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1 Introduction 

1.1 Motivation 

Data revolution1,2 or 4th industrial revolution3 are only two out of 

many buzz words coined to indicate the chances and challenges of a socio 

economic development we all experience whenever we reach into our pocket 

or for our nightstands – big data is firmly woven into the very fabric of our 

societies. We use data to reconnect with lost friends around the globe or 

navigate unfamiliar cities with ease, but also in efforts to influence public 

opinion4,5 or rate citizens.6,7 Independent of the way we collect and use 

data, one thing is clear – we generate and rely on an ever-increasing 

amount of data. So how do we deal with them? 

Let us constrain ourselves purely to the hardware for handling data. 

The transistors providing the computational power to process data are 

traditionally manufactured using photolithography, i.e., a top-down 

process.8 Remarkable effort in industry and science over the last decades 

allowed us to decrease the size of transistors and “cram”, as Moore has 

called it in 1965,9 an ever increasing number of them onto integrated 

circuits. For example, Intel’s 10 nm fabrication process has a transistor 

density of 100.8 million transistors per mm2.10 However, processors based 

on this process only see limited introduction into the consumer market at 

the time of this writing11 as technical difficulties have repeatedly pushed a 

high-volume manufacturing from 2016 to 2019.12 These delays are 

symptomatic of an industry that has extended the limits of 

photolithography by enhancements such as phase-shift masks, multiple 
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patterning, or immersion lithography. For next-generation lithography 

alternative light sources, e.g., extreme ultraviolet, will need to be utilized.13 

Feynman envisioned a fundamentally different approach in 1959, 

when he asked: “What would happen if we could arrange the atoms one by 

one the way we want them”.14 The idea to manipulate smallest units such 

as atoms and arrange them into the desired objects is the very definition 

of the bottom-up approach. Since atoms adhere to the rules of quantum 

mechanics, “[…] we can expect different things”, but “[…] in principle, that 

can be done”.14 

In order to reach the nanoscale Feynman was referring to, suitable 

experimental methods are needed. Historically, optical microscopes offered 

a direct way to examine samples in real space. However, their resolution is 

limited by approximately half of the wavelength used in the experiment. 

Near-field scanning optical microscopy15 can overcome this limit, but only 

reaches resolutions of 20 nm16 – far from the 3 Å needed to resolve 

individual atoms on a metallic surface. Diffraction experiments such as low-

energy electron diffraction (LEED) can give insight, inter alia, into the 

symmetry and lattice parameters of surfaces, but require ordered samples 

and depict only the reciprocal space.17 The first spatial observation of an 

atom was reported by Müller and Bahadur in 195618 using field ion 

microscopy19 invented by Müller in 1951.20 Unfortunately, this technique is 

limited to study atoms of a sharp tip and cannot be used to manipulate 

individual atoms on surfaces. Preluded by the invention of the topografiner 

by Young, Ward et al. in 197221, Binnig, Rohrer et al. presented the 

scanning tunneling microscope in 1982.22 By utilizing the tunneling of 
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electrons between a tip and a sample, the authors were able to observe the 

7 x 7 reconstruction of Si(111) in real space.23 Their invention, recognized 

with the Nobel Prize in Physics 1986,24 pioneered modern day surface 

science and heralded the realization of Feynman’s vision. Indeed, it took 

only a few more years until Eigler and Schweizer used a scanning tunneling 

microscope in 1990 to position xenon atoms on a Ni(110) surface in a way 

that spelled IBM.25 Shortly after, Crommie, Lutz et al. arranged Fe atoms 

on a Cu(111) surface into a quantum corral and observed local 

modifications of the electronic properties of the Cu(111) surface.26 

Manipulating individual atoms with a scanning tunneling 

microscope is a tedious task and scaling this approach up to manufacturing 

quantities is rather futile. Molecular self-assembly constitutes an alternative 

bottom-up approach. It is part of supramolecular chemistry and has been 

defined as “the spontaneous association of molecules under equilibrium 

conditions into stable, structurally well-defined aggregates joined by 

non-covalent bonds”.27 The scientific relevance of self-assembly has been 

acknowledged with the Nobel prize in Chemistry 198728 and it is employed 

far beyond the field of surface science.29,30 Compared to manipulating 

individual atoms, self-assembly has several advantages: (i) As molecules 

assemble autonomously under a driving force, large-scale self-assembled 

structures can be built very quickly. (ii) The non-covalent nature of the 

bonding allows for a self-correction and thus the resulting self-assembled 

structure can exhibit a high degree of perfection. (iii) By altering the 

symmetry, size, shape, and recognition sites of molecular building blocks, 
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scientists have been able to create a large range of self-assembled 

nanostructures on surfaces.31–36 

One surface that experienced an increasing interest from the 

scientific community is graphene. The word graphene describes a 

monolayer of carbon atoms packed into a flat, 2D lattice. Stacking 

graphene yields graphite, while rolling up graphene results in fullerenes, 

such as C60 or carbon nanotubes. Theoretically, graphene has been studied 

as early as 1947,37 albeit as a first step towards the description of graphite. 

