.25 nm)9 and clearly
indicates noncovalent interaction. Figure 4 illustrates the three
different types of intermolecular bonding schemes and the
corresponding center-to-center distances. For the halogen-halogen
interaction, the molecules exhibit a slight lateral displacement
and significantly larger center-to-center distance as compared
to the covalent and metal coordination case. The substantial
differences in center-to-center distance allow for a clear distinc-
tion of the interaction type solely based on intermolecular
distances as measured in STM topographs.

A displaced halogen-halogen bonded dimer is also the basic
unit of the structure depicted in Figure 3d, another occasionally
observed polymorph that features a rather high packing density.
The experimentally observed coexistence of all structures in
Figure 3 indicates the relative weakness and topological
versatility of halogen-halogen interactions. In any case, it can
be stated that for Ag(111) different noncovalent self-assembled
structures were observed dependent on the deposition temper-
ature without any indication of dehalogenation either for room
temperature or for low temperature deposition.

In brief, the experiments described above reveal a clear
dependency of the catalytic activity on the material [Cu(111)
vs Ag(111)], but also on the crystallographic surface orientation
[Ag(110) vs Ag(111)].

The experimental findings as summarized in Table 1 give
rise to the question about the origin and the detailed mechanism
of the catalytic activity of the investigated metal surfaces for
the dehalogenation reaction. In particular, we want to address
the question of which parameters influence the TBB dehaloge-
nation on coinage metal surfaces. Irrespective of substrate
material and orientation, for low-temperature deposition we have
never observed dehalogenation, a clear indication of a thermally

Figure 2. STM topographs of TBB deposited on Ag(110) (a) after
warming up the sample to room temperature (UT ) 1.76 V, IT ) 41
pA) and (b) at ∼80 K (UT ) -1.50 V, IT ) 110 pA). Low-temperature
deposition results in disordered arrangements of single molecules
without any indication of ordered self-assembly due to suppressed lateral
mobility on the (110) face; warming up the sample to room temperature
leads to dehalogenation and the formation of protopolymers similar to
the case for Cu(111). Albeit adatoms are not resolved in this case, the
measured center-to-center distances of 1.50 nm between interlinked
molecules clearly indicates formation of protopolymers.
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activated reaction step. TBB molecules do not react and stay
intact on the two densely packed Ag(111) and Cu(111) surfaces,
where ordered structures were observed. In contrast, on Ag(110)
no self-assembly into ordered structures takes place, due to
suppressed surface mobility.

In order to understand the substrate dependency of the room-
temperature dehalogenation, reactivity is discussed in the
framework of heterogeneous catalysis and molecule-metal
interactions. Alternatively, an adatom-based surface chemical

approach can also explain the experimental findings. Yet, a
significant contribution from step edges as active sites for the
dehalogenation can be excluded.

Grounded on DFT results, Christensen and Nørskov state that
for an accurate description of surface reactivity one has to
differentiate between geometrical and electronic effects.23 In the
following, based on their argumentation, we also want to
formally distinguish between electronic and geometric effects,
where the former can explain the material and the latter the
orientation dependency.

The geometrical effect can be explained by means of the
active sites concept, which implies that bond cleavage of
adsorbates occurs preferentially at low-coordinated surface
atoms,24,25 in particular, at vacancies, kinks, step edges, or
dislocations.8 The literature is rich with examples, where
dissociative adsorption favorably occurs at step edges, where
reactions rates can be orders of magnitude enhanced as
compared to terraces.26,27

However, since on Ag(111) dehalogenation has been observed
neither for low-temperature nor for room-temperature deposition,
it is concluded that the (mostly densely packed) step edges on
this surface are not active sites for cleavage of carbon-halogen
bonds. Yet, in general, the reactivity of step edges will depend
on their crystallographic direction, which determines both the
step edge atom coordination and density of kink or ledge sites,
giving rise to substantial differences.

Although overview topographs clearly show that many
protopolymers are anchored at step edges, we nevertheless
exclude a dominant contribution from step edges for the
following reason. If the reaction could exclusively proceed at
step edges, only step-edge decoration would be observable but
not structures extending into terraces. Protopolymers that are
bound to step edges would block these active sites and passivate
them, resulting in a quenching of the reaction. Such a self-
poisoning effect has, for instance, been observed for the
dissociation of ethylene on Ni(111) step edges.28 In conclusion,
a dominant contribution from step edges can be ruled out for
the dehalogenation reaction.

In the following it is argued that the reactivity differences
might originate already in the different atomic arrangement of
ideal surfaces and no special active sites are required. While
the (111) surfaces of fcc metals are densely packed, the (110)
surfaces consist of alternating atomic rows and troughs running
along the [1j10] direction. In some respect the (110) surfaces
can be seen as a dense stringing of step edges, thereby exposing
a large area density of low coordinated surface atoms that

Figure 3. STM topographs of different self-assembled TBB phases on Ag(111). Molecules were deposited at room temperature, while for improved
drift stability STM images were acquired at ∼80 K. (a) Overview image presenting two coexisting ordered phases, namely, a row structure on the
upper center part and a hexagonal flower structure in the upper right part. The lower half depicts a disordered phase (UT ) -1.11 V, IT ) 102 pA).
(b) Close up of the flower structure with overlaid molecular model (UT ) -1.11 V, IT ) 90 pA). (c) Close up of the row structure (UT ) -1.11
V, IT ) 112 pA). (d) Close up of a third, densely packed structure (UT ) 1.77 V, IT ) 94 pA).

Figure 4. Three possible intermolecular bonding schemes and corre-
sponding center-to-center distances of interlinked molecules. (a)
Covalent coupling of TBB molecules leads to the shortest center-to-
center distance of ∼1.25 nm. (b) Metal coordination yields a notably
higher center-to-center distance of ∼1.50 nm. (c) In addition to cyclic
triple halogen-halogen-halogen bonds, also a dimeric arrangement
with a center-to-center distance of ∼2.0 nm was observed.

TABLE 1: Summary of Experimentally Observed
Intermolecular Bonding Schemes Dependent on Both
Substrate Material and Crystallographic Orientation, as
Well as Deposition Temperature
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promote the catalytic activity. For comparison, the coordination
number of a topmost surface atom in an ideal fcc (111) surface
is 9 while for an ideal fcc (110) surface the coordination number
is only 7. The coordination number can directly affect the energy
of the d-band center and thus the reactivity of the respective
sites.29

A more direct electronic aspect of the catalytical activity
comes into play for understanding the observed differences
between Cu(111) and Ag(111). Adsorption of aromatic mol-
ecules on transition-metal surfaces leads to significant changes
in their electronic structure, as concluded for instance from
ultraviolet photoelectron spectroscopy (UPS),30 scanning tun-
neling spectroscopy (STS),31 and density functional theory
(DFT) studies.32–34 Depending on the interaction strength, level
shifts, level broadening, or emergence of new electronic states
due to hybridization are common and most seriously affect
frontier molecular orbitals.35 For instance, Thygesen and Rubio
show that the HOMO-LUMO gap of adsorbed molecules
shrinks with increasing interaction strength.36 For the aromatic
molecule 3,4,9,10-perylenetetracarboxylic acid dianhydride
(PTCDA), it has been shown that fully or partly filled LUMO-
derived interface states are created upon adsorption on Cu(111)
and Ag(111), respectively, rendering the organic layers semi-
conducting or metallic. On Au(111), on the other hand, only
“soft chemisorption” is reported, where energy levels do not
shift significantly because of a relatively weak interaction.37

These findings are in accordance with the proposed trend of
decreasing reactivity for the d10s1 transition metals when
moving down this group in the periodic table of the elements
from Cu over Ag to Au.38 This reactivity order was also
confirmed by UPS measurements of PTCDA37 and pentacene35

on noble metal surfaces. Both compounds serve as model
systems for interaction of large π-conjugated molecules with
metal surfaces. Since the underlying processes are fundamental
and by no means specific for PTCDA or pentacene, it is
proposed that this reactivity order can be generalized for other
planar π-conjugated aromatic adsorbates. In both cases the newly
formed hybridized orbitals originate from interaction of the
π-electrons with the metal s- and d-states, in line with the
Newns-Anderson model.30,39 Adsorption of aromatic molecules
on transition-metal surfaces is also accompanied by charge
transfer between adsorbate and substrate as a consequence of
the aforementioned adjusting of the frontier molecular orbitals.35,37

This can lead to partial filling of mainly the π* orbital, where
the degree of occupancy increases with increasing interaction
strength and is thus largest on copper surfaces. Since the π*
orbital is mainly localized at the aromatic system, adsorption
induced charge transfer can still not explain the observed
homolysis of peripheral C-Br bonds. In order to explain the
bond cleavage, we propose that thermally activated charge
transfer from the newly occupied π* into σ* orbitals, which
are antibonding with respect to the C-Br bond, eventually
destabilizes these bonds and facilitates homolysis. A similar two-
step mechanism for C-X bond dissociation in solution was
found by Kimura and Takamuku, who studied halogen scission
in aryl halides40 and benzyl halides41 by means of low-
temperature pulse radiolysis. First, an additional electron is
captured by the π* orbital and then in a second step transferred
into the C-halogen σ* orbital. This results in destabilization
and dissociation of the C-Br bond. Moreover, a comparable
two-step mechanism is also discussed for photodissociation of
dibromobenzene and tribromobenzene, where the initially
excited singlet (π, π*) state in the phenyl ring decays into the
repulsive triplet (n,σ*) state located at the C-Br bond.42 On

the basis of these findings we conclude that the dehalogenation
of TBB on densely packed noble metal surfaces can only occur
when the interaction strength is sufficiently strong. Evidently,
this criterion is fulfilled for Cu(111), but not for Ag(111). For
higher corrugated (110) surfaces, however, the reactivity of
Ag(110) becomes sufficient to catalyze the dehalogenation
reaction. Along the lines of heterogeneous catalysis research,
the higher reactivity of Ag(110) as compared to Ag(111) is
explained with the higher surface corrugation leading to a lower
coordination and thus higher reactivity of surface atoms. Again,
Zou and co-workers have confirmed this trend for the adsorption
of PTCDA on Ag(111) and Ag(110), where the more corrugated
(110) face exhibits stronger interaction.30

As already stated above, a decisive influence of adatom
chemistry would also be consistent with our experimental
observations and cannot be fully excluded. It is well-known that
for metal surface chemistry adatoms can be important mediators
or reaction partners for various types of reactions.29 Conse-
quently, both the temperature and surface dependent density of
the adatom gas as well as the adatom reactivity can explain
reactivity differences. For instance, a face-specific dependency
for the adsorption geometry of benzoate molecules has been
attributed to the availability of metal adatoms, being significantly
higher on Cu(110) as compared to Cu(111).43 It has also been
reported that the deprotonation of carboxylic groups in trimesic
acid molecules does not take place on pristine Ag(111) at room
temperature but can be triggered by an additional supply of more
reactive copper atoms.19 Especially the latter example exempli-
fies the importance of adatom chemistry for the formation of
metal-coordination complexes on surfaces. In this picture, the
temperature dependence can be explained by suppression of the
adatom gas at lower temperature, while the orientation depen-
dence can be explained by different binding energies of atoms
in step edges. However, since we do not observe any formation
of protopolymers on Ag(111), a dominant contribution from
adatoms for the dehalogenation reaction seems unlikely. Even
though the density of adatoms on fcc(111) surfaces is substan-
tially lower than on (110) surfaces, as rationalized by a model
based on the change of coordination number for the detachment
process,43 at least a few coordination complexes should also be
observable on Ag(111), if the reaction was exclusively driven
by adatoms. However, a plain consideration of merely the
adatom density is not satisfying, and also the adatom reactivity
has to be considered. Since the coordination number of adatoms
is also surface-dependent, it is conceivable that Ag adatoms
behave chemically distinctly on (111) than on (110) surfaces.
In order to obtain a detailed and quantitative understanding of
the dehalogenation reaction, theoretical studies that address the
electronic structure of the chemisorbed molecule-substrate
complex and tackle conceivable reactivity differences of adatoms
are very desirable.

Conclusions

In summary, studies of a heterogeneously catalyzed dehalo-
genation reaction, namely full debromination of the aromatic
compound TBB, on single crystal metal surfaces revealed
interesting reactivity differences. Since the reaction only
proceeds on Cu(111), but not on Ag(111), the catalytic capability
of the substrate for this reaction is clearly material dependent.
On the other hand, the dehalogenation reaction took place on
Ag(110), thereby exemplifying that also the specific surface
orientation can be decisive. Third, in variable-temperature
experiments it was found that the dehalogenation reaction cannot
proceed at low substrate temperatures (∼80 K) irrespective of
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the substrate, thereby proving the necessity of thermal activation.
In order to explain the occurrence of the reaction as a function
of different experimental parameters, we propose a two-step
mechanism, where initial charge transfer upon adsorption
provides the basis for occupation of an antibonding orbital.
Besides the recognized role of active sites, this comparative
series of experiments elucidates that the overall reactivity of a
catalytically active surface originates from a combination of
atomic arrangement and electronic structure.

For future experiments, it would also be enlightening to study
the role of the organic compound and its respective electronic
structure. For instance, the HOMO-LUMO gap can be altered
by means of decreasing or increasing the size of the aromatic
system, thereby also affecting the level alignment and magnitude
of charge transfer. The strength of the carbon-halogen bond is
another accessible parameter worthy of study. This bond can
be weakened by substituting bromine with iodine, but it can
also be strengthened by substituting bromine with chlorine.

Methods

All samples were prepared and characterized in an ultrahigh
vacuum chamber (base pressure <5 × 10-10 mbar) equipped
with a scanning tunneling microscope (STM). Metal single
crystals [Cu(111), Ag(111), and Ag(110)] were prepared by
repeated cycles of Ne+ ion sputtering and annealing. 1,3,5-
Tris(4-bromophenyl)benzene was obtained from a commercial
source (Sigma Aldrich) and vacuum sublimed from a home-
built Knudsen cell with crucible temperatures between 150 and
160 °C.44 Samples were deposited in the microscope, which is
a home-built beetle-type STM mounted on a flow cryostat and
thus able to operate at variable temperatures. During deposition
the STM and the substrates were held either at room temperature
or at ∼80 K. Typically, images were acquired at ∼80 K (also
for room temperature deposition), because of improved drift
stability of the instrument at low temperatures.
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We describe the setup, characteristics, and application of an in vacuo ion-sputtering and electron-
beam annealing device for the postpreparation of scanning probes (e.g., scanning tunneling mi-
croscopy (STM) tips) under ultrahigh vacuum (UHV) conditions. The proposed device facilitates
the straightforward implementation of a common two-step cleaning procedure, where the first step
consists of ion-sputtering, while the second step heals out sputtering-induced defects by thermal an-
nealing. In contrast to the standard way, no dedicated external ion-sputtering gun is required with
the proposed device. The performance of the described device is demonstrated by SEM micrographs
and energy dispersive x-ray characterization of electrochemically etched tungsten tips prior and after
postprocessing. © 2011 American Institute of Physics. [doi:10.1063/1.3556443]

I. INTRODUCTION

For scanning probe microscopy experiments the scan-
ning probe, e.g., the metal tip for STM, is of pivotal impor-
tance. The tip is crucial for the stability of the tunneling cur-
rent, and can thus be decisive for the noise levels of both sig-
nal and data. Yet, since the STM imaging process convolutes
geometric and electronic properties of sample and tip, the
probe also has a great impact on the contrast in high-
resolution topographs, and similarly on spectroscopic data.
Although the atomic configuration at the apex can normally
not be controlled, at least the chemical cleanliness of the
tips should be guaranteed. For the majority of STM exper-
iments under UHV conditions tungsten is still the material
of choice for the tip, not at least because electrochemical
etching techniques for sharp tips are well developed.1,2 The
mechanical properties of tungsten and its high melting point
definitely render the material suitable; however, electrochem-
ically etched tungsten tips are prone to oxidation under ambi-
ent conditions.1, 2 Oxidized tungsten tips can result in unstable
tunneling conditions and poor image quality, or the insulat-
ing oxide coating can even cause tip crashes during coarse
approach.3 In order to remove not only tungsten-oxide lay-
ers but also etching remnants and byproducts, various proce-
dures are proposed in the literature like annealing by electron
bombardment,4, 5 ion-sputtering,6–8 dipping into hydrofluoric
acid (HF),9 and self-sputtering in a noble gas environment.10

Although it is difficult to establish a clear correlation between
a specific postpreparation procedure and achieved quality of
STM data, there is a consensus that an appropriate after-
treatment improves the overall performance of STM tips.3

For STM experiments under UHV conditions the standard tip
after-treatment is in situ ion-sputtering and subsequent ther-
mal annealing. For sample preparation most UHV systems
are equipped with an ion-sputtering gun. Due to the opera-

tion principle of STM the sample surface and the tip point
into opposite directions. Hence, either a manipulation mech-
anism to rotate the tip or a second (typically rather expen-
sive) ion-sputtering gun is necessary. Here, as an alternative
we present a versatile, inexpensive, easy to realize, and cus-
tomizable setup for the in vacuo postpreparation of scanning
probes. First the setup is described, and then we present a
characterization of the device by measuring the ion current
at the tip as a function of various parameters along with a fi-
nite element simulation of the electrostatic potential and field.
Finally, we demonstrate the efficiency of the device by com-
parison of as-etched with postprocessed tungsten tips.