Graphene continued to be a topic of interest for theoretical researchers in 

the 1980s as a condensed matter analogue of (2 + 1)D quantum 

electrodynamics.38–40 Graphene was assumed to be unstable in its free-

standing form. In hindsight, experimental indication of the existence of 

graphene can be dated back as early as 1962.41–43 However, in 2004 

Novoselov, Geim et al. produced graphene by mechanical exfoliation from 

graphite44 and thus made it accessible to a wide range of experiments. For 

their groundbreaking experiments Geim and Novoselov were awarded the 

Nobel Prize in Physics 2010.45 Graphene has since been found to exhibit 

good thermal conductivity,46  high intrinsic stiffness,47 and exceptional 

electronic properties,48–52 making it a strong candidate for a wide variety 

of future applications.53 

In summary, rising difficulties in conventional lithography enable 

the emergence of fundamentally different approaches to building electronic 

devices. Utilizing the self-assembly of molecular building blocks on 

promising materials such as graphene constitutes such novel approach, 

while scanning tunneling microscopy is highly suitable to study it. 
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1.2 Thesis Outline 

In this thesis, we studied the self-assembly of organic molecules on 

metal surfaces and on graphene. The motivation was twofold. On the one 

hand, we studied the fundamental driving mechanisms of self-assembly 

(Chapter 4) and the subtle role of the graphene substrate on 2D molecular 

self-assembly (Chapter 5). On the other hand, we investigated model 

systems for electronic applications by studying the charge transfer between 

molecules (Chapter 6) and the band structure of graphene after adsorption 

of organic molecules (Chapter 7). We used scanning tunneling microscopy 

(STM) to study the self-assembled structure on the nanometer scale. LEED 

gave complementary structural information on the large scale. X-ray 

photoelectron spectroscopy (XPS) was used to probe changes of the 

chemical environment of the adsorbed molecules. By means of scanning 

tunneling spectroscopy (STS) we studied the electronic properties of our 

samples on the nanometer scale, while ultraviolet photoelectron 

spectroscopy (UPS) and angle-resolved photoelectron spectroscopy 

(ARPES) revealed changes to the electronic structures on the large scale. 

Chapter 2 gives an overview of the above-mentioned experimental 

techniques deployed during the course of this thesis. We present the 

functional principle as well as a theoretical description of each technique. 

We also give a short reasoning as to why all of our experiments were carried 

out in ultra-high vacuum (UHV). 

Chapter 3 starts with a short introduction of the basic principles 

of molecular self-assembly on surfaces. We then discuss the fundamentals 

of graphene, especially the theoretical description of its electronic structure. 
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We conclude the chapter with a review of up-to-date research of molecular 

self-assembly on graphene. 

Chapter 4 reports on the self-assembly of a conformational flexible 

compound on Au(111) using STM and LEED. Upon adsorption, we 

observed one self-assembled arrangement in which different conformations 

of our compound coexisted. Annealing this sample left the conformational 

diversity intact while increasing the long-range order of the arrangement. 

Increasing the lateral pressure on the self-assembly by means of molecular 

coverage resulted in the emergence of a second, coexisting arrangement. 

We therefore established a coverage-controlled transition from a 

monomorphic system with only one molecular arrangement into a 

polymorphic system with two coexisting arrangements. 

Chapter 5 focusses on the self-assembly of a linear molecule on 

graphite and graphene on Cu(111). We studied the structural and 

electronic properties using STM, STS, and LEED. The molecules 

assembled into a close-packed structure with a peculiar feature – a shift of 

every fourth or fifth molecule. This shift was not reported for the same 

molecule on metal substrates or for comparable molecules in the crystal. 

This indicates that the observed shift is per se a unique feature of this 

molecule on graphitic substrates. 

Chapter 6 discusses the interaction of an electron-donating and an 

electron-accepting molecule on Ag(111). The molecules were studied using 

STM, STS, LEED, XPS, UPS, and ARPES. We observed well-ordered 

structures in the homomolecular layer. In the mixed layer, the 

complementary nature of the two molecules also facilitated a well-ordered 
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structure with a 1:1 ratio of electron donating and accepting molecule. 

Probing the electronic states, we found clear changes upon intermixing the 

two species. Most notably, we observed a hybridization leading to an 

unoccupied state that showed homogeneous spatial distribution across both 

molecules. Our system represents a compelling candidate for organic 

electronics based on self-assembly of charge-transfer-complexes. 

Chapter 7 presents the results of two similar molecules on graphene 

on Ir(111). We studied the coverage-dependent evolution of the 

supramolecular structure using STM and LEED. When probing the 

electronic structure of graphene using ARPES, we found a shift of the 

Dirac point towards higher binding energies. Additionally, the adsorption 

of one of the molecules also induced a significant band gap opening – a 

crucial prerequisite for a potential utilization of graphene in field-effect 

transistors. Our system hence suggests the  feasibility of graphene based 

organic electronic devices. 
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2 Experimental Techniques 

This chapter serves as an introduction to the experimental 

techniques that have been employed in the course of this thesis. We will 

start by giving a description of scanning tunneling microscopy (STM), as 

it has been the main tool in all experimental chapters to gain insight on 

samples on the nanometer scale. Scanning tunneling spectroscopy (STS) 

has been used to probe local electronic structures. Large-scale structural 

information of our sample was acquired with low-energy electron diffraction 

(LEED). We also used photoelectron spectroscopy (PES) to further our 

understanding of our samples. X-ray photoelectron spectroscopy (XPS) 

was used to probe changes in the chemical environment of adsorbents, 

while ultraviolet photoelectron spectroscopy (UPS) and angle-resolved 

photoelectron spectroscopy (ARPES) revealed changes to the electronic 

structures of our samples. Lastly, we give a short reasoning as to why all 

our experiments had to be carried out in ultra-high vacuum (UHV) 

environments.  

 



2.1 Scanning Tunneling Microscopy    

 

14 

2.1 Scanning Tunneling Microscopy 

2.1.1 Functional Principle 

The invention of the STM in 1981 opened up the opportunity to 

probe a sample on the atomic scale.1 A probe is scanned across a surface 

line by line, generating a two-dimensional grid of data points. These data 

points are color-coded and plotted in dependence of their position, creating 

a STM image. 