II. EXPERIMENTAL SETUP

The basic setup of the postpreparation device is depicted
in Fig. 1(a) and consists of an axial arrangement of filament,
ring, and tip. In this test setup the tip is held by a spring-loaded
socket (accepting wire diameters from 0.35 to 0.55 mm).
The UHV compatible setup is assembled on a 40 CF flange
equipped with four SHV high-voltage feedthroughs (rated
for up to 5 kV and 16.5 A). The filament is made from a
tungsten wire (diameter 0.2 mm, 13 coils), where one end is
grounded to the flange on the vacuum side, while the other
end is connected to one of the feedthroughs. The ring (tung-
sten wire, wire diameter 0.2 mm, ring diameter ∼10 mm)
is not closed and both ends are likewise connected to SHV
feedthroughs. The fourth feedthrough is connected to the tip
(holder). The heights of ring and filament on the axis are ad-
justable and distances are set to 12 mm between tip and ring,
and 16 mm between ring and filament for the experiments de-
scribed. The proposed basic setup can easily be customized to
a specific tip transfer and carrier system. Figure 1(b) presents
a sketch of a conceivable (not realized) adaptation of the
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FIG. 1. (Color online) (a) Scheme of the combined ion-sputtering and
electron-beam annealing device: (I) filament, (II) ring used as grid for ion-
sputtering and used as a filament for electron-beam annealing, and (III) tip
holder. (b) Adaptation scheme of the proposed device for Omicron tip hold-
ers. (c) Wiring diagram for the ion-sputtering mode: V0 = filament voltage,
V1 = acceleration voltage for electrons, V2 = acceleration voltage for noble
gas ions, I0 = filament current, I1 = electron emission current, I2 = ion cur-
rent (d) Wiring diagram for the electron-beam annealing mode: V1 = filament
voltage, V2 = acceleration voltage for electrons, I1 = filament current, I2
= electron emission current.

device for standard Omicron tip holders. The base plate of this
slightly adapted Omicron tip holder is now made from macor
—a machinable sinter ceramic. Also, the standard glued-on
magnet is replaced by a mechanically clamped magnet with
high Curie temperature, in order to prevent it from falling
off or demagnetization during tip annealing. The tip is elec-

trically contacted from below with a sliding contact. The
upper plate of the Omicron tip holder exhibits a wide cutout
to avoid charging effects. The dimension and material of fil-
ament and ring are identical to the actually tested setup in
Fig. 1(a). Ring and filament assemblies are fixed by setscrews
in an insulating macor block and contacted from behind to
electrical feedthroughs. This macor block is mounted onto a
stainless steel fixture. The tip preparation stage can simply be
loaded and unloaded by manipulation of Omicron tip hold-
ers into mountings on the side. Comparable adaptations are
conceivable to any systems which feature tip exchange.

The proposed device can be operated in two different
modes: ion-sputtering and electron-beam annealing. In order
to alternate between these two modes, only the external wiring
has to be changed, and respective wiring diagrams are de-
picted in Figs. 1(c) and 1(d).

For the ion-sputtering mode, a noble gas (typically neon
or argon) has to be introduced into the vacuum chamber as the
sputtering gas. Since most UHV systems are equipped with
an ion-sputtering gun for sample preparation, the associated
variable precision leak-valve can be used and no additional
installations are required. After a partial noble gas pressure
in the order of 10−5 mbar has been established, a dc cur-
rent (∼4.5 A) is passed through the filament, yielding ther-
mal emission of electrons (∼10 mA). While the filament is
grounded, a positive voltage in the order of +0.8 kV is ap-
plied to the ring. Thermally emitted electrons are accelerated
toward the ring and generate positive noble gas ions through
impact ionization. In order to accelerate the positive ions to-
ward the scanning probe, a negative voltage on the order of
−2.0 kV is applied to the tip, resulting in a measurable ion
current in the magnitude of microamperes. The ion current
increases with both noble gas pressure and negative voltage
on the tip as depicted in Fig. 2.

For ion-sputtering of tips with an external ion-sputtering
gun best results are obtained when tips are mounted at the
center of the ion beam.7 The required spherical symmetry
is inherently achieved by design in our setup. Generally ion
milling processes are dependent on many parameters such as
the ion’s angle of incidence,6 their kinetic energy, and their

FIG. 2. Characteristics of the proposed device: (a) Ion current I2 as a function of partial Ar pressure (I0 = 10 mA (emission), V2 = −2.0 kV (tip), V1 (ring) was
adjusted to keep I0 (emission) constant). In the pressure range from 1 × 10−5 to 2.5 × 10−4 mbar the ion current as measured at the tip increases approximately
linearly with Ar pressure, (b) ion current as a function of acceleration voltage at the tip (pAr = 4 × 10−5 mbar, I0 = 10 mA (emission), V1 (ring) adjusted to
keep I0 (emission) constant). An increasing negative extraction voltage at the tip results in sublinear increase of the ion current. Solid lines serve as guides to
the eye.

Downloaded 21 Aug 2012 to 129.187.254.47. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/about/rights_and_permissions 105



033701-3 Eder et al. Rev. Sci. Instrum. 82, 033701 (2011)

chemical nature. In the proposed setup, the kinetic energy can
easily be adjusted, while the angle of incidence apparently
depends on the local surface orientation.

The second mode of the device is electron-beam anneal-
ing of the tip. For this purpose the ring which was used as a
grid in the ion-sputtering mode is now used as filament, i.e.,
as a thermal electron source. As can be seen in the wiring dia-
gram in Fig. 1(d) one side of the ring is grounded at the atmo-
spheric side now, and a positive voltage on the order of +1.5
kV is applied to the tip. The ring when operated as a filament
is heated by a dc current of ∼4 A, resulting in an emission
current of 1.5 mA as measured at the biased tip. The upper
original filament is too remote to yield a reasonable electron
current when a positive voltage is applied to the tip, possibly
because of electrostatic screening through the ring. Anneal-
ing of sputtered STM tips is necessary to heal out sputtering-
induced defects, yet, the annealing power as the product of
emission current and applied voltage to the tip must not be too
high to prevent melting-induced blunting of the apex.4 The
enhancement of the electrostatic field due to the low radius
of curvature at the tip leads to effective local heating of its
apex.

For a quantitative understanding of the proposed device
where a high positive voltage is applied to the ring and in close
vicinity a high negative voltage is applied to the tip, a finite-
element simulation of the electrostatic potential and electric
field distribution were performed with the program package
Ansoft’s MAXWELL 2D.11 Since an idealized setup exhibits
rotational symmetry, resulting potential and field distributions
are likewise rotational symmetric, and the 2D solution in the
median plane represents a cross section of the 3D solution
in the r–z plane. The geometry has been taken from the ex-
periment, and simulations results for the ion-sputtering mode
with −2.0 kV at the tip, +0.8 kV at the ring, and the filament
grounded are depicted in Fig. 3. These simulations confirm

FIG. 3. (Color online) Finite element simulation results of (a) electrostatic
potential and (b) electrostatic field (vectors and magnitudes) distributions for
a 2D cross-sectional geometry of the decive in the ion-sputtering mode with
filament grounded, +0.8 kV at the ring, and −2.0 kV at the tip. These 2D
maps represent a cross section of the rotational symmetric 3D solution in the
r–z plane. Positively charged noble gas ions are generated above the ring by
electron impact ionization, and are accelerated toward the tip by the electric
field below the ring.

that the electric field vectors point toward the tip apex; hence,
ions are accelerated to this region. Also the positively biased
ring effectively screens the negative potential from the tip, and
is thus able to attract electrons.

III. CHARACTERIZATION OF UNTREATED AND
POSTPROCESSED STM TIPS

In order to demonstrate the efficiency of the proposed
device, electrochemically etched tungsten tips were charac-
terized by scanning electron microscopy (SEM, Zeiss LEO
440i) and spatially averaged energy dispersive x-ray (EDX)
analysis. Topographs and spectra of the same tips were ac-
quired directly after etching and compared to measurements
acquired after ion-sputtering (Fig. 4) and annealing (Fig. 5).
The STM tips were initially prepared by electrochemical ac
etching of a polycrystalline tungsten wire (diameter 0.5 mm)
in aqueous 2M KOH solution. In a second step, these tips
were sharpened by electropolishing under optical control in
a light microscope.12 Ion-sputtering was performed with Ar+

ions for 1 and 5 min, respectively, with the following pa-
rameters: ∼1.5 × 10−5 mbar (3.1 × 10−5 mbar) Ar pres-
sure, 4.0 A filament current, 10 mA electron emission cur-
rent, +830 V ring voltage, −2.0 kV tip voltage. These val-
ues result in a stable ion current of 5 μA (10 μA) at the tip.
Directly after electropolishing many tips exhibit not further
identified, but clearly visible, contaminations [cf. Figs. 4(a)
and 4(c)]. For about 50% of the tips, oxygen was detected
by EDX at the foremost part, and attributed to the presence
of tungsten oxide. These EDX-supported findings are in ac-
cordance with transmission electron microscopy studies by
Garnaes et al.,13 who also concluded that electrochemically
etched tungsten tips are covered with a few nanometer thick
oxide layers. Similarly by means of EDX, aluminum was de-
tected at the shank of the tip where the tungsten has not been

FIG. 4. SEM micrographs of electrochemically etched tungsten tips (a)/(c)
directly after electrochemical etching and electropolishing without any fur-
ther treatment, (b) the same tip as shown in (a) after sputtering with
5 μA for 1 min, (d) the same tip as shown in (c) after sputtering with
10 μA for 5 min. Both examples clearly demonstrate that ion-sputtering in the
proposed device is efficient in removing contaminations, but also changes the
surface structure, and possibly the tip shape. The tip shown in (d) was sput-
tered with a tenfold increased ion-dose as compared to (b), which already
resulted in a detectable change of outer shape.

Downloaded 21 Aug 2012 to 129.187.254.47. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/about/rights_and_permissions106



033701-4 Eder et al. Rev. Sci. Instrum. 82, 033701 (2011)

FIG. 5. SEM micrographs of an electrochemically etched tungsten tip
(a) before and (b) after electron beam annealing (+1.5 kV, 1.5 mA, i.e., 2.25
W for 300 s). The outer shape of the tip before annealing has been reproduced
in (b) by the dashed line, in order to illustrate the melting induced change of
shape. The cone angle changes from 20◦ to 25◦.

electrochemically etched. These contaminations might orig-
inate from the wire drawing process. After the postprepara-
tion through ion-sputtering each tip was characterized again
by SEM and EDX [cf. Figs. 4(b) and 4(d) for representative
examples]. Apparently all contaminations have been removed
and no oxide was detected anymore in the EDX spectra of
ion-sputtered tips. As is evident from Fig. 4(d) the topog-
raphy changes and the sputtered surfaces become rougher.
Sputtering-induced surface roughening can be reduced by
lowering the kinetic energy of the Ar+ ions to 1 keV or less.7

Comparison of SEM images obtained for different sput-
tering times reveals this postpreparation method as a time crit-
ical process. The longer the sputtering time, the more material
is removed. In order to smoothen the surface and heal out de-
fects after the ion-sputtering treatment, cycles of heating are
recommended.

Tip annealing was also found to be a time critical pro-
cess, and moreover critical parameters for blunting are highly
dependent on the initial microscopic shape of the tip, which
is uncontrollably influenced not only by the electrochemical
fabrication process but also by ion-sputtering. Typical param-
eters for tip annealing are high voltages around +1 kV, emis-
sion currents of ∼1 mA, and a time span of minutes, where
1 min is more on the conservative side. SEM micrographs
of an electropolished STM tip before and after annealing
(+1.5 kV, 1.5 mA, 5 min) are depicted in Figs. 5(a) and 5(b),
respectively. Comparison of the outer shapes reveals that this
particular tip was already partly melted by the annealing pro-
cess and became blunted. Even if the electrochemical etch-
ing procedure is carried out in a similar way with similar
parameters, there is nevertheless a large scatter in the cone
angle of the tips. Thus, it is difficult if not impossible to
provide general parameters for annealing of tips. Neverthe-
less, we propose that for cone angles ∼25◦, no indications
of blunting were observable in SEM micrographs for anneal-
ing times <3 min and currents of 1.5 mA at high voltages
of +1.5 kV.

IV. CONCLUSION

We presented a device which can be used for both ion-
sputtering and electron-beam annealing of STM tips without
the need to change the hardware or manipulate the tip between
both modes. Its performance is demonstrated by SEM images
of sputtered tips which are free from previously detected con-
taminations, but exhibit clearly increased surface roughness.
In addition, oxygen is absent in the EDX spectra of postpro-
cessed tips, pointing toward complete removal of the tungsten
oxide layer by the sputtering treatment.

Although self-sputtering (i.e., a high negative voltage ap-
plied to a sharp tip causes field emission; in a gas atmosphere,
field emitted electrons can generate positive ions which are
then accelerated toward the tip and sputter) is also a straight-
forward method to sputter STM tips, it imposes requirements
on the tip. Only tips which are already sharp enough for field
emission are suitable for self-sputtering. Since the proposed
device also works for blunt tips it might be particularly useful
to recover STM tips in UHV systems without a load lock and
the possibility to introduce new tips.
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’ INTRODUCTION

In the past years a great structural and chemical variety of
surface-supported metal�organic networks has been demon-
strated by combining appropriately functionalized organic build-
ing blocks with various coordinating metals.1 While some of
the coordination complexes utilized for surface-confined systems
were already well-known from bulk systems, other coordination
numbers and geometries are unique to surface-supported net-
works. Concerning the intermolecular bond strength, and thus
the overall stability of the structures, metal�organic networks
occupy an intermediate position between hydrogen-bonded
networks and covalent organic frameworks.1a Yet, since metal-
coordination bonds are reversible under commonly applied
growth conditions, the preparation of long-range ordered net-
works becomes feasible. The motivation of this work is to extend
the tool box of functional groups for the design of surface-
supported metal�organic networks to thiol groups and under-
stand the formation kinetics and topological properties of
thiolate�metal complexes. To this end we designed and synthe-
sized a highly symmetric aromatic trithiol molecule and studied
its self-assembly and surface-supported reactions by means of
scanning tunneling microscopy on a Cu(111) surface, which is
known to inherently supply copper coordination centers from

its free adatom gas.2 To clarify the specific role of the substrate,
similar experiments were also conducted on Ag(111). Thiolate�
copper coordination bonds are of particular interest because of
their electronic conjugation which allows electronically coupling
of molecular units by thiolate�copper�thiolate bonds.3 One
conceivable application of copper�thiolate complexes hence lies
in the field of molecular electronics, where reliable tools are
required for interconnection of molecular entities in an atom-
ically defined manner without perturbing or interrupting electro-
nic conjugation.