Fig. 2.1 shows a schematic of a scanning tunneling microscope. A 

tip representing the aforementioned probe is brought within a few Å of a 

sample. A bias voltage Vbias is then applied between tip and sample, 

Fig. 2.1: Schematic of a scanning tunneling microscope in constant current mode. 
A tip and a sample are in close proximity of a few Å. When a bias voltage Vbias is 
applied between the two, a tunneling current It flows (red arrow). It is monitored 
while a piezo actuator moves the tip across the sample (dotted, red lines). Should 
It deviate from a set reference value, the control electronics adjust the tip-sample 
distance accordingly. The displayed image represents the z-position of the tip 
across the measured section of the sample. 
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allowing electrons to tunnel between them. As a result, a tunneling current 

It (red arrow) flows, which is proportional to the tip-sample distance. A 

piezo actuator moves the tip across the sample line by line in x- and y-

direction (dotted, red lines). At each point, It is measured and compared 

to a reference value by the measurement and control electronics. If It 

changes, e.g., due to a step edge on the surface, the tip is moved in z-

direction until It and the reference value coincide again. The z-positions of 

the tip at each measured point are combined into an image.  

The previous paragraph describes the so-called “constant current 

mode” of STM, as the tunneling current It is kept constant while the 

z-position is changed. Alternatively, the z-position can be kept constant 

while the changing current It is recorded. This mode is called “constant 

height mode”. 

2.1.2 Theoretical Description 

STM is based on the quantum mechanical phenomenon of 

electrons tunneling between the tip and the sample when they are in close 

proximity. In the following, we will illustrate several theoretical descriptions 

of tunneling, starting with the fundamental one-dimensional, rectangular 

potential barrier. 

Quantum Tunneling 

The most fundamental description of quantum tunneling is the 

one-dimensional, rectangular potential barrier (Fig. 2.2a). An electron 

approaches a barrier with height ϕ and width d from the left. The energy 

of the electron shall be E < ϕ. The electron is quantum mechanically 
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described as a wave function ψ. Its probability density |ψ|2 expresses the 

probability to find the electron at a given place at a given time. In classical 

physics, the electron would be reflected at the barrier. In quantum 

mechanics, ψ can overcome the barrier and is described by the stationary 

Schrödinger equation 

 ℋψ(x) = �- ħ
2me

∂2

∂x2  + ϕ(x)� ψ(x) = Eψ(x) (1) 
where ℋ  is the one-dimensional Hamiltonian, ħ  the reduced Planck 

constant, me the electron rest mass, and E the total energy of the system.  

The one-dimensional, rectangular potential barrier is well described 

and solved in most suitable textbooks.2–4 Hence, we will only briefly outline 

the results. In Fig. 2.2a, we are able to distinguish three areas (labelled 

Fig. 2.2: Two representations of quantum tunneling. (a) The fundamental case of 
a one-dimensional, rectangular potential barrier with width d and height ϕ. We 
can distinguish three parts: (I) An incoming wave function ψ with energy E < ϕ
is partly reflected and partly transmitted at the barrier. (II) Within the barrier, ψ
decays exponentially until it continues with lower amplitude in (III). (b) Barrier 
between two metal electrodes according to Simmons.5 A bias voltage Vbias results 
in an offset of the Fermi levels between the two electrodes. For low bias voltages 
Vbias ≃ 0 V, the tunneling barrier ϕ takes on the shown symmetric shape with ϕ�
being the mean barrier height. 
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I-III). The incoming wave ψ moves from the left and arrives at the barrier 

at x = 0 where it is partly reflected. Hence, in I the incoming and reflected 

wave are superimposed. Inside the barrier (II), ψ travels further while 

exponentially decreasing with x. Behind the barrier (III), ψ continues with 

lower amplitude and thus lower probability density. As a result of the 

tunneling through the barrier, we can establish a tunneling current It that 

is dependent on the width of the barrier d as: 

 It ∝ exp[-2kd],     k=�2me(ϕ-E)
ħ2  (2) 

where k is the reciprocal decay length within the barrier. 

In STM, the tip and sample can be pictured as two metallic 

electrodes which are separated by an insulator, i.e., vacuum (Fig. 2.2b). 

When applying a voltage bias Vbias between the two electrodes, tunneling 

can occur. Simmons theoretically described such a system and calculated 

the net current density J from one electrode into the other at low 

temperatures and for different magnitudes of Vbias.5 For low voltages 

Vbias ≃ 0 V, the potential barrier ϕ adopts a symmetrical shape as shown 

in Fig. 2.2b. For this case, the net current density yields: 

 J = e2

4π2ħ
ϰVbias

Δs
exp[-2ϰΔs],     ϰ=�2meϕ�

ħ2  (3) 
where e is the elementary charge, Δs the width of the barrier ϕ at the 

Fermi level EF
1  of electrode 1, and ϰ the reciprocal decay length as a 
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function of the mean barrier height ϕ�. Eq.(3) can also be expressed in 

terms of the conductivity σ of the tunneling barrier: 

 J = σ Vbias

Δs
,     σ= ϰe2

4π2ħ
exp[-2ϰΔs] (4) 

In Eq.(4) J is a linear function of Vbias, hence the tunneling as 

described shows ohmic behavior. Furthermore similar to Eq.(2), the 

conductivity is an exponential function of Δs, i.e., the distance between 

the electrodes. For a realistic value for the barrier height of ϕ� = 4 eV, the 

reciprocal decay length is ϰ = 1 Å-1. As a result, J is highly sensitive to 

small changes in the distance between the two electrodes, i.e., variation of 

1 Å changes the tunneling current by one order of magnitude. 

Tunneling with a Tip 

So far, we described tunneling without regarding the non-trivial 

geometry of the tip. In 1983, Tersoff and Hamann were the first to report 

a quantitative theory of tunneling in STM taking the shape of the tip into 

account.6 By making certain assumption, the authors were able to 

principally explain the lateral resolution of STM. By applying their theory 

to the Au(110) surface, Tersoff and Hamann found a good agreement with 

experimental results by Binnig et al.7 Tersoff and Hamann further 

elaborated their description in 1985.8 
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Fig. 2.3a shows the tip-sample geometry assumed by Tersoff and 

Hamann. At its apex, the tip is modeled as a sphere with radius R and 

center r0 and in distance d to the sample. Let the wave functions Ψμ and 

Ψν represent the many-particle states of the tip (index μ) and sample 

(index ν) with the energies Eμ and Eν in absence of tunneling. The 

tunneling current It can then be expressed as: 

 It = 2π
ħ

∑ f�Eμ�μν [1 - f(Eν + eVbias)] �Mμν�2δ�Eμ - Eν� (5)  f(E) = �exp �(E - EF)
kBT

�  + 1�-1 (6) 
with f(E) being the Fermi-Dirac distribution for the energy E, kB the 

Boltzmann constant, and Mμν the tunneling matrix element between Ψμ 

Fig. 2.3: Schematic of tunneling with a tip. (a) Tunneling geometry according to 
Tersoff and Hamann.6 The tip apex is a sphere with radius R and center r0. The 

tip-sample distance is d. dS marks an arbitrary integration area between tip and 
sample. (b) Tip in constant current mode according to Rohrer.10 The tip follows 
the contour of the local density of states of the surface in order to keep It constant. 
In area I, tip and sample shall be in an arbitrary distance. In area II, the density 
of states of the sample is locally increased, yielding a higher It. As a result, the tip 
retracts. In area III, a topological feature also results in a retraction of the tip. 
Area II and III are in STM principally indistinguishable. 
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and Ψν. Eq.(5) is symmetric in μ and ν, illustrating that tunneling can 

occur in both directions. The Fermi-Dirac distribution ensures that 

tunneling can only occur from occupied into unoccupied states. It should 

be noted that energy loss is not accounted for in Eq.(5), i.e., tunneling is 

here described as an elastic process. 

For small voltages and temperatures Eq.(5) becomes: 

 It = 2π
ħ

e2Vbias ∑ �Mμν�2μν δ(Eν - EF)δ�Eμ - EF� (7) 
where EF is the Fermi level and δ the Dirac delta function. 

Using Bardeen’s analytical solution for the tunneling current flow 

between two planar metals separated by an insulating layer,9 we can 

express the matrix element as: 

 Mμν = - ħ2

2�e
∫ dS �Ψμ

*∇Ψν - Ψν
*∇Ψμ� (8) 

with dS being an arbitrary surface between tip and sample (Fig. 2.3a).  

To advance further, the treatment of the tip is simplified by 

neglecting any angular dependency of Ψμ and approximating Ψμ as having 

an asymptotic spherical form, i.e., being a s-wave function. If we 

furthermore assume equality of the work functions of tip and sample 

(φtip = φsample = φ), Mμν  can be evaluated and the tunneling current 

becomes: 

 It = 32π3e2

ħ
VbiasφDμ(EF)

R2

κ2 exp[2κR] ∑ |Ψν(r0)|2ν δ(Eν - EF) (9) 
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 κ = �2meφ
ħ2  (10) 

where Dμ(EF) is the density of states (DOS) per unit volume of the tip at 

Fermi level, and κ the reciprocal decay length that here depends on the 

work function φ of tip and sample. Note, that Eq.(9) only includes 

undistorted wave functions of the surface. 

 We can identify the sum in Eq.(9) as the local density of states 

(LDOS) of the surface ρν at tip position r0 and Fermi level EF: 

 ρν(r0,EF) ≡ ∑ |Ψν(r0)|2ν δ(Eν - EF) (11) 
so that for a conducting tip and sample, Eq.(9) can be written as: 

 It ∝ VbiasDμ(EF)ρν(r0,EF)exp[-2κd] (12) 
Eq.(12) shows that for a flat DOS of the tip, i.e., Dμ = const, STM 

probes the LDOS of the sample. Hence for STM running in constant 

current mode, the tip follows the contour of constant ρν which notably can 

deviate from the actual topography (Fig. 2.3b).10 Furthermore, since Ψν is 

described as Bloch waves decaying exponentially into vacuum, It also 

decays exponentially with the tip-sample distance d. 

Tersoff and Hamann also approximated the effective lateral 

resolution δx in dependence of R and d as: 

 δx = �2
κ

(R + d) (13) 



2.1 Scanning Tunneling Microscopy    

 

22 

which for 2κ-1 ≃ 1.6 Å, d ≃ 6 Å, and R ≃ 9 Å, as assumed by Tersoff and 

Hamann, yields a resolution of approximately 5 Å. 

The description of Tersoff and Hamann is limited by the 

assumptions made. Bardeen’s expression for Mμν  is only valid in the 

absence of mutual interaction between tip and sample. The assumption of 

small voltages in the meV regime is often invalid, as bias voltages in the 

regime of 1 V are commonly used. Furthermore, it is common to cover the 

tip with adatoms and molecules.11–14 In such case, the assumption of a 

constant DOS of the tip might not be applicable. Lastly, the approximated 

lateral resolution δx is too low to explain atomic resolution observed on 

metal surfaces. This is due to the assumption of a s-orbital for the tip wave 

function. The better lateral resolution was explained once Chen advanced 

the theory by introducing spatially more localized pz and dz2 orbitals to 

represent the tunneling tip.15  

2.1.3 Scanning Tunneling Spectroscopy 

According to Eq.(12) the tunneling current It depends on the LDOS 

around EF for small bias voltages. Hence, by varying Vbias in a certain 

interval ΔVbias around EF while keeping the tip-sample distance d constant, 

we can tune the number of electronic states of the sample that contribute 

to It. Only states that are within the energy interval ΔE = eΔVbias will be 

involved in the tunneling process. Hence by performing STS, we are able 

to locally probe the unoccupied and occupied states of the sample around 

EF. Electrons in the highest-lying state within ΔE contribute most strongly 

to It because their transmission probability is the highest.16 An important 
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consequence is that low-lying occupied orbitals of adsorbates on metal 

surfaces are difficult to probe in STS. 