’EXPERIMENTAL DETAILS

All samples were prepared and characterized in an ultrahigh-vacuum
chamber (base pressure <5 � 10�10 mbar) equipped with an Omicron
VT scanning tunneling microscope (STM). Cu(111) single crystals
were prepared by subsequent cycles of Arþ-ion sputtering and annealing
at 820 K. Additional low energy electron diffraction (LEED) experi-
ments for further characterization of the precursor structure were carried
out in a separate UHV system equipped with standard preparation
facilities and LEED optics from Omicron. LEED measurements were

Received: February 8, 2011

ABSTRACT: Self-assembly and surface-mediated reactions of
1,3,5-tris(4-mercaptophenyl)benzene—a three-fold symmetric
aromatic trithiol—are studied on Cu(111) by means of scan-
ning tunneling microscopy (STM) under ultrahigh-vacuum
(UHV) conditions. In order to reveal the nature of intermole-
cular bonds and to understand the specific role of the substrate
for their formation, these studies were extended to Ag(111).
Room-temperature deposition onto either substrate yields den-
sely packed trigonal structures with similar appearance and lattice parameters. Yet, thermal annealing reveals distinct differences
between both substrates: on Cu(111) moderate annealing temperatures (∼150 �C) already drive the emergence of two different
porous networks, whereas on Ag(111) higher annealing temperatures (up to∼300 �C) were required to induce structural changes.
In the latter case only disordered structures with characteristic dimers were observed. These differences are rationalized by the
contribution of the adatom gas on Cu(111) to the formation of metal-coordination bonds. Density functional theory (DFT)
methods were applied to identify intermolecular bonds in both cases by means of their bond distances and geometries.
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carried out at a sample temperature of ∼50 K maintained by a closed-
cycle helium cryostat. 1,3,5-Tris(4-mercaptophenyl)benzene (TMB)
was thermally evaporated from a home-built Knudsen cell with crucible
temperatures around 145 �C. During deposition and STM imaging the
substrate was held at room temperature. STM images were acquired
at room temperature and processed by line-wise leveling and 3 � 3
Gaussian filtering.

’RESULTS AND DISCUSSION

In this work, adatom-mediated coordination of TMB
(cf. Figure 1a) on Cu(111) into two-dimensional (2D) metal�
organic networks based on thiolate�copper coordination bonds
is presented. Bulk synthesis already yielded copper�thiolate
metal�organic frameworks (MOF)3 and linear polymeric
structures.4 While surface-confined coordination networks based
on copper�carboxylate coordination bonds have been reported
by several groups,1d,2b,5 to our knowledge, this type of interlink-
ing chemistry has not been utilized for surface-supported 2D
systems. We demonstrate that upon thermal annealing an initial
precursor structure is converted into copper�thiolate coordi-
nated networks mediated by the free-adatom gas of the Cu(111)
surface. Interestingly, the thiolate�copper complexes found
in this study contain copper dimers which coordinate two
thiolates. In bulk MOFs, interconnects typically consist of single
metal atoms as coordination centers. In the proposed system
the coordinating metal dimers are additionally stabilized by
adsorption on the surface, possibly rendering them unique for
surface-confined systems.

In a first preparation step TMB is deposited by thermal
sublimation under ultrahigh-vacuum (UHV) conditions on
Cu(111) at room temperature and characterized by means of
in situ STM and LEED. Figure 1b depicts an STM topograph of
the resulting self-assembled densely packed trigonal structure
with an STM-derived lattice parameter of (1.30 ( 0.05) nm.
Accompanying LEED measurements (cf. Supporting Informa-
tion) aid to identify the monolayer as a commensurate 3

√
3 �

3
√
3 R30� superstructure. Upon adsorption on reactive metal

surfaces thiols deprotonate and become thiolates which are
anchored by sulfur�metal bonds.6 Both the size of the unit cell
and the three-fold symmetric appearance of adsorbed TMB in
STM topographs substantiate the assumption that TMB fully

deprotonates on Cu(111) and forms three covalent S�Cu bonds
with the substrate; a tentative model of the precursor structure is
depicted in Figure 1c. However, the formation of a densely
packed monolayer indicates a non-negligible contribution from
intermolecular interactions for structure formation. While the
azimuthal orientation of TMB within the unit cell and with
respect to the substrate can be inferred from STM topographs, its
absolute adsorption position with respect to the copper substrate
remains unknown. Interestingly, the TMB-derived trithiolate
molecule is also commensurate with the substrate; i.e. for its
actual azimuthal orientation all sulfur atoms reside on similar
adsorption sites and can thus simultaneously optimize their
interaction with the substrate. Covalent anchoring by three
peripheral sulfur groups stabilizes a planar adsorption geometry
of TMB on Cu(111), whereas monothiolates tend to adsorb
upright,6d,7 or inclined, as it is the case for halogen-substituted
thiophenols.8

In a second preparation step, thermal annealing at 160�
200 �C for ∼10 min converts the self-assembled trithiolate
monolayers into twopolymorphswhich are both identified asmetal�
organic coordination networks. STM topographs of both metal-
coordinated polymorphs are depicted in Figure 2. Conversion of
the initial precursor structure into 2D metal-coordinated net-
works is accompanied by substantial reorientation and reposi-
tioning of TMB molecules, but most importantly by introducing
intermolecular copper�thiolate coordination bonds.

The effect of annealing is 2-fold: First lateral mobility of the
trithiolate species is enhanced. Second, the area density of the
free copper adatom gas is greatly increased, whereby a sufficient
amount of highly mobile coordination centers is supplied.

The influence of a 2D adatom gas has been recognized as an
important contribution to the surface chemistry of metals.9 The
adatom gas originates from a temperature-dependent evapora-
tion/condensation equilibrium at step-edges. At lower tempera-
tures, processes with lower activation energies are dominant,
i.e. mass transport along step-edges. For higher temperatures
mass exchange between step-edges and terraces is the dominant
process10 leading to a drastic increase of the free adatom
concentration already at moderate temperatures of ∼500 K.11

Conversion of initially intermolecular hydrogen-bonded net-
works into metal�organic networks on Cu(111) in this
temperature range have similarly been reported by Matena2b

Figure 1. (a) TMB fully deprotonates upon room temperature adsorption on reactive copper surfaces forming a surface-anchored trithiolate. (b) STM
topograph of as-deposited TMB on Cu(111) acquired at room temperature (IT = 185 pA,UT = 0.79 V, 10� 10 nm2, a = b = 1.30 nm, γ = 120�, unit cell
indicated by dashed white lines). The densely packed trigonal structure contains one molecule per unit cell. (c) Tentative model of the densely packed
trithiolate structure including the Cu(111) substrate. While the azimuthal orientation of the TMB-derived trithiolates with respect to the substrate
directions can be inferred from the experiment, the precise adsorption site is not known.
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andPawin.2a In the latterwork, annealing at lower temperatures leads
to a partially hydrogen-bonded and partially metal-coordinated poly-
morph. As already mentioned above for TMB, two different
metal-coordinated networks, a hexagonal honeycomb and a centered
rectangular dimer row structure emerge. In both structures copper
adatoms coordinate TMB molecules via their thiolate groups.

The hexagonal honeycomb structure (Figure 2a�c) has a
lattice parameter of 3.4 nm and belongs to the plane space group
p6mm. The second structure is less symmetric (c2mm) and is
composed of rows of dumbbell-shaped dimers (Figure 2e�f).
Adjacent dimer rows are offset by exactly half a lattice parameter
exactly along the row axes, resulting in a rectangular centered
nonprimitive unit cell. During the conversion of the densely
packed precursor structure into the porous networks, entrap-
ment of excess TMB molecules within the pores occurs fre-
quently and gives rise to additional contrast features within the
pores as evident from Figure 2. This observation is in accord
with other experiments on periodic and irregular porous
surface-supported networks wheremolecules, either deposited in
excess, captured during structure formation,12,13 or additionally
deposited14, were likewise trapped within the pores.

The honeycomb and dimer row structure were observed in
coexistence as shown in Figure 3. The relative ratio of both
phases slightly depends on the initial coverage of the precursor
structure, with a preference for the more densely packed dimer
row structure at higher coverages. It is noteworthy that the
morphology of the two metal-coordinated TMB polymorphs
resembles those of rubrene monolayers both on (110) and (111)
copper surfaces15 and Au(111).16 Yet, despite the similar appear-
ance of rubrene vs TMB monolayers in STM topographs, their

self-assembly is notably different. In the gas phase rubrene is
highly nonplanar and even remains nonplanar after adsorption.
TMB, on the other hand, is slightly nonplanar in the gas phase
due to an out-of-plane rotation of its peripheral mercaptophenyl
units with respect to the phenyl ring at the center. However, the

Figure 2. (a) STM topograph of honeycomb structure with unit cell indicated (UT =�1.0 V, IT = 67 pA, 24� 24 nm2, a = b = 3.4 nm, γ = 120�) and
(b) close-up (6.5� 6.5 nm2) of honeycomb structure with molecular model. (c) Tentative model of the honeycomb structure including the substrate;
the hexagonal unit cell is indicated by black dashed lines. (d) STM topograph of dimer row structure with unit cell indicated (UT =�0.8 V, IT = 121 pA,
18� 18 nm2, a = 2.2 nm, b = 6.6 nm,γ = 90�) and (e) close-up (6.9 nm� 6.9 nm2) of dimer row structure withmolecular model. Protruding features are
observed in the STM contrast at the center of a dimer (marked by the dashed circle) and hint toward metal coordination. (f) Tentative model of the
dimer row structure including the substrate; the rectangular unit cell is indicated by black dashed lines.

Figure 3. Overview STM topograph illustrating the coexistence of
both phases (UT =�1.64 V, IT = 66 pA, 116 � 116 nm2) on Cu(111).
Red arrows indicate first occurrence of degraded molecules starting to
appear at annealing temperatures around 220 �C. White arrows indicate
crystallographic directions of the substrate.
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mirror symmetric STM appearance of TMB in all observed
structures suggests that it becomes planar upon adsorption due
to interactions with the substrate. Also the pronounced chirality
of rubrene affects its self-assembly and leads to the expression of
chiral structures and aggregates,17 while no indication of chirality
is discernible in any of the TMB structures. Lastly, the interac-
tions which drive self-assembly are distinctly different for rubrene
and TMB. In the precursor structure of TMB, covalent bonds
between sulfur and copper play an important role, whereas after
the phase transition metal coordination becomes the predomi-
nant interaction. On the other hand, these types of interactions
are absent in rubrene self-assembly, where van der Waals inter-
actions, highermultipole electrostatic interactions, and substrate-
mediated interactions govern structure formation.18

For a fundamental understanding of the thiolate�copper
coordination bonds, DFT calculations (cf. Supporting Informa-
tion for details) have been performed of the connecting nodes,
modeled by two phenylthiolates and corresponding copper
centers. Four different intermolecular bonding schemes were
considered: metal-coordination bonds mediated by one or
two copper atoms, and a covalent disulfur bridge. Motivated
by experimental results on thiolate�gold complexes19 both
syn�trans and anti�trans arrangements were taken into account
for the one-center coordination bonds. To reduce the computa-
tional cost only the outer phenylthiolate parts were simulated,
and for ease of calculations the explicit substrate influence has
been neglected in this first approximation. Typically, intermole-
cular bond lengths of adsorbed systems are altered in comparison
to the gas phase, but these differences are normally small and,
especially for large entities, often below the accuracy of STM
measurements. DFT results on these simplified model systems
are depicted in Figure 4. Major findings can be summarized as
follows. Only two-center coordination bonds facilitate linear
interconnection. One-center coordination bonds and covalent
disulfur bridges both result in lateral offsets perpendicular to the
bond axis.

The one-center anti conformational arrangement and the
disulfur bridge result in a lateral bond offset of ∼4.1 Å and
∼1.9 Å, respectively. These lateral offsets are sufficiently large
to be identifiable in STM topographs. In the one-center syn
conformational assembly the molecular axes include an angle
of 57�, which is significantly larger than the 35� reported for

Au-coordinated methylthiolate by Voznyy and co-workers.19

This can readily be explained by steric repulsion, being more
pronounced for the bulky phenyl ligands as compared to that for
methyl groups.

According to DFT results, the total binding energy of two-
center coordination complexes is strongest with a value of
555 kJ/mol. Total binding energies of trans�syn (394 kJ/mol)
and trans�anti (397 kJ/mol) one-center coordination com-
plexes are comparable, but notably lower than for the two-center
complex. The covalent disulfur bridge is the weakest bond with
a strength of 151 kJ/mol. Covalent S�S bonds exhibit a certain
variability of bond angles and energies,20 with the latter value
being within the typical range.

Both the honeycomb and the dimer row structure contain
dumbbell shaped TMB dimers as basic structural motif. High
resolution STM images of both polymorphs occasionally show
protruding features between dimers; an example is marked in
Figure 2e. An additional STM topograph of the honeycomb
structure very clearly showing protruding contrast features at the
center position between adjacent molecules is provided in the
Supporting Information (cf. Figure S2). Although these contrast
features hint toward intermolecular bonds through metal-coor-
dination, they do not allow to unambiguously infer the exact
number of metal-coordination centers per bond. Yet, since no
lateral displacement occurs along the dimer axis, the DFT
calculations suggest coordination of the thiolate groups by two
copper atoms as depicted in Figure 4c. This conclusion is further
substantiated by comparison of experimental and theoretical
bond lengths. STM data yield a center-to-center distance of
2.0 ((0.2) nm between two TMB molecules in the dimer. DFT
results in combination with the intramolecular distance between
central and outer phenyl rings in TMB (0.46 nm for a geometry
optimized isolated molecule) postulate a dimer center-to-center
distance of 1.90 nm. Accordingly, the experimental lattice para-
meter of the honeycomb structure (3.4 nm) is in good agreement
with the anticipated lattice parameter from the two-center
coordination interconnect (3.3 nm), while both the one-center
coordination scenario (2.9 nm) and the covalent disulfur bridge
(2.8 nm) would yield notably smaller lattice parameters. From
the p6mm symmetry it can be concluded that all intermolecular
bonds in the honeycomb structure are equivalent. A complete
model of the honeycomb structure is overlaid in the STM
topograph depicted in Figure 2b, and a tentative structural model
including the substrate is separately presented in Figure 2c.

Yet, due to its lower symmetry the dimer row structure cannot
consistently be explained solely on the basis of two-center
coordination bonds. Thus, a bonding scheme is proposed invol-
ving different types of intermolecular bonds. Both appearance
and center-to-center distance of dimers (∼2.0 nm) within the
rows are similar to the honeycomb structure. Also in both
structures the dimers have the same orientation with respect to
the Cu(111) substrate, i.e. their axes are oriented along the Æ112æ
direction. This registry points toward a distinct epitaxial relation
between the dimers and the Cu(111) substrate. Hence, it is
concluded that also the dimers within the dimer row structure
are similarly interconnected by two-center coordination bonds.
These dimers assemble in parallel rows, where adjacent rows are
shifted half a lattice parameter with respect to the row direction.
STM topographs exhibit protruding contrast features directly
above and below intrarow neighbors (marked in Figure 2d
by a red arrow) which point toward a trans�syn arrangement,
as implemented in the models in e and f of Figure 2, where the

Figure 4. DFT geometry optimized intermolecular bonding schemes
for interconnected phenylthiolates via (a) one-center trans-coordination
syn-conformation (R = 57�), (b) one-center trans-coordination anti-
conformation (x-offset = 8.0 Å, y-offset = 4.1 Å), (c) two-center
coordination bond (x-offset = 9.8 Å, no y-offset), (d) covalent coupling
via disulfur-bridge (x-offset = 7.0 Å, y-offset = 1.9 Å). For all bonds,
the center-to-center distance of the phenyl groups (x-offset) and the
perpendicular axial offset (y-offset) respectively are given in parentheses.

112



7913 dx.doi.org/10.1021/ja200661s |J. Am. Chem. Soc. 2011, 133, 7909–7915

Journal of the American Chemical Society ARTICLE

former is overlaid to the STM image and the latter model
includes the substrate. Since coordinating copper atoms cannot
be resolved separately, as is also the case for the two atoms
coordinating the dimers, dimer�dimer coordination by more
than one Cu atom cannot be excluded. Polynuclear copper�
thiolate coordination bonds are common,21 where coordinating
copper clusters are further stabilized by cuprophilicity.22 For
instance, coordination by Cu3 clusters has also been observed
previously for bulk systems.3

Since the doubly copper-coordinated dimer is the structural
motif of both the honeycomb and the dimer row structure, its
adsorption geometry on the Cu(111) substrate is of particular
interest. A tentative model which takes both the STM-derived
orientation with respect to the substrate and the DFT-derived
atomic configuration of the interconnect into account is provided
in Figure 5. This model illustrates that both coordinating copper
atoms could indeed adsorb at similar sites, for instance as
tentatively shown in three-fold hollow sites. The actual distances
between the two coordinating copper atoms in the proposed

surface-confined metal-coordination complexes range most
likely between the two extreme values, i.e. 2.87 Å as derived
from our DFT calculations for a fully neglected and 2.55 Å—the
Cu(111) lattice parameter—for a fully effective substrate influ-
ence. Therefore, in summary the actual Cu�Cu distance might
result from a compromise and interplay between the periodic
potential of the substrate which favors the smaller Cu�Cu
spacing closer to the lattice constant and the gas phase Cu�Cu
spacing which is more influenced by the orbital configuration and
hybridization of the thiolate and the copper centers.

In order to reveal the specific role of the Cu(111) substrate for
the phase transition and to shed light on the chemical properties
and reactivity of copper adatoms, the same type of experiments
with similar sample preparation protocols were conducted on
Ag(111). Room-temperature deposition of TMB on Ag(111)
also yields a densely packed trigonal structure (cf. Figure 6a,
a = 1.35 ( 0.05 nm,). Since the lattice parameter of the trigonal
structure on Ag(111) is similar to the value obtained on Cu(111)
within experimental error, the precursor structure on Ag(111) is
also identified as densely packed deprotonated trithiolates which
are covalently anchored to the substrate through three peripheral
thiolate�metal bonds. While the initial TMB precursor struc-
tures appear similar on both substrates, the response to thermal
annealing is distinctly different on Ag(111): annealing up to
250 �C for ∼1 h did not result in a phase transition; however,
after the sample annealed at 300 �C for ∼1 h, disordered glassy
networks were observed in coexistence with remnants of the
precursor structure; a typical STM topograph is depicted in
Figure 6b. Nonperiodic glassy organic networks have recently
gained substantial interest. Particularly nice examples include
metal-coordination networks of nonlinear, prochiral ditopic
organic linkers with cobalt atoms23 and hydrogen-bonded cyto-
sine networks on Au(111).13b,24 Further, structurally comparable
irregular organic networks have also been observed, when
halogenated precursor molecules were polymerized by surface-
mediated reactions into covalent networks.25 While the irregu-
larity of the glassy metal-coordination and hydrogen-bonded
networks arises from the low symmetry of the building blocks in
combination with the energetic equivalence of various different
basic intermolecular bond motifs, the degree of disorder typically

Figure 5. Tentative model of the adsorption geometry of a doubly
copper coordinated TMB dimer including the Cu(111) substrate. Both
coordinating copper atoms (colored red) could adsorb on similar lattice
sites to simultaneously optimize their adsorption energy, e.g. as shown
on three-fold hollow sites (yellow: substrate atoms).

Figure 6. STM topographs of TMBdeposited onAg(111) (a) as-deposited at room temperature (UT =�0.33 V, IT = 44 pA, 30� 39 nm2) and (b) after
annealing to 300 �C for∼1 h (UT =�0.98 V, IT = 85 pA, 30� 30 nm2). The precursor structure on Ag(111) appears similar to Cu(111) with a similar
lattice parameter of (1.35 ( 0.05) nm. Annealing of as-deposited samples at conditions which would already result in irreversible deterioration of the
networks on Cu(111), yields a glassy disordered network on Ag(111).Within the disordered networks interconnected dimers can be discerned (marked
by white arrows); their dimensions are consistent with formation of covalent disulfur bridges.
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observed for covalent networks is owed to the irreversibility of
the covalent molecular interlinks under the growth conditions,
which inhibits postcorrection of topological defects. A closer
look at the disordered TMB structures on Ag(111) reveals
dimers with a distinct lateral offset to the interconnecting axis;
examples are marked in Figure 6b by white arrows. The lateral
offset is consistent with DFT-derived values for disulfur bridges;
consequently, we propose that the dimers observed after a
thermal treatment of the precursor structure on Ag(111) are
covalently interlinked.

An interesting, not entirely solved question is why adatom-
mediated formation of metal-coordination networks was ob-
served for the same TMB molecules on Cu(111) but not on
Ag(111). On both substrates, the densely packed precursor
structures obtained upon room temperature deposition are
structurally quite similar, and differences in their precise epitaxial
relations between both substrates can hardly account for the
absence of metal-coordination networks on Ag(111). Also the
temperature dependent densities of the adatom gases on both
surfaces are comparable26 ruling out adatom availability as a
decisive criterion. Even more so, since tempering the Ag(111)
samples up to significantly higher temperatures should have
provided a sufficient amount of adatoms. Nevertheless, silver
coordinated TMB metal�organic networks have never been
observed, but only irregular networks. The absence of metal-
coordination networks on Ag(111) is best explained by a
different affinity of Cu vs Ag adatoms to formmetal-coordination
bonds with thiolates. This hypothesis is in accord with experi-
mental findings on the adatom-mediated formation of carboxylate-
based metal-coordination networks on Cu(111) vs Ag(111).
While metal-coordination networks of trimesic acids were readily
observed on Cu(111), their formation was again absent on
Ag(111).9 Interestingly, preceding deposition of copper onto
Ag(111) promoted the formation of trimesic acid metal-coordina-
tion networks also on this substrate. These results are consistently
explained by the assumption that copper deposition on Ag(111)
introduces a copper adatom gas which is in equilibrium with the
deposited copper islands. The higher reactivity of this artificially
introduced, extrinsic copper adatom gas is the driving force for
formation of copper metal-coordination networks.

Moreover, the present results on covalently interlinked TMB
molecules on Ag(111) indicate that the lateral offset of disulfur-
bridged molecules can clearly be resolved in STM and hence
indirectly prove that the porous TMB networks on Cu(111) are
not built up by disulfur-bridged molecules.

In order to illustrate the electronic properties of the copper�
thiolate metal-coordination interlink, DFT derived frontier mo-
lecular orbitals are depicted in Figure 7. Evidently, both HOMO
and LUMO of bicoordinated phenylthiolates exhibit intensity at
the bond site. The LUMO appears to be more localized at the
bond, whereas the HOMO is evenly distributed across the metal-
coordination complex. Such delocalization allows for coherent
electron transport through the metal-coordination bond, render-
ing this interconnection chemistry a suitable candidate for
interlinking single molecules into more complex molecular
electronics circuitry.

’SUMMARY

In summary, adatom-mediated 2D metal�organic networks
were synthesized on Cu(111) by thermal annealing of a self-
assembled precursor structure. The two observed metal�organic
networks are based onmetal-coordination bonds between thiolates
and either one or two copper adatoms. Comparison betweenDFT-
derived and experimental bond lengths and geometries aided in the
identification of intermolecular coordination bonds. In contrast,
deposition onAg(111) resulted in a similar precursor structure, but
annealing at higher temperatures only resulted in irregular struc-
tures, where monomers are interconnected by covalent disulfur
bridges. These pronounced differences between both surfaces are
explained by a higher affinity of copper adatoms as compared to
silver adatoms to form metal-coordination bonds with thiolates.

As suggested by the spatial distributions of their frontier
molecular orbitals, copper�thiolate complexes are fully electro-
nically conjugated. This intriguing feature renders copper�thio-
late coordination bonds particularly interesting for organic
conductors and molecular electronics. Especially the envisioned
molecular electronics applications not only require precise
electronic function within a single molecule but also equally
directional communication between molecules. Yet, up to now
the issue of interconnecting single-molecule devices into more
complex circuits is not satisfactorily addressed. Numerous stud-
ies concluded that, for contacts and interconnects, bond topol-
ogy on the atomic level is of utmost importance due to the
coherent nature of electron transport in molecular electronics.
Hence, means to interconnect molecular entities in an atomically
defined manner without perturbing or interrupting electronic
conjugation are urgently required. Thiol groups in combination
with copper coordination centers are ideally suited as “solder” for
molecular electronics due to their electronic conjugation, their
relatively high stability, and not at least due to their compatibility
with self-assembly bottom-up fabrication techniques.

’ASSOCIATED CONTENT

bS Supporting Information. Synthesis and calculational de-
tails, additional LEED and STM results. This material is available
free of charge via the Internet at http://pubs.acs.org.
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Supporting Information 

 

Extended Two-Dimensional Metal-Organic Frameworks Based on Thiolate-Copper 

Coordination Bonds 

 

Hermann Walch, Jürgen Dienstmaier, Georg Eder, Rico Gutzler, Stefan Schlögl,  

Thomas Sirtl, Kalpataru Das, Michael Schmittel, and Markus Lackinger* 

 

Synthesis of TMB 

Synthesis of TMB:[24] Solid NaSMe (0.395 g, 5.64 mmol) was added in one portion to a 

solution of 1,3,5-tris(4-bromophenyl)benzene (1.00 g, 1.84 mmol) in dry DMF (35 mL). The 

reaction mixture was stirred for 1 h at 150 °C. Additional NaSMe (0.395 g, 5.64 mmol) was 

added, heating was continued for 1 h, and then a third portion of NaSMe (0.395 g, 5.64 mmol) 

was added to the reaction. The mixture was heated at 150 °C for another 6 h, cooled to 40 °C, 

and diluted with acetic acid (1.30 mL) and water (39.0 mL). The product forms as a pale gray 

precipitate, which was filtered, washed with water, and dried in vacuum to afford pure 1,3,5-

tris(4-mercaptophenyl)benzene (0.650 g, 88%), mp 179-180 °C (uncorrected). IR (film / cm-

1): 3055 (m), 2987 (w), 2306 (w), 1422 (m), 1264 (s), 896 (m), 751 (s); 1H NMR (CD2Cl2, 

400 MHz): δ 7.71 (s, 3H), 7.58 (d, J = 8.3 Hz, 6H), 7.38 (d, J = 8.3 Hz, 6H), 3.62 (s, 3H). 13C 

NMR (CD2Cl2, 100 MHz): δ 141.8, 138.5, 131.0, 129.9, 128.2, 124.7. Elemental anal. for 

C24H18S3: Calcd. C 71.60, H 4.51, S 23.89; found C 71.46, H 4.49, S 24.27. 
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 S2

Computational Details 

DFT calculations were conducted with the Gaussian 03 software package. The B3LYP hybrid 

functional was used in combination with the 6-31+G* basis set for the elements hydrogen, 

carbon, and sulfur, and the TZVP basis set for copper. Geometries were optimized for neutral 

assemblies with atom positions fixed in a plane, allowing equilibration of atomic coordinates 

only within this plane. Standard convergence criteria were applied. Total binding energies 

were calculated as the difference between energies of the geometry optimized complexes and 

the summed energies of all individually geometry optimized single entities, i.e. phenylthiolate 

and copper species. Counterpoise correction as included in the Gaussian 03 package did not 

yield significantly different values, with differences being less than 5 kJ/mol. 

Although these simplified model calculations only roughly approximate the substrate’s 

influence by enforced planarity, tendencies concerning association topology and binding 

energies of the different bonding schemes can be identified. In addition, DFT derived bond 

lengths can be applied to estimate lattice parameters of resulting metal-organic networks. 
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 S3

Additional LEED measurements 

 

(a)  
 

(b)  
 
Fig. S1 LEED diffraction patterns of the trigonal densely packed precursor structure. The 
sample was prepared by room temperature deposition of TMB on Cu(111) and LEED patterns 
were acquired at sample temperatures of ~50 K with electron energies of a) 33.5 eV and b) 
79.5 eV. The (hk) values refer to the reflection indices, yellow colors denote superstructure 
reflections, blue colors substrate reflections. These diffraction experiments reveal the TMB 
room temperature structure as a commensurate 3√3×3√3 R30° superstructure. This is evident 
in the LEED pattern acquired at higher electron energy, where the (33) superstructure and 
(10) substrate reflections coincide. 
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 S4

Additional STM topograph 

 

  
 

Fig. S2 Additional STM topograph of the metal-coordinated honeycomb polymorph on 
Cu(111) (IT= 83 pA, UT= -1.95 V, 14×14 nm2). Although the hexagonal structure appears 
slightly distorted due to thermal drift, apparent protrusions are clearly discernable at the 
middle of each side of each hexagon, i.e. midst between two adjacent TMB molecules. This 
peculiar STM contrast was occasionally observed and is attributed to special imaging 
properties of the STM tip. The protrusions are interpreted as metal-coordination centers and 
further support the hypothesis of intermolecular bonding through adatom mediated metal 
coordination. 

119



Publication

7.5 Incorporation dynamics of molecular guests into
two-dimensional supramolecular host networks at the
liquid-solid interface
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The objective of this work is to study both the dynamics and mechanisms of guest incorpora-
tion into the pores of 2D supramolecular host networks at the liquid-solid interface. This was
accomplished by adding molecular guests to prefabricated self-assembled porous monolayers
and the simultaneous acquisition of scanning tunneling microscopy (STM) topographs. The
incorporation of the same guest molecule (coronene) into two different host networks was
compared, where the pores of the networks either featured a perfect geometric match with the
guest (for trimesic acid host networks) or were substantially larger than the guest species (for
benzenetribenzoic acid host networks). Even the moderate temporal resolution of standard
STM experiments in combination with a novel injection system was sufficient to reveal
clear differences in the incorporation dynamics in the two different host networks. Further
experiments were aimed at identifying a possible solvent influence. The interpretation of the
results is aided by molecular mechanics (MM) and molecular dynamics (MD) simulations.

Reprinted with permission from [92]. Copyright 2011 American Chemical Society
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’ INTRODUCTION

Two-dimensional supramolecular porous host networks have
attracted substantial interest, not the least because of their ability
to incorporate molecular guests, as often directly verified and
visualized by high-resolution scanning probe microscopy.1 Two-
dimensional host networks are commonly surface-supported and
feature a periodic arrangement of identical nanometer-sized pores
bordered and defined by network-forming molecules. Generally,
porous structures oppose nature’s tendency toward dense packing
by virtue of relatively strong directional interactions such as hydro-
gen bonds,2 metal coordination bonds,3 or even alkyl chain inter-
digitation.4 Some networks exhibit permanent porosity, whereas for
several initially densely packed systems it has been shown that the
self-assembly of porous polymorphs can be favored either by low
solute concentrations5 or by a templating effect, where guest
inclusion renders occupied porous polymorphs thermodynami-
cally more stable.6,7 The size, shape, and spatial arrangement of
pores in 2D host networks are predominantly controlled by the
structure and functionalization of the constituting molecules;
however, they can also depend on various parameters such as
the temperature,8 the type of solvent,9,10 the concentration,5,11

the stoichiometry in heteromeric networks,12 and the substrate.13

Homomeric and heteromeric supramolecular host mono-
layers may form both under ultrahigh vacuum (UHV) conditions
and at the liquid�solid interface. Host networks have proven to
be efficient templates for controlling the coadsorption of molec-
ular guests with subnanometer precision.5,14 Whereas in a typical
UHV experimentmolecular guests are incorporated into the host
networks by codeposition,15�17 at the liquid�solid interface
guests are often added to the supernatant liquid phase. This was
demonstrated for numerous examples (e.g., isophthalic acid
derivatives and p-phenylene vinylenes reported by de Feyter
et al.18 or tetracarboxylic acid tectons19). In thermodynamically
equilibrated systems, guest incorporation is observed only when
the associated enthalpic gain exceeds the entropic loss.

In many cases, planar polycyclic aromatic hydrocarbons
(PAH)20,21 were introduced as guests, for instance, coronene6 and
hexabenzocoronene.22 Nonplanar compounds such as C60 fullerenes
are also suitable as guests2,3,23 and have recently been shown to
template bilayer growth effectively.17 Very often, molecular guests
were geometrically matched to the host pores.24 However, the

Received: August 5, 2011
Revised: September 20, 2011

ABSTRACT: The objective of this work is to study both the
dynamics andmechanisms of guest incorporation into the pores
of 2D supramolecular host networks at the liquid�solid inter-
face. This was accomplished by adding molecular guests to
prefabricated self-assembled porous monolayers and the simul-
taneous acquisition of scanning tunneling microscopy (STM)
topographs. The incorporation of the same guest molecule
(coronene) into two different host networks was compared, where
the pores of the networks either featured a perfect geometric match
with the guest (for trimesic acid host networks) orwere substantially
larger than the guest species (for benzenetribenzoic acid host networks). Even the moderate temporal resolution of standard STM
experiments in combination with a novel injection system was sufficient to reveal clear differences in the incorporation dynamics in the two
different host networks. Further experiments were aimed at identifying a possible solvent influence. The interpretation of the results is aided
by molecular mechanics (MM) and molecular dynamics (MD) simulations.
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inclusion of more than one guest molecule of the same species in
one pore2 and even heteromeric supramolecular aggregates as
guests have also been reported.25 Moreover, host networks may
be responsive to the guest molecules and thus adjust their pore
sizes accordingly.26 In addition to the structural characterization of
host�guest networks, temperature-22 and concentration-induced5

adsorption and desorption, lateral27 and vertical14 manipulation,
interpore guest diffusion,22 and size and shape dependences of their
adsorption28 have been studied.