Information of the LDOS are included in It-Vbias spectra and can 

be highlighted by deriving dI/dV spectra. However, Feenstra et al. showed 

that the normalized differential conductance (dI/dV)/(I/V) is almost 

independent of tip-sample separation.17 As a result, (dI/dV)/(I/V)-Vbias 

spectra have the closest resemblance to the LDOS of the sample.  

For the understanding of STS spectra it is crucial to note that 

features in STS cannot only be a result of sample states but also tip 

states.16 Furthermore in contrast to (inverse) photoemission spectroscopy, 

STS can only probe states that extend into the vacuum and overlap with 

the tip. 

2.2 Low-Energy Electron Diffraction  

2.2.1 Functional Principle 

Analyzing particles or waves scattered by a crystal gives insight 

into its structure. Low-energy electrons were used for the first time in such 

an experiment by Davisson and Germer in 1927.18 Low-energy electrons 

are especially suitable to study the surface due to two reasons. Firstly, with 

typical energies around E = 30 - 200 eV, the de Broglie wavelength of 

these electrons is around λ = h(2meE)−2 ≈ 1 - 2 Å, i.e., λ is in the order of 

interatomic distances. Secondly, the inelastic mean free path of these 

electrons is small, rendering this technique very surface sensitive. A 

schematic of a four-grid experimental setup is shown in Fig. 2.4a.19 
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Electrons are generated with a filament held at voltage -V, which is in the 

order of eV. As the sample is grounded, the electrons are then accelerated 

towards it. A Wehnelt cylinder and an array of lenses aid in focusing the 

beam. The beam travels through a hole in a fluorescent screen and four 

grids, which face the sample in a hemispherical geometry. When impinging 

on the sample, elastically and inelastically scattered electrons from the 

sample propagate freely into the space, since the first grid is grounded. By 

Fig. 2.4: LEED experimental setup and corresponding Ewald construction. (a) A 
schematic of a four-grid LEED setup. A filament held at negative voltage -V
generates electrons (solid, red arrow) which are accelerated toward a grounded 
sample through a Wehnelt cylinder and lenses. Scattered electrons (dashed, red 
arrow) move through a set of four grids (dashed, black lines) towards a fluorescent 
screen. A suppressor voltage -(V - dV) filters inelastically scattered electrons. (b) 
Ewald construction for diffraction on a surface. The incidence wave vector k0

terminates at a reciprocal lattice rod, generating the Ewald sphere. Wherever rods 
and sphere intercept, a scattered wave vector k is defined. The difference between 
the components of both vectors parallel to the surface yields the 2D reciprocal 
lattice vector Gh,k . Based on Oura et al. 19 
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applying a voltage -(V - dV) in the magnitude of the acceleration voltage 

between the second and the third grid, inelastically scattered electrons can 

be suppressed. The fourth grid screens the other grids and the sample from 

the field applied at the fluorescent screen. The screen itself is biased in the 

order of +kV, hence any electrons passing the suppressing grids are 

accelerated towards the screen, where the diffraction patterns can be 

observed. 

2.2.2 Theoretical Description 

Spots in the diffraction pattern are visible, if the difference between 

the scattered wave vector k and the incidence wave vector k0 equates to 

the reciprocal lattice vector Gh,k,l: 

 k - k0 = Gh,k,l (14) 
which becomes in case of 2D surfaces: 

 k|| - k0
|| = Gh,k (15) 

due to the missing third dimension. Here, k|| and k0
|| are the wave vectors 

k and k0 projected parallel to the surface. Correspondingly, Gh,k is the 

reciprocal lattice vector Gh,k,l projected parallel onto the surface. 

The restriction of one dimension (dz → 0) also means that the 

reciprocal lattice points of a bulk become rods at the surface. This is 

depicted in Fig. 4b. The reciprocal lattice rods are perpendicular to the 
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surface. The radius of the Ewald sphere is determined by k0 pointing 

towards one rod. Any intercept between a rod and the sphere defines a 

scattered wave vector k, which will lead to a visible diffraction spot. The 

geometry of the resulting diffraction patterns gives information about the 

real space 2D lattice of the surface and its adsorbates. Additionally, the 

shape and intensity profile of diffraction spots are modified by surface 

defects.20 

2.3 Photoelectron Spectroscopy 

2.3.1 Functional Principle 

According to the photoelectric effect, observed 1887 by Hertz21 and 

explained 1905 by Einstein,22 when shining light of suitable energy onto a 

surface, photons may transfer their energy to atomic orbital electrons, 

resulting in electron emission. These emitted electrons carry a wide range 

of information, e.g., about the quality and relative quantity of the 

elemental surface composition or about the molecular environment of 

elements.23 Depending on the wavelength of the incoming photons, one 

commonly distinguished between XPS and UPS. The photons can be 

generated in lab-based light sources by accelerating high-energy electrons 

onto anodes or using gas discharge lamps. Examples are Al Kα anodes 

which yield X-rays with hν = 1486.6 eV or HeI discharge lamps which 

result in UV radiation with hν = 21.2 eV. Alternatively, experiments can 

be performed with synchrotron-based radiation. The important advantage 

of synchrotron-based radiation is its highly polarized high photon flux that 

can be tuned across a wide spectral range (visible to X-ray).19 
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A typical PES setup is shown in Fig. 2.5a.19 A light source produces 

photons that impinge on a sample, from where electrons are subsequently 

emitted. Through a lens setup the electrons are led into an electrostatic 

hemispherical analyzer. By applying a bias between its inner and outer 

hemisphere, the analyzer splits up the electron beam according to their 

energy. A multi-channel plate situated at the end of the analyzer counts 

the number of electrons for each energy. 