In many cases, scanning tunneling microscopy (STM) was
used to characterize the structures of both the initially empty host
and the occupied host�guest networks with submolecular
resolution. However, because of the limited temporal resolution
of STM and the lack of complementary analytical techniques at
the liquid�solid interface, little is known about the dynamics and
mechanisms of guest incorporation.

Here we present a first approach toward revealing the in-
corporation dynamics of molecular guests into supramolecular
host networks at the liquid�solid interface. For this purpose,
high-resolution STM image acquisition was continued while a
solution containing the molecular guest was added to the super-
natant liquid phase above a prefabricated host network. In this
study, we compare the incorporation of the samemolecular guest
into two different host networks. In the first case, the geometry of
a single guest molecule perfectly matches the supramolecular
pore. In the second case, however, the host pores are substantially
larger than the guest molecules. We demonstrate for the chosen
systems and the proposed experimental approach that even the
moderate temporal resolution of standard STM experiments is
sufficient to reveal clear differences between incorporation into
the two different host networks. First, the experimental setup that
allows the simultaneous imaging and addition of guest molecules
to the solution is described. Second, the results for guest
incorporation into two different hexagonal host networks with
different pore sizes are presented. The discussion and interpreta-
tion of the results is aided by molecular mechanics (MM) and
molecular dynamics (MD) simulations.

’EXPERIMENTAL SECTION

All experiments were conducted with a home-built, versatile, drift-
stable SPM operated by ASC 500 control electronics from attocube

Systems AG. All STMmeasurements were performed at room tempera-
ture (25 ( 2 �C) with mechanically cut Pt/Ir (90/10) tips. The initial
host networks were prepared by applying a droplet (2.5 μL) of the
respective saturated solution onto the basal plane of freshly cleaved,
highly oriented pyrolytic graphite (HOPG, grade ZYB, Optigraph
GmbH Berlin, 6 � 6 mm2). STM topographs were acquired directly
at the liquid�solid interface with the tip immersed in the solution in
constant-current mode with tip voltages in the range of +0.5 to +1.0 V
and current set points of around 70 pA.

Supramolecular host networks were prepared from saturated solutions
of either 1,3,5-benzenetricarboxylic acid (trimesic acid, TMA, C9H6O6,
Sigma-Aldrich) or 1,3,5-benzenetribenzoic acid (BTB, C27H18O6, syn-
thesized following a known literature procedure29) in either heptanoic
acid (7A, Sigma-Aldrich) or nonanoic acid (9A, Sigma-Aldrich). Cor-
onene (COR, C24H12, Sigma-Aldrich) was used as a guest molecule for
both host networks and likewise was dissolved in the respective fatty
acid as a solvent. The solubility limit of COR in 9A, as determined by
UV�vis absorption spectroscopy, was reached at a concentration of 1.0(
0.2 mmol/L. Because the initially deposited solution of either TMA or
BTB did not contain any guest molecules, the COR concentration of the
injected solution became diluted. The volumes of initially present and
additionally applied solution were similar, thus the final guest concentra-
tion was diluted to 50%, neglecting solvent losses.

’COMPUTATIONAL DETAILS

Molecular mechanics (MM) and molecular dynamics (MD) simula-
tions were performed with the Tinker program30 using the MM3 force
field31,32 that was modified33 to describe double hydrogen bonds in
carboxylic acid dimers. Because of cooperative resonance effects,34,35

double hydrogen bonds (e.g., in carboxylic acid or amide dimers) are
stronger than equivalent single hydrogen bonds, whereas standard force
fields, such as the widely used MM3, neglect these resonance effects and
thus underestimate the strength of cyclic double hydrogen bonds. To
consider these cooperative effects and correctly describe the hydrogen
bonding in MM andMD simulations, the MM3 force field was modified
according to a previous study.33

TMA and BTB networks were modeled with a TMA or BTB hexamer
adsorbed on a hydrogen-terminated graphene sheet. Different orientations
and positions of the host networks with respect to the graphite surface were
simulated, yet without qualitatively and quantitatively affecting the outcome.
This underlines theweak interactionwith the graphite substrate and the low
corrugation of the surface potential for comparatively large molecules.

Figure 1. (a) Photograph of the STM setup showing the additional bent glass capillary used for injection. STM topographs (frame time = 66.9 s,
Vt = +0.67 V, It = 81 pA) demonstrate the position stability upon the injection of additional solution. (b) Large-scale STM topograph of a TMA
monolayer in 9A including domain boundaries, marked with a white circle. Three different Moir�e patterns with different periodicities can be recognized.
This is caused by the occurrence of various epitaxial relationships between the adsorbate and substrate lattices and indicates a weak substrate influence.
(c) STM topograph acquired ∼140 s after the injection of additional solution containing COR guest molecules. The cross-correlation of both STM
topographs resulted in a lateral offset of ∼2 nm.
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MD simulations were performed using the NVT ensemble with a
Berendsen thermostat at temperatures of 298 and 400K,with an integration
time step of 0.1 fs. The z coordinates of the graphite substrate were fixed
during MD simulations; all coordinates of two corner carbon atoms of the
substrate and two O atoms of the TMA or BTB hexamer were also fixed to
prevent rotation. Because of the complexity of the problem and computa-
tional limitations, the solvent was not considered in our calculations.

’RESULTS AND DISCUSSION

In the first step, host networks were prepared and imaged by
STM at the liquid�solid interface. Once the STM was drift-
stable and a submolecular resolution of the host network was
obtained, an additional droplet of solution containing the guest
molecule (∼2.5 μL) was added via an injection system with a
bent glass capillary aimed at the sample (Figure 1a). The guest
solutions were injected under visual camera control bymeans of a
thoroughly mechanically decoupled syringe outside the enclosure
of the STM. The injection neither impaired the high resolution
nor caused substantial drifts. The performance of the injection
system was verified by adding a guest-containing solution to the
liquid phase above the host network while questioning the
positional stability of an unambiguous structural feature in sub-
sequent scans. A sample areawith domain boundaries was chosen,
and the lateral offset between two scans before (Figure 1b) and

∼140 s after (Figure 1c) the injection was measured. Although
thermal drift also contributes to any lateral offset, the encircled
domain boundary was shifted by less than 2 nm. Hence, the
proposed injection system is well suited for the study of dynamic
effects after the addition of further solutions, possibly containing
different types of molecules, with minimal drift.

Utilizing the proposed method, the dynamics of coronene
(COR) incorporation was characterized for trimesic acid (TMA)
host networks in both 7A and 9A, for benzenetribenzoic acid
(BTB) host networks in 9A. BTB in 7A was not studied because
as a result of solvent-induced polymorphism BTB in 7A self-
assembles into a densely packed polymorph that is not suitable
for guest incorporation.10 Molecular structures are shown in
Figure 2a�c. COR, a planar PAH, was chosen as a guest species
because of its favorable interaction with the graphite substrate
and its perfect geometrical match with TMA pores.14 Owing to
this superior match, COR molecules are stabilized and immobi-
lized in TMA pores and can thus be imaged with submolecular
resolution.

At first, the self-assembly of the respective host networks
was initiated by depositing a droplet of saturated BTB or TMA
solution onto the substrate and verified by STM imaging.
Representative STM topographs and corresponding structural
models of both host networks are depicted in Figure 2d,e. Under
the chosen experimental conditions (concentration, solvent, and

Figure 2. Chemical structures of (a) trimesic acid (TMA, C9H6O6), (b) 1,3,5-benzenetribenzoic acid (BTB, C27H18O6), and (c) coronene
(COR, C24H12). STM topographs of pure host networks resulting from the self-assembly of (d) TMA (Vt = +0.86 V, It = 57 pA) and (e) BTB
(Vt = +0.48 V, It = 48 pA). The insets illustrate the corresponding host�guest structures and exemplify the size relation of the six-membered pore in
comparison to the COR guest.
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temperature), both TMA and BTB form porous, topologically
similar honeycomb networks: both tricarboxylic acids adsorb in a
planar arrangement on the graphite surface, and all three carboxylic
groups of each molecule are engaged in cyclic double hydrogen
bonds in a self-complementary manner. The plane symmetry group
of both analogousmonolayer structures is the same, p6mm, whereas
the TMA and BTB networks differ substantially in the lattice
parameter (1.7 nm for TMA vs 3.2 nm for BTB) and accordingly
in pore size (∼1.0 nm for TMA vs ∼2.8 nm for BTB). Two
different types of submolecular BTB contrast were regularly
observed. A single BTB molecule appeared as three clearly
separated protrusions in a 3-fold arrangement as in Figure 2e.
In this case, the intermolecular hydrogen bonds appear even
lower than the pore. In the other, more frequently observed case,
BTB appears as a smeared-out feature that represents the contour
of themolecule; an example of this contrast is shown in Figure 4a.
The occurrence of either contrast was not found to depend
systematically on the bias voltage and was attributed to the
imaging properties of the specific tip.

To study the dynamics of COR incorporation, the solution
containing the guests was added to the liquid phase during STM
image acquisition by means of the injection system described

above. The experimental results are depicted in Figure 3 (TMA
in 9A), Figure S1 (TMA in 7A), and Figure 4 (BTB in 9A). In the
first part of the first STM topographs, the pure host networks
were imaged and then the guest-containing solutions were added
at the scan lines marked by horizontal arrows. Vertical arrows
denote the slow-scan direction. The number of additionally
supplied COR molecules is sufficient to occupy all cavities (i.e.,
90 CORmolecules per TMA cavity and 370 CORmolecules per
BTB cavity) when saturated COR solution in 9A was injected.

Clear differences are evident betweenCOR incorporation into
TMA and BTB host networks in 9A. The larger BTB pores
feature very fast COR incorporation within the time resolution of
the experiment (Figure 4a), whereas for TMA host networks, the
guests appear rather fuzzy and streaky in the STM image directly
after the injection. Because the host network can still be imaged
with unimpaired resolution, we interpret the initial fuzzy appear-
ance of COR not as a loss of resolution but as a transient
intermediate adsorption state. Albeit already centered above
TMA cavities, in STM images COR guests initially appear to be
considerably wider than anticipated from their geometric dimen-
sions. See the inset in Figure 3b for a detailed view. Moreover,
COR appears to be fuzzy and striped in the STM images of this

Figure 3. Incorporation of COR in TMA host networks in 9A. (a) STM topograph of the prefabricated TMA host network in 9A. The horizontal arrow
and t0 mark the position and time, respectively, of the guest injection. (b) STM topograph illustrating the transient intermediate adsorption state of the
guest molecules. The insets show detailed views of COR guests in this intermediate state and in the final state. The TMA host network is indicated by
light-gray triangles. (c) STM topograph of the final state, where guest molecules were incorporated into the TMA monolayer and submolecular
resolution was again obtained. (Vt = +0.73 V, It = 71 pA, and T = 297.0 K for all topographs).

Figure 4. (a) STM topograph of COR incorporation into BTB host networks in 9A (Vt = +0.76 V, It = 51 pA, andT = 297K). The slow-scan direction is
marked by the vertical white arrow, and the horizontal arrow indicates the scan line where saturated COR solution was added; also visible is a slight
disturbance. The intrapore contrast changes within one to three scan lines (i.e., in less than 0.5 s). The inset represents a detailed view of an occupied
pore, and the six bordering BTBmolecules are indicated by light-gray triangles. (b) Geometry-optimizedMM simulation of three CORmolecules within
one BTB cavity. Although up to four CORmolecules would fit into one BTB cavity, MD simulations indicate that this situation is unstable and one COR
desorbs. However, because of the lateral mobility of the loosely packed three remaining COR molecules within the BTB pore, molecular resolution
cannot be obtained. Thus, it is not possible to verify the postulated structure experimentally.
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intermediate adsorption state, and submolecular details remain
unresolved. However, without the need to change the scan para-
meters or improve the STM tip, the contrast changed over time
to the known appearance of binary COR + TMA networks as
corroborated by at least 25 independent experimental runs. See
the inset in Figure 3c for a detailed view. Submolecular details of
the guest species were then resolved, indicating the immobiliza-
tion of COR within the TMA pores. The TMA host network
itself was not affected by COR incorporation (i.e., the lattice
parameter, orientation, and lateral extension of the domains
remained similar within experimental error).

Distinct differences in the incorporation dynamics were also
noticed for different COR concentrations. The equilibrium pore
occupation depends on the total guest concentration in the liquid
phase. For lower COR concentrations, not all pores become
occupied anymore. A statistical analysis of the spatial distribution
of occupied pores reveals a non-random distribution of guests,
where incorporated COR molecules tend to cluster. The experi-
mentally determined average number of occupied adjacent pores
for each guest was significantly higher than expected for a random
distribution. However, at this point it remains unclear how the
attractive interaction between guests is mediated.

Also, the incorporation rate, as observed by simultaneous
STM imaging, was highly dependent on the COR concentration
in the injected solution. An experimental series with different
COR concentrations and the TMA network reveals a signifi-
cantly lower COR incorporation rate for lower concentrations
(Supporting Information, Figure S2). This is also confirmed for
BTB networks, where a low guest concentration induces a time
delay until the first COR molecules arrive at the interface, while
the incorporation itself takes place equally fast (Supporting
Information, Figure S3).

This is a consequence of the concentration-dependent arrival
rate of the guest species at the interface, rendering COR incor-
poration a diffusion-limited process for low guest concentrations
in the additional solution. To arrive at the interface, in the
proposed experiments guest molecules need to diffuse through
the liquid film that is still present from the previous self-assembly
of the initial host networks. For lower COR concentrations in the
additionally applied solution, the driving force for diffusion
(i.e., the concentration gradient) is smaller; consequently, more
time is required for COR molecules to diffuse to the interface.
However, even for very lowCORconcentrations the intermediate
adsorption state has always been observed for TMA networks,
thereby excluding the COR diffusion rate as a possible origin.

The incorporation of COR guests into the significantly larger
pores of the BTB host network proceeded entirely differently. In
contrast to the TMA networks where a fuzzy, streaky intermedi-
ate state was observed, the incorporation of CORmolecules into
the BTB host network from saturated solution was observed in
less than 0.5 s (i.e., rapidly within the temporal resolution of the
experiment). After this very fast incorporation as compared to
TMA, the intrapore contrast did not change anymore over time,
indicating that equilibrium had already been reached. In contrast
to COR + TMA, occupied BTB pores appeared with protruding
featureless internal contrast, and a submolecular resolution of
incorporated guests could not be obtained. Nevertheless, a clear
difference in the apparent heights between initially empty and
occupied pores indicates the incorporation of COR guests. BTB
pores are substantially larger than TMA pores, and there is no
distinct geometric match between COR guests and BTB pores.
From the STM data, the exact number of COR guest molecules

adsorbed in each BTB pore cannot be inferred. Because the BTB
network was imaged with submolecular resolution at the same
time, the absence of internal STM contrast within the pore is
attributed to physical reasons rather than to technical difficulties.
In the more spacious BTB pore, the residual mobility (i.e., the
insufficient immobilization of COR guests) impairs high-resolu-
tion STM.36 At high guest concentrations, it appears likely that as
many COR molecules as can possibly fit into each BTB pore are
incorporated. According to MM simulations, each BTB cavity
can accommodate up to four COR molecules in planar adsorp-
tion geometry.

To get a better impression of the residual mobility of COR
guests within BTB pores, MD simulations were conducted at a
simulation temperature of 298 K. The MM-optimized geome-
tries of four planar adsorbed COR molecules in one BTB pore
served as initial structures for MD simulations, whereby different
runs all yielded the same result: one CORmolecule is ejected from
the BTB cavity, and the three remaining COR guests oscillate
around their preferred position. (See Supporting Information
Figures S5 and S6 for representations of the COR movement
and a detailed analysis of the trajectories.) We rationalize this
surprising result in terms of both enthalpy and entropy. For three
COR molecules in the BTB pore, the MM-derived adsorption
energy per CORmolecule is 161.5 kJ/mol, whereas for four COR
molecules, the adsorption energy per molecule is slightly smaller,
156.1 kJ/mol. Thus, four COR molecules in the pore feature a
much larger adsorption energy per pore; however, in terms of the
enthalpy per molecule, it will be more favorable to fill all pores
with three COR molecules each rather than to fill some pores
with four CORs and leave other pores empty. The second factor
that has to be taken into account is entropy. The desorption of
the fourth COR molecule from the pore brings about additional
degrees of freedom, associated with both the increased mobility
of the three COR molecules remaining in the pore and with the
translational and rotational entropy gained by the desorption of
one COR molecule in solution. Both favorable entropic con-
tributions render the occupation of the BTB pores by three COR
molecules thermodynamically more stable, especially at higher
temperatures.

The easy mobility of the three COR molecules that remain
adsorbed in the BTB pore explains the featureless intrapore
contrast in STM topographs. From STM experiments and MD
simulations, we conclude that the lateral immobilization of COR
guests is less effective in BTB pores than in the perfectly size-
matched TMA cavities. Because the intrapore STM contrast of
occupied BTB host�guest networks did not change over time,
we conclude that equilibrium is reached in less than 0.5 s. For the
injection of diluted COR solution (∼4% saturation), again no
intermediate state was observed but direct incorporation was
observed (Supporting Information, Figure S3). All occupied
cavities appeared with similar contrast, hinting at uniform occupa-
tion by the same number of CORmolecules. Themain difference
for lower COR concentrations was again a time delay between
injection and incorporation, underlining the rate-limiting influ-
ence of solution diffusion.

The interpretation of the experimental results is complemen-
ted by MM and MD simulations in order to elucidate the nature
of the intermediate state as observed for TMA networks in 9A.
First, MMwas used to quantify the energetics of COR incorpora-
tion in both networks and identify possible energy barriers for the
incorporation process. Geometry-optimized structures of a sin-
gle CORmolecule in a TMA pore and three CORmolecules in a
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BTB pore are depicted in Figures 2d and 4b. The adsorption
energy of COR in the TMA network accounts for 183.7 kJ/mol,
which is larger than the average value of 161.5 kJ/mol per
molecule in the case of three CORmolecules in the BTBnetwork.

Besides the perfect geometric match of COR in TMA pores,
incorporated guest molecules are additionally stabilized by 18
hydrogen bonds with the pore wall (6 C�H 3 3 3Ocarbonyl and 12
C�H 3 3 3Ohydroxyl hydrogen bonds, see Supporting Information,
Figure S4). These hydrogen bonds give rise to a preferred
azimuthal orientation of COR molecules within TMA pores
and account for the high rotational barrier of∼10.0 kJ/mol. This
barrier height should facilitate thermally activated rotational
hopping at room temperature at an extremely high rate, when
standard values of 1013�1015 s�1 are assumed for the exponen-
tial prefactor. However, high-resolution STM topographs of
COR immobilized in a TMA network clearly exhibit nonrota-
tionally symmetric submolecular contrast features of the guest.14

To bring these apparently contradicting results together, it is
assumed that the rotational hopping event occurs extremely fast
as compared to the dwell time of the COR guest in one of the six
rotationally symmetric potential minima. Consequently, the time-
averaging STM contrast shows apparently immobile COR. The
energy of the COR�TMA hydrogen bonds can be estimated by
comparing the adsorption energy of COR in the TMA pore
(which includes both COR�TMA and COR�graphite binding)
and on pristine graphite. The former energy is 39.7 kJ/mol larger
than the latter; therefore, each hydrogen bond on average
contributes 2.2 kJ/mol to the total binding energy. The typical
energy range of C�H 3 3 3O hydrogen bonds is 4�8 kJ/mol,37

which is considerably higher. However, the associated O 3 3 3H
distances of these stronger hydrogen bonds lie around 2.5 Å,
whereas for COR in TMA the respective distance is around
2.74 Å. Here, the hydrogen bond length is determined by the
geometric relation between COR guests and TMA pores, and the
larger distance results in a weaker hydrogen bond.

Despite this strong directional host�guest interaction, the
structure of the host network is not affected. Pores are neither
widened nor narrowed upon COR incorporation as verified by
MM of a single six-membered TMA pores on graphite. The
distance between the centers of diametrically opposite TMA
molecules before COR incorporation amounts to 1.86 nm and
does not change significantly through COR inclusion. The
extension or contraction of pores in host networks due to guest
incorporation would also influence adjacent pores and thus alter
their hosting properties.

To identify possible energy barriers for COR incorporation
into TMA pores, the energy of an azimuthally and horizontally
aligned guest molecule as a function of its vertical distance to the
graphite surface was evaluated by MM calculations. Figure 5
compares the energies of COR above TMA on graphite and
above pristine graphite; the difference between both energy
curves represents the additional stabilization of COR through
the TMA network, which already becomes effective ∼0.5 nm
above the equilibrium position. The geometry of the host pore
was allowed to adjust at each step, but the changes in the TMA
atoms’ positions were smaller than 0.075 Å compared to the
coordinates of the unfilled TMA hexamer. The energy curve in
Figure 5 does not hint at any energy barriers for incorporation,
and the equilibrium position corresponds to a distance of 0.34 nm
between the graphite and COR planes.

In summary, MM simulations show that the COR + TMA
match is perfect in the sense that the TMA pores do not relax

upon guest incorporation and there is a strong host�guest
interaction via hydrogen bonds. However, no barrier was found
that could explain the slow incorporation of COR into the TMA
network.

Next, we consider another possibility for the intermediate
adsorption state. MM revealed a metastable adsorption site of
COR directly atop TMAwith a relatively large adsorption energy
of 74.5 kJ/mol. The geometry-optimized structure is depicted in
Figure 6b. Therefore, we used MD simulations to explore the
possibility that the metastable adsorption of COR atop TMA can
account for the experimentally observed intermediate state.

At a simulation temperature of 298 K, COR remains adsorbed
at the metastable adsorption site for the simulated time span of
0.4 ns. The corresponding trajectory of the center of mass is
shown in Figure 7a. Extended simulated time spans of up to 10 ns
(using a longer integration time step, i.e., 1.0 fs instead of 0.1 fs)
yielded qualitatively similar results. However, when the simula-
tion temperature is increased to 400 K, COR migrates from the
metastable adsorption site to the stable adsorption configuration
in the pore within the first 70 ps. The corresponding center-of-
mass trajectory is depicted in Figure 7b. Because the solvent is
disregarded in the presented MD calculations, a higher simula-
tion temperature might offer a more realistic description of the
system: the increased simulation temperature enhances the
adsorbate mobility and facilitates desorption, which may mimic
the effect of the solvent�solute interaction. Overall, MD simula-
tions indicate that the metastable adsorption of COR atop TMA
may persist during the short time spans accessible by MD
calculations at room temperature.

Although the MD simulations already offer the entrapment of
COR in a metastable adsorption state as a possible explanation,
the timescales of the calculations and experiment differ by 10
orders of magnitude. To study the influence of other parameters,
additional experiments were conducted in another solvent. The
self-assembly of TMA from saturated 7A solutions also yields the
honeycomb network,38 and similar incorporation experiments
were conducted with COR dissolved in 7A. In contrast to incor-
poration experiments of COR with TMA in 9A, in most experi-
mental runs with short-chain-length solvent 7A no long-lived

Figure 5. MM-derived adsorption energies of COR above pristine
graphite (red curve) and above a 6-fold TMA pore on graphite (black
curve) as a function of the vertical distance. The distance-dependent
energy difference arises from the additional stabilization of COR due to
the TMA host network.
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intermediate statewas observed (Supporting Information, Figure S1).
Instead, COR incorporation occurred relatively fast, thus the

results with the TMA network in 7A are qualitatively similar to
COR incorporation into the larger BTB pores. Because equally

Figure 6. MM-optimized adsorption geometries of COR and solvent molecules within a six-membered TMA pore. (a) Structure of incorporated COR.
The guest is additionally stabilized by 18 intermolecular hydrogen bonds. (b) Structure of metastable COR adsorption directly atop TMA with a
calculated adsorption energy of 74.5 kJ/mol. Representative adsorption configurations of (c) a single 7A and (d) a single 9A solvent molecule in a
TMA pore.

Figure 7. MD simulations of COR and the TMA network. CORwas initially adsorbed in themetastable position atop TMA, and the time evolution was
simulated (a) for a temperature of 298 K and a time span of 0.4 ns and (b) for a temperature of 400 K and a time span of 0.3 ns. Dark-brown dots
represent the center-of-mass trajectory of COR molecules.
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fast incorporation without an observable intermediate adsorption
state has never been seen for TMA in 9A, these additional experi-
ments in 7A indicate a solvent influence on the COR incorporation
dynamics.

It is commonly assumed that at the liquid�solid interface host
network pores are not actually empty but occupied by solvent or
even additional solute molecules.39 However, the stabilization
energy of incorporated solvent molecules is inferior because of
their smaller size and constraints imposed by the pore geometry,
resulting in a dynamic equilibrium featuring constant exchange.
STM topographs represent only the time average of this dynamic
equilibrium, and clear contrast features that would allow one to
infer the adsorption geometry of solvent molecules are normally
not observed. The geometric relation between pore and solvent
molecules is exemplified by the MM-optimized geometries for
the coadsorption of single 7A and 9A molecules within TMA
pores in Figure 6c,d. Although the TMA pores are too small to
accommodate a fully extended 9A solvent molecule, a curled up
9A solvent molecule fits into the TMA pore (Figure 6d) and can
gain additional stabilization from interaction with the pore walls.
Several fully extended 9A molecules conveniently fit into BTB
pores; however, their packing still remains rather loose. How-
ever, from temperature-programmed desorption (TPD) experi-
ments it is known that the adsorption energies of alkanes and
fatty acids on graphite increase linearly with the length of the
aliphatic tail.40 Although these results were obtained from well-
ordered monolayers, where fatty acids dimerize via hydrogen
bonds, they will also qualitatively hold true for their coadsorption
in pores of host networks as demonstrated below by MM
calculations.

Calculated adsorption energies of 9A in TMA pores are up to
100.8 kJ/mol (for the most stable adsorption configurations
found involving hydrogen bonding to TMAmolecules), whereas
7A adsorbs somewhat less strongly (up to 94.6 kJ/mol): a good
geometric fit of 7A with TMA pores is counterbalanced by the
shorter chain length and consequently fewer interactions with the
graphite surface. In the larger BTB pores, two types of adsorption
sites and corresponding adsorption energies can be found: (i) on
the edges of the pores, where solvent molecules can form
hydrogen bonds with BTB, the adsorption energies are up to
104.7 and 87.4 kJ/mol for 9A and 7A, respectively; (ii) in the
centers of the pores, the adsorption energies are similar to those
found on the pristine graphite surface: up to 70.7 and 57.3 kJ/mol
for 9A and 7A, respectively. Thus, the solvent molecules posi-
tioned in the center of the BTB pores would desorb more easily.
In any case, our MM calculations confirm that the adsorption
energies of 7A are always smaller than for 9A. Consequently,
desorption rates of the shorter-chain-length fatty acids are larger,
giving rise to a more dynamic exchange with the liquid phase for
7A as compared to that for 9A.

To explain the pore-size and solvent dependence of COR
incorporation, we propose that the lifetime of the intermediate
COR adsorption state mainly depends on the time required to
displace solvent molecules that are coadsorbed in the pore. An
additional influence due to the exact geometric match of COR
and TMA pores, which gives rise to an entropic barrier for incor-
poration, is indicated by MD simulations. However, because the
intermediate state is absent for TMA in 7A, we conclude that this
entropic barrier cannot account for the experimentally observed
lifetime.

According toMM simulations, the average stabilization energy
of 9A in TMA pores is larger than that of 7A. However, the

stabilization energies of both solvent molecules in smaller TMA
pores are larger than for BTB pores, especially for adsorption in
the center of the pore. Consequently, solvent desorption as a
necessary preceding event for COR incorporation takes place on
a much faster timescale for the larger BTB pore. Moreover, for
smaller TMA pores, solvent desorption can become sterically
impaired by COR adsorption in the vicinity of the pore either in
an intermediate state atop TMA or even above the solvent-filled
pore. Hindered solvent desorption, however, can be excluded for
the larger BTB pores because a single CORmolecule covers only
a fraction of the pore area and leaves enough space for solvent
molecules to desorb. In summary, the higher stabilization energy
of 9A solvent molecules and hindered solvent desorption in
smaller TMA pores, possibly assisted by a high entropic barrier
due to the exact geometric match, can explain the emergence of
an intermediate adsorption state for COR incorporation into
TMA pores in 9A. The lower stabilization energy of 7A in TMA
pores reduces the time required to displace previously adsorbed
solvent molecules with CORmolecules to such an extent that the
intermediate adsorption state cannot be observed anymore in the
STM experiment.

’CONCLUSION AND OUTLOOK

For the first time, the incorporation dynamics of molecular
guests into 2D host networks is studied at the liquid�solid
interface. By means of continued STM imaging, while a guest-
containing solution was added to the supernatant liquid phase
above a prefabricated supramolecular host network, a transient
intermediate state of COR incorporation into TMA networks
could be identified. Interestingly, incorporation was observed in
less than 0.5 s in similar experiments for the BTB host network
whose pores are significantly larger than COR guests. For the
TMA network, the solvent dependence was also studied, where
the intermediate state was always observed in 9A but only very
rarely in 7A. MM and MD simulations were applied to reveal the
nature of the intermediate incorporation state. MM indicates a
perfect match between COR and TMA pores. Hydrogen bonds
additionally stabilize the guest molecule, but the structure of the
host pore is not affected by guest incorporation. Structural
simulations by MM also show that up to four COR molecules
can be accommodated in the larger BTB pore, but MD simula-
tions suggest stable adsorption of three COR molecules only. In
any case, because of the loose fit and the residual mobility of the
guests within the pore it was not possible to obtain molecular
resolution of the guests. MM simulations do not hint toward any
incorporation barrier for COR in the TMA network but indicate
a metastable adsorption position of COR atop TMA. The time
evolution of this metastable adsorption was further studied by
MD. At room temperature, metastable adsorption persists for the
accessible time spans, whereas for slightly elevated temperatures,
incorporation takes place in less than 1 ns. Although these MD
simulations offer a possible origin of the intermediate state, a
distinct experimentally observed solvent dependence suggests an
alternative explanation: The pores of host networks at the liquid�
solid interface are not empty but are occupied by solvent molecules,
although clear adsorption geometries cannot be inferred from
STM measurements because of the highly dynamic nature of
solvent coadsorption. However, for guest incorporation, the
solvent molecules within the pores need to be displaced and
the dynamics of this process is much faster for 7A than for 9A and
for larger BTB pores than for smaller TMA pores.
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The proposed experimental technique allows the monitoring
of dynamic processes at liquid�solid interfaces on the molecular
level. We show that STM imaging can be continued even with
submolecular resolution when additional solution is added to an
already present liquid phase. In the current study, this additional
solution provides new molecules as guests for coadsorption in
host networks, but the experimental technique could also be used
to change concentrations or mix solvents in order to study the
effect on the interfacial monolayer directly. Albeit the temporal
resolution in these experiments is not extraordinary high, the
method bears the potential to provide fundamental insights into
monolayer dynamics at the liquid�solid interface, thus contri-
buting to the understanding of kinetic processes in supramole-
cular self-assembly.
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I. Additional STM data 

 

 
 
Figure S1. (a) STM topograph of COR incorporation into TMA host networks in 7A. (Vt = +0.55 V, 

It = 65 pA, T = 298 K) The slow scan-direction is marked by the vertical white arrow, and the horizontal 

arrow indicates the scan line where saturated COR solution was added, also visible is a slight 

disturbance. The intra-pore contrast changes within several scan lines, i.e. in less than 0.5 s and no 

fuzzy appearing intermediate adsorption state is observed. (b) STM topograph (Vt = +0.69 V, It = 65 

pA) of the host-guest network obtained ~400 s after the initial STM topograph (a). 
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FIGURE S2. STM topographs illustrating the concentration dependent COR incorporation rate into 

TMA host networks in 9A. The horizontal green arrow indicates the scan line where the diluted COR 

solutions were added to the pre-existing host network. The COR guest molecule concentration in (b) 

with respect to (a) was doubled and results in a significantly increased incorporation rate. STM 

topographs were acquired with the following parameters for (a) Vt = +0.81 V, It = 84 pA and (b) Vt = 

+0.65 V, It = 50 pA, respectively.  