2.3.2 Theoretical Description 

The energy level diagram in Fig. 2.5b visualizes the relation 

between the initial energy of the electron Ei in a conducting sample and 

Fig. 2.5: Experimental setup and energy level diagram of PES. (a) Schematic of a 
PES setup. Coming from a light source, photons with an energy hν (solid, red 
arrow) irradiate a sample. The subsequently emitted electrons (dashed, red arrow) 
travel through a lens setup into a hemispherical analyzer. Due to an applied bias 
potential in the analyzer, the electrons spread out according to their energy. The 
electrons are finally detected with a multi-channel plate. (b) The relation between 
measured kinetic energy Ekin and initial energy of the electron Ei is shown in the 
energy level diagram. By electrical contact, the Fermi level EF is the same for 
sample and analyzer. However the vacuum barrier Ev is shifted due to the different 
work functions of the sample φs and the analyzer φa. E’kin is the kinetic energy of 
the electron with respect to the sample. Based on references 19 (a) and 23 (b). 
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the kinetic energy Ekin measured at the analyzer.23 While separated by 

vacuum, sample and analyzer are in electrical contact, i.e., their Fermi 

levels EF are at the same energy. In the sample, the photon transfers its 

energy hν to an electron with the initial energy Ei. The electron is lifted 

past the vacuum barrier Ev and has the kinetic energy: 

 Ekin
'  = hν - EB = hν - (EF - Ei) (16) 

Eq. (16) can also be expressed in terms of the analyzer: 

 Ekin
'  = Ekin + φa = Ekin + (Ev - EF) (17) 

where φa is the work function of the analyzer. Note that φa generally 

deviates from the work function of the sample φs . 

By comparing Eq. (16) and Eq. (17), the measured kinetic energy 

Ekin becomes: 

 Ekin = hν - EB - φa (18) 
Since the photon energy is given by the light source and the work function 

is determined by the analyzer, the binding energy in Eq. (18) can be directly 

inferred from the measured kinetic energy of the electrons. 
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2.3.3 Angle-Resolved Photoemission Spectroscopy 

During the photoelectric effect, not only the energy is conserved, 

but also the in-plane momentum k||: 

 k||
ex= k||

in + Gh,k (19) 
where the superscript ex (external) refers to the free electron that already 

escaped the bulk and the superscript in (internal) describes the electron in 

the bulk (Fig. 2.6a).24 Gh,k is again the reciprocal lattice vector of the 

surface. Note that the perpendicular component of the momentum k⊥ is 
not preserved. 

The in-plane momentum k||
ex  can be expressed in terms of its 

components on the surface kxex and kyex. Their moduli in terms of the polar 

angle θ and azimuthal angle ϕ ((Fig. 2.6b) are given as: 

Fig. 2.6: Geometry of ARPES experiments. (a) The in-plane momentum k|| of a 
photoelectron is conserved upon leaving the sample. (b) The emission direction of 
the photoelectron can be expressed in terms of the polar angle θ and azimuthal 
angle ϕ. 
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 kx = 1
ħ
 �2meEkin  sin θ cos ϕ (20) 

 ky = 1
ħ
 �2meEkin  sin θ  sin ϕ (21) 

Together with Eq. (18) and Eq. (19) it is now possible to deduce 

an electron dispersion relation EB(k||
in), i.e., a relation between the binding 

energy and the momentum of a photoelectron inside the sample, using Ekin 

and k||
ex of the photoelectron in vacuum. As both of these quantities are 

measurable, ARPES allows for a direct probing of the occupied states of 

the band structure of solids.25 

2.4 Ultra-High Vacuum (UHV) System 

As we perform experiments to unravel interactions and properties 

of adsorbates on surfaces, it is imperative to have well-defined and clean 

surfaces. This is hard to achieve at ambient pressure, since a monolayer of 

arbitrary particles adsorbs on the surfaces effectively instantaneously. If 

experiments are to be performed at low temperatures, the sample acts as 

cooling trap, thus amplifying this problem. Therefore, it is often mandatory 

to operate in an ultra-high vacuum (UHV) environment, where pressures 

range from 10-9 mbar to 10-12 mbar. These conditions allow the sample to 

be reasonably clean for hours or even days. For a detailed description of 

how to achieve, maintain, and operate a UHV system, the reader is referred 

to further literature.26 
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3 Fundamentals of Molecular Self-Assembly on 

Surfaces 

We will begin this chapter by shortly discussing the fundamental 

mechanisms of molecular self-assembly on surfaces. We then present 

graphene, as it has been used as a substrate throughout half of this thesis. 

We close this chapter with a review of molecular-self-assembly on graphene 

adapted from our previous publication.1 

3.1 Basic Principles of Molecular Self-Assembly 

On the surface, several factors determine the behavior of molecules 

with regard to self-assembly. We will describe them following the outlines 

given by the reviews of Barth2 and Kühnle3. 