S3

 
132



 

 

Figure S3. STM topographs illustrating the COR incorporation from diluted guest solution in 9A 

(0.04 mmol/L, i.e. ~4 % saturated) into BTB host networks. The slow scan-direction is marked by the 

vertical white arrow, and the horizontal green arrow indicates the scan line where solution was injected, 

also visible is a slight drift related offset. (a) The COR incorporation occurs after a time delay of ~20 s 

caused by liquid phase diffusion. Once the guest molecules arrive at the interface, the incorporation 

process is equally fast as in saturated solutions. In contrast to experiments with saturated COR solution, 

not all pores in the same scan line become occupied at the same time. (b) Also after injection of diluted 

guest solution, all pores are occupied in the final state and appear with uniform contrast. Imaging 

parameters: Vt = +0.85 V, It = 59 pA, T = 300 K. 
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II. Molecular Mechanics simulation of COR in TMA pores  

Simulation details: First, the TMA hexamer was optimized stand-alone and placed on the 20 × 20 

graphene sheet (terminated by hydrogen atoms) and re-optimized. Next, the COR was added to the 

TMA-graphene system. 

 

Figure S4. (a)-(c) MM geometry optimized structures of COR in TMA pores on graphene. Different 

starting geometries and different lateral positions of the TMA hexamer with respect to the substrate all 

result in comparable azimuthal orientations of COR with respect to the host-network. (d) The final 

structure is stabilized by 18 additional COR-TMA hydrogen bonds (6 C-H•••Ocarbonyl and 12 C-

H•••Ohydroxyl), where the hydroxyl oxygen atom accepts two hydrogen bonds. Three hydrogen bonds of 

the six-fold symmetric arrangement are indicated. TABLE S1 summarizes resulting bond lengths of the 

18 additional COR-TMA hydrogen bonds. 
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TABLE S1. Average hydrogen bond lengths, i.e.  H•••O distances, and standard deviation in Å for the 

three different geometry optimized structures in Figure S4(a) – (c). The H-bond numbering refers to 

Figure S3(d). 

Structure H-Bond 1 H-Bond 2 H-Bond 3 

I 2.706 ± 0.003 2.884 ± 0.005 2.616 ±0.004 

II 2.698 ± 0.003 2.924 ± 0.002 2.587 ± 0.003 

III 2.697 ± 0.004 2.927 ± 0.004 2.585 ± 0.003 
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III. Molecular Dynamics simulations of COR in BTB pores 

 

 

 
Figure S5. Molecular Dynamics simulations of four COR molecules initially adsorbed in a BTB pore. 

The colored dots (green, purple, gray, and blue) represent the center of mass trajectories of each of the 

initially incorporated four COR molecules: (a) – (c) correspond to three different MD runs (simulation 

temperature 298 K, time step 0.1 fs, total run time 0.3 ns). In each run one of the four COR molecules is 

ejected from the pore and adsorbs above a BTB molecule, while the other three remaining COR 

molecules move around within the pore. The lack of stabilization of COR within the large BTB pore 

prevents (sub)molecular resolution in STM topographs.  

The BTB networks used in these simulations were chosen in such a way as to maximize the AB-type 

stacking of the BTB molecules on the graphite lattice (Fig. S5). However, because of the lack of 

commensurability between the BTB and graphite lattices, it is not possible to achieve perfect AB 

stacking for all of the BTB molecules. Three different 4 COR in BTB structures were tested (Fig. S5) 

with similar positions of the BTB hexamer, but different starting positions of the four COR molecules 

inside the pore. All three structures displayed very similar behavior, i.e. one of the COR guest 

molecules was ejected and three remaining ones move around in the pore. 
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Analysis of COR trajectories: 

The three remaining COR molecules mostly oscillate around their preferred positions within the pore 

rather than performing a directional rotation. The movement between the three different adsorbed 

molecules is correlated, i.e. the arc between two neighbored guest molecules is equidistant (120°).  

 

 

Figure S6. Trajectories for the movement (rotation around the pore center; angle = 0° is aligned with 

the x axis). (a) shows the trajectories of three COR molecules initially oscillating around their starting 

positions and making an abrupt correlated rotation (after ~160 ps) around the pore’s center by 120° to a 

new set of positions for the COR molecules. (b) and (c) present results of COR molecules moving back 

and forth around their preferred position with an amplitude of ~ 30°.  

The oscillatory motion of COR in combination with occasional abrupt concerted 120° jumps as seen in 

(a) impair high resolution of the guest in the STM experiments. Due to the extremely fast movement of 

COR within the pore, the STM topographs only represent a time average and results in a featureless 

protrusion that is extended over the large BTB cavity. 
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7.6 Solution preparation of two dimensional covalently linked
networks by polymerization of
1,3,5-tri(4-iodophenyl)benzene on Au(111)

Georg Eder, Emily F. Smith, Wolfgang M. Heckl, Peter H. Beton, and Markus Lackinger
submitted, 2012
http://dx.doi.org/

The polymerization of 1,3,5-tri(4-iodophenyl)benzene (TIPB) on Au(111) through cova-
lent aryl-aryl coupling is accomplished using a solution-based approach and investigated
using scanning tunneling microscopy. Deposition of the TIPB monomer onto Au(111) at
room temperature results in poorly ordered non-covalent arrangements of molecules and
partial de-halogenation. However, deposition on a pre-heated Au(111) substrate yields
various topologically distinct covalent aggregates and networks. Interestingly, these covalent
nanostructures do not adsorb directly on the Au(111) surface, but are loosely bound to a
chemisorbed monolayer comprised of iodine and partially de-halogenated TIPB molecules.
For a more detailed insight, the temperature dependent activation of the de-halogenation
reaction was monitored by X-ray photoelectron spectroscopy under ultra-high vacuum condi-
tions. We argue that the covalent networks are displaced from the gold surface by a strongly
chemisorbed iodine monolayer which eventually inhibits further coupling.
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The polymerization of 1,3,5-tri(4-iodophenyl)benzene (TIPB) on Au(111) through covalent aryl-aryl 

coupling is accomplished using a solution-based approach and investigated using scanning tunneling 

microscopy. Deposition of the TIPB monomer onto Au(111) at room temperature results in poorly 

ordered non-covalent arrangements of molecules and partial de-halogenation. However, deposition 

on a pre-heated Au(111) substrate yields various topologically distinct covalent aggregates and 

networks. Interestingly, these covalent nanostructures do not adsorb directly on the Au(111) surface, 

but are loosely bound to a chemisorbed monolayer comprised of iodine and partially de-halogenated 

TIPB molecules. For a more detailed insight, the temperature dependent activation of the de-

halogenation reaction was monitored by X-ray photoelectron spectroscopy under ultra-high vacuum 

conditions. We argue that the covalent networks are displaced from the gold surface by a strongly 

chemisorbed iodine monolayer which eventually inhibits further coupling. 

 
  

Over recent years the linking of small 

organic molecules on surfaces to form 1D and 

2D polymeric structures has attracted great 

interest,
1-8

 most lately due to the 

demonstration that this provides a route to 

nanostructured graphene with controlled 

dimensions.
9, 10

 A promising approach to 

generate 2D polymers is based on an 

Ullmann-type reaction, where halogenated 

monomers are covalently interlinked with the 

aid of a metal catalyst.
11

 In this approach the 

weakly bound halogen substituents are 

homolytically cleaved off and the resulting 

radicals recombine into covalent networks.
5, 

12-14
 The network dimensionality and 

topology is thus determined by the halogen 

substitution pattern of the monomer. In the 

surface variant of the Ullmann reaction, the 

substrate serves as both the catalyst for 

homolysis and supporting template for the 

resulting network. 

To date, this route is predominately pursued 

in ultra-high vacuum (UHV) environments on 

coinage metal surfaces.
7, 13, 15, 16

 However, 

successful on-surface polymerization has 

already been demonstrated at the liquid-solid 

interface using alternative reaction strategies 

such as the Schiff base reaction
17

 or boronic 

acid condensation
18, 19

 which has been 

previously used to form extended three 

dimensional covalent networks.
20, 21

 This 

approach was demonstrated to yield extended, 

well ordered covalent networks although the 

extended π conjugation, which is available 

through the Ullmann approach, is not present 

in this case. In addition, owing to the 

reversible nature of the employed 

condensation reactions, the resulting covalent 
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networks only exhibit limited chemical 

stability.
22

 Other approaches under ambient 

conditions encompass electrochemical 

epitaxial polymerization as well as light and 

local probe-induced polymerization.
6, 23, 24

 

Yet, these approaches remain restricted to 

specifically designed model systems. The 

development of a more general and flexible 

approach to the on-surface formation of more 

robust and functional 1D and 2D polymers 

motivates the extension of the Ullmann-type 

reaction discussed above from UHV to a 

liquid environment. Initial attempts to achieve 

this goal have been limited to the formation 

of dimers and more extended structures have 

not yet been demonstrated.
25

 

We have therefore studied the covalent 

linking of the monomer 1,3,5-tri(4-

iodophenyl)benzene (TIPB) on Au(111). 

TIPB is a chemically stable triply iodinated 

organic building block that is composed of 

four phenyl rings and three terminating iodine 

atoms (the structure is shown in Figure 1(a)). 

Au(111) is chosen as a substrate since it is the 

best compromise between inertness against 

ambient contamination and sufficiently high 

catalytical activity for the dehalogenation 

reaction.
26

 Furthermore, recent 

polymerization studies with the same 

compound on Au(111) under UHV 

conditions
27

 facilitate a direct comparison 

between the two approaches and in addition 

with previous studies of 1,3,5-tri(4-

bromophenyl)benzene (TBPB), the 

brominated analogue of TIPB.
12, 14, 25

 As 

discussed above previous studies of TBPB in 

a solution environment yielded only ordered 

arrangements of covalently interlinked dimers 

but very few higher oligomers and no 

extended covalent aggregates.
25

 

Consequently, in the present work we 

enhance the monomer reactivity by 

substitution of bromine with iodine, thereby 

taking advantage of the lower bond 

dissociation energy of the C-I bond and 

explore possibilities to form more extended 

covalent structures. Results of drop-cast 

deposition of the monomer onto the substrate 

held at room temperature are compared with 

results obtained on substrates that were pre-

heated to 100 °C. The high resolution 

structural characterization by STM is 

augmented by chemical characterization 

using X-ray photoelectron spectroscopy 

(XPS).  

 
Results and Discussion 
 

In Figure 1(a) and (b) we show STM 

images of the surface acquired following 

room temperature deposition of TIPB 

dissolved in nonanoic acid (9A) from 

solutions with different concentrations. These 

images were acquired while the sample was 

still covered with a liquid film with the tip 

immersed into solution. For the lower 

concentration (0.02 mmol/L; Figure 1(a)) the 

images show predominantly monolayer 

coverage with some short range ordering with 

axes of high symmetry marked by white lines. 

The angle between differently oriented 

domains is a multiple of 30°, and thus 

indicates formation of non-equivalent 

rotational domains (see Figure 1(a) and 

Supporting Information). Higher resolution 

images (Figure 1(a) lower middle inset) show 

trigonal features in a quasi-close packed 

arrangement which is highly reminiscent of 

that recently reported for the brominated 

analogue TBPB both in UHV and in layers 

formed by drop-casting ethanolic solutions.
12, 

14, 25
 We attribute these features to intact 

TIPB monomers. Also present in Figure 1(a) 

are isolated bright features (examples are 

marked by white arrows) which, as shown in 

the lower right inset, have a clear trigonal 

symmetry. These are identified as second 

layer TIPB molecules and the experimentally 

measured vertex-vertex dimensions of 

1.4±0.1 nm are in excellent agreement with 

the geometry optimized structure of intact 

TIPB molecules with an iodine-iodine 

distance of approximately 1.4 nm.  
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Figure 1: STM topographs of TIPB on (a) / (b) 

Au(111) and (c) graphite(001). All images were 

acquired in 9A solution. (a) Obtained with a 

concentration of c = 0.02 mmol/L. The STM image 

represents small domains of ordered TIPB molecules, 

where individual adsorbed TIPB molecules in the 

second layer are highlighted by white arrows. White 

dotted lines indicate orientations of first layer domains. 

The insets depict the chemical structures of TIPB, a 

domain of TIPB molecules directly adsorbed on the 

Au(111) surface, and a zoom-in of second layer TIPB. 

(b) Obtained with a concentration of c = 0.04 mmol/L, 

resulting in an increased coverage of the second layer. 

The inset shows a zoom-in, where some features of the 

first layer are still visible. The terminating iodine 

atoms are highlighted by white dots. The line-profile 

shows a clear dip in the monolayer features, 

confirming the formation of a bilayer system. (c) 

Obtained with saturated solution on graphite. A 

molecular overlay indicates the tentative arrangement 

within the well-ordered monolayer. STM tunneling 

parameter: (a) It = 12 pA, Ut = 0.26 V; (b) It = 61 pA, 

Ut = -0.62 V; (c) It = 46 pA, Ut = 0.74 V. 

For higher concentrations (0.04 mmol/L; 

Figure 1(b)), we observe a higher density 

second layer of TIPB which is adsorbed on 

top of a densely packed first monolayer with 

an apparent height of 0.13 nm (see profile 

inset). While there is no long-range ordering 

in the second layer the image in Figure 1(b) 

shows features with a clear bright protrusion 

at each molecular lobe which are assigned to 

the peripheral iodine atoms of single 

molecules. It is noteworthy that for self-

assembly at the liquid-solid interface, stable 

adsorption in the second layer is rather 

uncommon and has only been observed in 

very few systems.
28

 

Although highly disordered it is interesting 

to compare the relative placement of 

molecular pairs in the second layer with those 

in the first layer and also in TIPB monolayers 

adsorbed on graphite.  

For this reason we show in Figure 1(c) a 

representative STM image of a self-

assembled monolayer of TIPB on graphite 

using 9A as a solvent. This structure is well-

ordered and densely packed. The molecular 

overlay indicates the structural model and the 

bright protrusions marked by the white circles 
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are identified as cyclic arrangements of four 

iodine atoms that stabilize the structure by 

halogen-halogen interactions.
29, 30

 In the 

second layer TIPB adsorbed on Au(111) we 

observe similar local arrangements where 

three or four iodine atoms meet. Another 

common junction observed in Figure 1(a), 

two trigonal features meeting end-to-end, is 

also observed in the second layer – see for 

example the molecular pair at the bottom of 

the right inset to Figure 1(b). In addition there 

are molecular junctions on the TIPB on 

graphite monolayer where an iodine atom 

from one molecule sits between two iodine 

atoms on a neighboring molecule (see 

molecular pair at the bottom centre of the 

overlaid schematic of Figure 1(c)). There are 

many examples of this motif in Figure 1(b). 

Overall we suggest that the second layer 

TIPB may be considered as a disordered 

version of the nanoporous monolayer 

physisorbed on graphite. Note also in 

Figure 1(b) the molecular arrangement forms 

partially completed nanopores with 

comparable dimensions and in some cases 

shapes to those formed on graphite. From the 

above discussion it is thus concluded that at 

room temperature the second layer TIPB 

molecules remain intact on the surface and 

the halogen substituents are not split-off. We 

are not able to resolve individual molecules in 

the underlying layer at this concentration. 

In order to promote covalent interlinking 

the Au(111) substrate was pre-heated to 

100 
o
C on a hotplate under ambient 

conditions and 5 µL of TIPB solution 

c = 0.80 mmol/L was deposited on the 

surface. The sample remained on the hotplate 

for ~120 s and was then allowed to cool down 

under ambient conditions. After this 

procedure, the solvent was almost fully 

evaporated. The sample was immediately 

characterized by STM and various aggregates 

such as 1D chains, open rings, closed 

pentagons, hexagons, heptagons, as well as 

more extended and irregular networks are 

clearly recognizable. Representative 

examples are depicted in Figure 2(a). An 

analysis of the separation of the three-fold 

vertices within this network is consistent with 

the formation of covalent aryl-aryl bonds. 

The experimental value, 1.3±0.1 nm was 

found to be common in all types of 

aggregates. This value is in excellent 

agreement with both the figure calculated 

using density functional theory,
27

 and UHV 

experiments on topologically similar covalent 

networks
12

 verifying covalent bond 

formation. The domain size observed in 

Figure 2(a) is comparable with those formed 

in UHV, but the total area covered by the 

covalent networks is smaller.
27

. Moreover the 

formation of domains with up to 25 

molecules with lateral dimensions up to 

10 nm represents a major step forward from 

previous liquid studies, where no closed 

polygons were formed. A more detailed 

analysis of the covalent structures reveals that 

several molecular lobes that do not take part 

in the covalent interlinks are often still 

terminated by iodine. Incomplete 

dehalogenation might be a possible reason for 

premature termination of the polymerization, 

hence mostly resulting in oligomers of finite 

size. Also the STM images predominantly 

show aggregates on substrate terraces, 

suggesting that the reaction is not restricted to 

step-edges. The solvent does not play a major 

role. Changing the solvent to a shorter fatty 

acid, namely heptanoic acid, while applying 

the same preparation protocol yielded similar 

results (see Supporting Information). 