For molecular self-assembly to take place, a surface is exposed to 

a beam of molecules (Fig. 3.1a). If the kinetic energy Ekin of the molecules 

on the surface is lower than the binding energy Ebind between surface and 

molecule, the molecule will remain on the surface (Fig. 3.1b). In order for 

the molecule to migrate on the surface through rotation and diffusion, Ekin 

must exceed the rotation and diffusion barriers Erot and Ediff (Fig. 3.1c and 

d). Furthermore, the intermolecular interaction Einter (Fig. 3.1e) must be 

stronger than Ekin for any self-assembled network to form. In case of Ekin 

being bigger than Ebind, the molecule is able to desorb from the surface 

(Fig. 3.1f). In summary, the energetic condition for successful molecular 
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self-assembly reads Ebind, Einter > Ekin > Erot,diff. where the relation of Ebind 

and Einter can vary from case to case. It should be noted, that self-assembly 

requires the surface to be exposed to a low flux of molecules. In this case, 

high diffusivity and thermodynamics govern the on-surface behavior and a 

self-assembled structure is formed in thermodynamic equilibrium. On the 

other hand, a high flux of molecules limits diffusion and kinetics is 

subsequently the driving force. Any structure formed under these 

conditions is referred to as self-organized.4 

Carefully choosing or even tailoring the molecules employed onto 

the surface can achieve the desired functionality of the self-assembled 

structure. This is shown in Fig. 3.2a, where a molecule exhibits two distinct 

binding motifs (cyan and green) at four binding sites. Through molecular 

recognition a 2D network is formed. In contrast, by choosing a molecule 

Fig. 3.1: Processes governing self-assembly of molecules on surfaces. (a) A low
flux of molecules is directed onto the surface. (b) The binding energy Ebind dictates 
how strong surface and molecule interact. A molecule migrates on the surface 
through rotation Erot (c) and diffusion Ediff (d). (e) The interaction between 
molecules is characterized by the interaction energy Einter. (f) For very high kinetic 
energy Ekin, the molecule might be able to desorb from the surface. Based on 
Barth2 and Kühnle3. 
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with two distinct binding motifs but only two binding sites, self-assembly 

leads to 1D chains (Fig. 3.2b). The functional principle can be extended 

by using several different, yet complementary, molecules. As stated before, 

the molecular recognition that facilitates self-assembled structures is based 

on noncovalent bonds. These are (exemplary references given): van der 

Waals forces,5–8 hydrogen bonding,9–14 halogen bonding,15–17 electrostatic 

ionic interaction,18–20 and metal-ligand interaction.20–24 Their bond length, 

energy range, and directionality are listed in Table 3.1.25 

Fig. 3.2: Designing self-assembled structures through tailored molecules. (a) A 2D 
network is formed through self-assembly by using a molecule (yellow sphere) with 
two distinct binding motifs at four binding sites (cyan and green rods). (b) By 
choosing a molecule with two distinct binding motifs but only two binding sites, 
a 1D chain is formed. 
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Table 3.1: Energy range, bond length, and character of several noncovalent 
bond types. Based on Barth2 and Metrangolo et al.25 

bond type energy range [eV] bond length [Å] character 

van der Waals 
forces 

≈ 0.02 – 0.1 < 10 nonselective 

hydrogen 
bonding 

≈ 0.05 – 0.7 ≈ 1.5 – 3.5 selective, 
directional 

halogen bonding ≈ 0.05 – 1.9 ≈ 2 – 5 selective, 
directional 

electrostatic ionic 
interaction 

≈ 0.05 – 2.5 long range nonselective 

metal-ligand 
interaction 

≈ 0.5 – 2 ≈ 1.5 – 2.5 selective, 
directional 
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3.2 Graphene 

Graphene is a monolayer of sp2-hybridized carbon atoms packed 

into a flat, 2D lattice. In the following, we will present the elementary 

electronic structure of graphene. For a detailed theoretical description of 

graphene and its properties, the review of Castro Neto et al.26 and the 

textbook of Katsnelson27 are recommended.26–28 

3.2.1 Electronic Structure of Graphene 

The carbon atoms in graphene are ordered in a honeycomb lattice 

with two sublattices A and B (Fig. 3.3a). Three carbon atoms of sublattice 

A surround one atom of sublattice B, and vice versa. The triangular Bravais 

lattice contains two atoms per unit cell. The lattice vectors are: 

 a1 = a
2

�3,√3�     a2 = a
2

�3,-√3� (1) 
where a ≈ 1.42 Å is the nearest neighbor distance of two carbon atoms. 
The three vectors pointing to the nearest neighbor are: 

 δ1 = a
2

�1,√3�     δ2 = a
2

�1,-√3�     δ3 = a
2

(-1,0) (2) 
The reciprocal space with the hexagonal Brillouin zone of graphene 

is shown in Fig. 3.3b. The reciprocal lattice vectors are: 

 b1 = ���� �1,√3�     b2 = ���� �1,-√3� (3) 
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The high-symmetry points K, M, and K’ at the edge of the Brillouin 

zone are of particular interest. Their positions are: 

 K = �2π
3a

, 2π
3√3a

�        M = �2π
3a

,0�      K' = �2π
3a

,- 2π
3√3a

� (4) 
The theoretical description of the band structure of graphene dates 

back to Wallace in 1947.29 Using a tight-binding model that only allows 

Fig. 3.3: Lattice structure, Brillouin zone, and energy spectrum of graphene. (a) 
The honeycomb lattice of graphene. The carbon atoms belong to two sublattices 
labelled A and B. The vectors a1 and a2 (solid, red arrow) generate the unit cell 

including two carbon atoms. δ1,2,3 (dashed, red arrow) point to the nearest 
neighbors of an atom. (b) Corresponding Brillouin zone. The reciprocal lattice 
(dashed, red line) is set up by the vectors b1 and b2 (solid, red arrow). The K and 
K’ point at the edge of the Brillouin zone (solid, black line) are of particular 
interest. (c) The electron energy spectrum of graphene. The shown reciprocal 
space is extended to 1.5 times the Brillouin zone. The π∗ band (blue) touches the 
π band (yellow) at the K and K’ points. Around these Dirac points, the energy 
dispersion is nearly linear. Based on several references.26–28 
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for interaction between π-orbitals of nearest-neighbor carbon atoms, we 

can derive the following Hamiltonian: 