As we saw in Figure 1 for room 

temperature, the brighter molecular features 

are in a second layer and similarly most of the 

covalent aggregates are not directly adsorbed 

on the Au(111) substrate, but on top of a first 

monolayer. The adsorption of the covalent 

structures on top of this first layer is rather 

weak as shown by the occasional observation 

of their detachment during the imaging 

process (compare Figure 2(b) and (c)).  
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Figure 2: (a) STM topograph of covalently interlinked structures from TIPB polymerization; the sample was 

prepared by deposition of 5 µL of TIPB solution in 9A (c = 0.80 mmol/L) onto Au(111) held at 100 °C and cooling 

down after 120 s. The STM image depicts covalent aggregates on top of a first monolayer; close-ups (A-D) of 

frequently encountered covalent aggregates are presented on the middle: (A) one-dimensional chains, (B) closed 

hexagons (C) closed heptagons, (D) more extended structures as merged rings; besides that more extended irregular 

structures and open rings were frequently observed. (b) and (c) consecutively recorded STM images revealing the 

detachment process of covalent aggregates. Typical covalently interlinked features are highlighted by white circles. 

STM tunneling parameter: (a) It = 63 pA, Ut = -0.752 V; (b) and (c) It = 58 pA, Ut = -0.624 V. 

 

Such images also support the hypothesis that 

the covalent aggregates are not supported 

directly on the Au(111) surface. In order to 

reveal the influence of prolonged thermal 

treatment, a series of experiments was carried 

out with longer annealing periods, but similar 

concentration. Figure 3(a) and (b) show STM 

topographs, when the sample was annealed 

either for 120 sec or for 120 min at 100 °C. We 

interpret these images as showing a disordered 

mixture of adsorbed iodine and monomers, 

possibly partially de-halogenated, on the 

Au(111) surface. Depending on the applied 

annealing time we observe different coverages 

of iodine and slight differences in the packing 

density. 

For short annealing times (120 s) we observe 

a bright network enclosing nanopores with a 

single bright feature at the centre. At longer 

times we observe a lower areal density of dark 

pores and higher magnification images show a 

more detailed view of the directly adsorbed first 

monolayer – see close-ups to Figure 3. 

Characteristic features are highlighted by white 

arrows and have a typical spacing of 0.5 nm. 

This distance cannot be matched with any intra-

molecular distance of TIPB or its networks, but 

is in good agreement with the lattice parameter 

of 0.50 nm for a (√3×√3)R30° iodine 

superstructure on Au(111).
31

 To further 

substantiate this assignment, in a control 

experiment an iodine terminated Au(111) 

surface was prepared by immersing a freshly 

flame annealed Au(111) sample into 3 mM 

aqueous KI solution for 180 s and subsequent 

rinsing with ethanol (cf. Supporting 

Information). As anticipated, the resulting STM 

topographs show densely packed iodine 

structures on Au(111). In this process, the 

iodine coverage was very sensitive to 

concentration and exposition time. Yet, drop-

casting of TIPB solution on a pre-heated iodine 

terminated Au(111) surface at 100 °C did not 

yield any covalent structures. Based on this 
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experiment, we propose that iodine from 

cleaved bonds adsorbs on, and poisons the 

Au(111) surface thus inhibiting any further 

catalytically supported iodine homolysis. We 

further propose that chemisorbed iodine also 

displaces partially-formed covalent networks 

from the surface leading to weak adsorption in a 

second layer. 

 

 
 

Figure 3: STM topographs after deposition of TIPB onto 

Au(111) at a surface temperature of 100 °C either for 

120 sec (a) or 120 min (b) with a concentration of 

0.80 mmol/L. Each monolayer consists of a mixture of 

mostly iodine atoms and partially de-halogenated TIPB 

monomers. The white arrows in the corresponding close-

ups highlight spherical protrusions that are assigned to 

chemisorbed iodine atoms. STM tunneling parameter: (a) 

It = 12 pA, Ut = -0.348 V; (b) It = 35 pA, Ut = -0.359 V. 

In order to obtain detailed insights in the 

progression of the dehalogenation with 

increasing substrate temperature, XPS 

measurements were performed. A TIPB covered 

Au(111) surface was prepared by drop-casting 

TIPB dissolved in 9A onto the substrate held at 

room temperature (see Supporting Information) 

after which the sample was rinsed with pure 

ethanol for 60 s. The ethanol was allowed to 

fully evaporate and both XPS characterization 

and sample annealing were carried out within 

the same UHV system. In order to monitor the 

progressive iodine homolysis, XPS signatures 

from I(3d) core levels were acquired. In the 

predominately unreacted TIPB compound on 

Au(111) the spin-orbit doublet occurs at binding 

energies of 620.4 eV (I-3d5/2) and 632.0 eV (I-

3d3/2) similar to comparable iodinated aromatic 

compounds.
32

 Even in the XPS data of room 

temperature deposited TIPB (blue curve in 

Figure 4) additional chemically shifted peaks 

centered at approximately 619.0 eV and 

630.5 eV are clearly discernible. These peaks 

are attributed to iodine chemisorbed on Au(111) 

as identical binding energies were observed in 

control XPS measurements on the iodine 

terminated Au(111) surfaces (cf. Supporting 

Information). The binding energies are also 

consistent with XPS spectra for iodine adsorbed 

on other coinage metals, where the 

characteristic I 3d5/2 peaks was found at 

619.0 eV for Cu-I and 619.4 eV for Ag-I, 

respectively.
33

 

The presence of Au-iodine XPS peaks for as-

prepared samples indicates that spontaneous 

dehalogenation of TIPB molecules already 

occurs upon room temperature adsorption. 

However, after annealing the sample in vacuum 

at 100 °C for 10 min the intensity ratio of the 

two chemically distinct iodine species changes. 

At room temperature the ratio of the peak area 

for IAu to Iphenyl amounted 39% to 61%, whereas 

at the end of the annealing process it was 

increased up to 74% to 26%, as evident from 

the green curve in Figure 4. Yet, the total 

amount of iodine on the surface remains 

constant during heating, as verified by a 

constant iodine/Au ratio of ~2.0 atom-% (1.9% 

for RT, 2.0% for 100 °C, and 2.0% for 150°C) 

based on evaluation of the total peak areas. 

Hence, desorption of sizable amounts of either 

intact TIPB molecules or split-off iodine can be 

excluded. The increase in the chemisorbed 

iodine species indicates a progressive 

dehalogenation of TIPB with still unreacted 

molecules present. Whether these arise from 

fully intact molecules or unreacted side groups 

cannot be distinguished by XPS. Further 

annealing to 150 °C for 10 min results in the 

disappearance of unreacted TIPB molecules and 

thus complete homolysis of all phenyl-I bonds.  

The onset of the reaction at room temperature 

is in accordance with UHV experiments on 
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1,3,5-triiodobenzene on Au(111), where 

covalently interlinked aggregates were likewise 

already observed at room temperature.
27

 In 

general, the Au(111) surface is known to act as 

a catalyst for the homolysis of carbon-halogen 

bonds.
8, 9, 34

 However, in contrast to iodine 

homolysis, the cleavage of bromine substituents 

on Au(111) requires thermal activation as 

demonstrated in UHV and ambient conditions at 

temperatures of 140 °C - 180 °C
12

 and 200 °C,
25

 

respectively. The reactivity difference between 

iodinated vs. brominated monomers can be 

rationalized by two aspects. First, the carbon-

halogen bond dissociation energy is very 

different, with C-Br bonds (3.49 eV in 

iodobenzene) being significantly stronger than 

the C-I bonds (2.84 eV in bromobenzene).
35

 On 

the other hand the Au-iodine bond is rather 

strong, as exemplified by the high stability of 

gold-iodine. A further indication for strong 

iodine chemisorption on Au(111) is its high 

desorption temperature. Syomin et al. reported 

an I2 desorption peak maximum at 450 °C for 

temperature programmed desorption after C6H5I 

exposure on gold.
34

 Based on the experimental 

STM and XPS results we propose the following 

reaction scheme. Even for room temperature 

deposition of TIPB molecules some 

dehalogenation spontaneously occurs, while the 

reaction rate becomes significantly enhanced 

for elevated temperatures. The catalytic activity 

of Au(111) is indispensable for activation of the 

polymerization. Following dehalogenation, 

radicals recombine and form new covalent aryl-

aryl bonds. However, extended covalent 

aggregates are not observed after room 

temperature deposition, possibly due to the 

limited room temperature mobility of the 

radicals, and there is clear evidence that 

unreacted monomers remain on the surface. 

Drop-casting onto heated substrates results in 

covalent aggregates that are adsorbed on a 

monolayer mostly of chemisorbed iodine atoms. 

This is a pronounced difference to UHV 

experiments, where organic networks were 

always directly adsorbed on the surface for both 

TIPB and 1,3,5-triiodobenzene.
27

 Owing to the 

progressive adsorption of split-off iodine atoms 

onto the Au(111) surface the substrate becomes 

catalytically inactive for iodine homolysis and 

suppressing the generation of radicals. 

 

 

Figure 4: Variable temperature XPS of TIPB deposited 

onto Au(111) under ambient conditions at room 

temperature. The curves are vertical offset for clarity. The 

blue curve shows the data recorded at room temperature, 

whereas the green curve was obtained after heating the 

sample for 10 min up to 100 °C, and the red curve after 

further heating of the same sample for 10 min up to 

150 °C. The typical energies for the Iphenyl and IAu peaks 

are indicated by brown and black lines, respectively. 

 

The importance of the direct contact between 

monomers and the gold surface was verified by 

polymerization attempts on iodine terminated 

Au surfaces that proved inactive. Hence, the 

chemisorbed iodine layer not only poisons the 

substrate and thereby terminates the 

polymerization, but also reduces the adsorption 

strength of the covalent aggregates. 

 
Conclusion 

 

It has been shown that the polymerization of 

the triply iodinated monomer TIPB can be 

initiated by deposition from solution onto a pre-

heated Au(111) surface. In contrast to similar 

experiments under ambient conditions with 

TBPB, the brominated analogue of TIPB, more 

extended covalent structures that consist of up 
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to 25 monomeric units were obtained, while the 

brominated monomer yielded only dimers, 

consistent with the enhanced reactivity of 

iodinated precursors for the proposed 

polymerization reaction. Interestingly, most of 

the covalent structures were found on top of a 

first monolayer. This first monolayer is mostly 

comprised of iodine, but also partially de-

halogenated TIPB monomers were resolved. 

The presence of the covalent aggregates in a 

second layer has not been observed in UHV 

experiments. Overall the increased reactivity of 

iodinated compounds make them more 

promising candidates than their brominated 

analogues for polymerization under ambient 

conditions, and permits the use of relatively 

inert surfaces such as gold. Our results indicate 

that to further improve the order and size of the 

covalent networks it will be necessary to reduce 

the effect of the iodine-induced deactivation of 

the catalytic surface. This raises several 

interesting scientific issues and there are several 

possible strategies, for example methodologies 

for the partial removal of iodine through the 

introduction of other reagents, and through the 

synthesis of modified monomers which adsorb 

more strongly on the gold surface. The results 

presented here strongly motivate such studies. 

 
Materials and Methods 
 

The STM experiments were conducted with an 

Agilent Technologies 4500 PicoPlus STM using 

a PicoScan controller. Commercially supplied 

(111) terminated gold films on mica (Georg 

Albert, Physical Vapor Deposition) were used 

as substrates and prepared by flame-annealing 

prior to the experiments. STM tips were 

mechanically cut from a platinum/iridium 

(80/20) wire. The atomic lattices of 

graphite(001) and Au(111) were used for lateral 

calibration of the STM, and experimental 

distances were derived with an accuracy of < 

0.1 nm. The monomer 1,3,5-tri(4-

iodophenyl)benzene (TIPB, Sigma Aldrich) was 

used as supplied and dissolved in nonanoic acid 

(9A, Sigma Aldrich) and heptanoic acid (7A, 

Sigma Aldrich). During the deposition the 

substrate was either held at room temperature or 

pre-heated to 100 °C on a hotplate under 

atmospheric conditions. Samples for XPS were 

prepared under ambient conditions with the 

substrate at room temperature and then 

transferred into the XPS chamber. A Kratos 

AXIS ULTRA DLD instrument with a mono-

chromated Al K X-ray source (1486.6 eV) was 

used and operated at 10 mA emission current 

and 12 kV anode potential. Spectra were 

acquired at surface temperatures of 25 °C, 100 

°C, and 150 °C. During XPS data acquisition, 

the heater was deactivated, resulting in a slight 

cooling of the sample during the course of the 

measurement. However, since the radical 

recombination reaction is irreversible the 

temperature change is not expected to affect the 

measurement.  
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S 2 

1. Room temperature adsorption of TIPB 

Figure S1 presents an STM topograph of room temperature deposited TIPB (dissolved in 

nonanoic acid, c = 0.02 mmol/L) on Au(111). After the solution was applied onto the surface, the 

sample was rinsed with ethanol for 60 s in order to suppress further adsorption of TIPB 

molecules. The STM image reveals differently oriented hexagonal TIPB domains, whereby 

angles between rotational domains amount to multiples of 30°. From this we conclude that TIPB 

forms two non-equivalent rotational domains on the trigonal (111) surface, where one type of 

domain is aligned with a high symmetry substrate direction and the other bisects two high 

symmetry substrate directions, i.e. is rotated by 30°. 

 
 

Figure S1: STM topograph of TIPB dissolved in nonanoic acid (0.02 mmol/L) on Au(111). The 

image was directly acquired at the liquid-solid interface. Differently oriented domains are 

accentuated by white dotted lines. STM tunneling parameter: It = 23 pA, Ut = 0.200 V. 
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S 3 

2. Solvent influence  

 

Samples were also prepared by drop-casting heptanoic acid solutions. Otherwise the 

preparation protocol is similar to that described in the main manuscript for TIPB dissolved in 

nanonoic acid: TIPB was drop-cast onto Au(111) surface from the respective fatty acid solution. 

The surface was preheated to 100 °C, and after drop-casting the sample remained on the hotplate 

for ~120 s. After cooling down of the sample to room temperature, the samples were imaged by 

STM. Both solvents yielded covalent TIPB derived structures adsorbed on top of a monolayer 

composed of mostly iodine. As obvious from the STM topographs the resulting size and 

topology of the covalent aggregates, i.e. one-dimensional chains, open rings, closed pentagons, 

hexagons, and heptagons are comparable for both solvents.   

 
 

Figure S2: STM topographs obtained after drop-casting of TIPB solution on pre-heated Au(111) 

surfaces with (a) nonanoic acid (9A) and (b) heptanoic acid (7A) as solvent. STM tunneling 

parameters: (a) It = 63 pA, Ut = -0.798 V, (b) It = 63 pA, Ut = -0.668 V. 
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S 4 

3. Iodine terminated Au(111) 

Purely iodine terminated Au(111) surfaces were prepared by immersing a freshly flame 

annealed Au(111) sample into 3 mM aqueous KI solution for 180 s and subsequent rinsing with 

ethanol. These samples were chemically characterized by XPS and structurally by STM imaging. 

Moreover, their suitability as substrates for polymerization studies was likewise studied. The 

Au(111) substrate was fully covered with a densely packed iodine structure. The iodine packing 

density was found to be very sensitive to concentration and exposition time. XPS data exhibits a 

very pronounced I(3d) spin-orbit doublet with peaks centered at 619.0 eV (I-3d5/2) and 630.5 eV 

(I-3d3/2), respectively. These binding energy values also serve as reference for chemisorbed 

iodine on Au(111).  

 
 

Figure S3: (a) STM topograph of iodine terminated Au(111) (b) XPS data showing 

characteristic peaks for chemisorbed iodine on Au(111). The chemically shifted binding energies 

of the I(3d) spin-orbit doublet amount to 619.0 eV (I-3d5/2) and 630.5 eV (I-3d3/2), and are 

marked by dotted lines. STM tunneling parameters: It = 568 pA, Ut = -0.368 V. 
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