 ℋ = -t ∑ ψ†(k)k h(k)ψ(k) (5) 
 ψ(k) ∶=  (A(k),B(k))T (6) 
where t is the nearest-neighbor hopping parameter. Ab initio calculations 

by Reich et al. give t =2.97 eV.30 The annihilation operator A(k) (B(k)) 

annihilates an electron in sublattice A (B), while its Hermitian conjugate 

A†(k) creates said electron. The Bloch Hamiltonian h takes the form: 

 h(k) = � 0 f(k)
f*(k) 0

� (7) 
 f(k) = -t �exp[-ikxa] + 2exp �ikxa

2
� cos �√3

2
kya��   (8) 

The resulting energy bands derived by diagonalizing h are: 

 E±(k) = ±|f(k)|  
 = ±t�3 + 2 cos�√3kya� + 4 cos �√3ky

a
2
� cos �3kx

a
2
� (9) 

where the plus (minus) sign represents the upper π∗ (lower π ) band. Both 

bands are symmetric around E = 0 as shown in Fig. 3.3c. At the M points 

of the Brillouin zone, both bands have saddle points. At the six high-

symmetry points K and K’, the bands are touching at the Fermi energy 

E = EF. 
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We shall now focus on low energies around the high-symmetry 

points K and K’, by expanding the Hamiltonian around these points. For 

example around K’, we can approximate: 

 f(q) ≈ - 3ta
2

 exp �- 2πi
3

� �qy + iqx� (10) 
where q  = k - K'  is being the momentum vector around K’ with |q|≪�K'�. Eq.(7) then becomes: 

 h(q) = - 3ta
2

� 0 exp �- 2πi
3

� �qy + iqx�
exp �2πi

3
� �qy - iqx� 0

� (11) 
We can exclude the phase 2π/3 by unitary transformation of the basis 

functions, resulting in the effective Hamiltonian and its eigenvalues: 

 h(q) = ħvFq·σ  (12) 
 E±(q) = ±ħvF|q|  (13) 
where vF = 3ta

2ħ
 ≃ 106 m/s  is the Fermi velocity and σ the vector of the 

Pauli matrices. 
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At this point, we shall recall the Dirac Hamiltonian and its 

eigenvalues: 

 ℋDirac  =  c ∑ αipi+βmc2
i  (14) 

 EDirac(p) = ±�p2c2 + m2c4  (15) 
with matrices α and β, speed of light c, and mass m.  

If we compare Eq.(11) and Eq.(14) and identify αi = σi and m = 0, 

we can see that the electrons in graphene are effectively described with a 

2D massless Dirac Hamiltonian where the speed of light c is replaced with 

the Fermi velocity vF. Hence, electrons in pristine graphene are relativistic 

particles with a gapless, linear energy-momentum dispersion around K and 

K’ in contrast to massive particles (Eq.(15)). This leads to new physical 

phenomena, e.g., the anomalous integer quantum Hall effect31,32 or Klein 

tunneling.33–35 

The massless fermionic character of electrons and the associated 

lack of a gap is intrinsic for pristine graphene. However, there are 

mechanisms to alter graphene in such a way that renders the electrons 

“massive” and induces a band gap. The first mechanism relies on breaking 

the sublattice symmetry by introducing different electron densities for the 

A(B) sublattices.36–38 The second one induces Kekulé distortions, i.e., 

modulations of the nearest-neighbor hopping amplitude.39–41 The third one 

enhances the spin-orbit coupling,42–45 while the fourth mechanism uses 

quantum-size effects by reducing the geometry of graphene.46–49 
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3.3 Molecular Self-Assembly on Graphene: The Role of the 

Substrate 

Graphene is a monolayer of sp2-hybridized carbon atoms arranged 

in a two-dimensional honeycomb lattice. Since its successful experimental 

preparation by Novoselov and Geim in 2004,50 graphene has received vast 

scientific interest because of its outstanding mechanical, optical, electronic 

and thermal properties. Due to these properties, graphene holds great 

promise for various future applications.51 

Graphene can be produced in a top-down or bottom-up fashion. 

Top-down methods include most prominently the scotch tape method, and 

liquid-phase exfoliation. All top-down methods have in common that 

individual sheets of graphene are exfoliated from three-dimensional 

graphite. Thereby, large quantities of graphene transferrable to various 

substrates or devices can be produced. In contrast, the bottom-up approach, 

in particular chemical vapor deposition from a carbon precursor, often 

yields higher-quality graphene especially when grown under ultra-high 

vacuum conditions. While this approach requires a catalytically active 

substrate, it is able to produce high-quality graphene with a well-defined 

graphene-substrate interface.  

Molecular self-assembly in general is a process in which molecular 

building blocks spontaneously and without human intervention arrange into 

well-defined ordered structures stabilized by non-covalent interactions. By 

carefully designing the individual molecular building blocks, the assembly 

process may be steered towards the formation of functional superstructures. 
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These supramolecular architectures can exhibit high complexity and bear 

properties not inherent to its building blocks. 

Two main goals drive the research field of molecular self-assembly 

on graphene. The first one addresses the introduction of a band gap into 

the semimetal graphene. The lack of a band gap poses a challenge on the 

road towards graphene-based electronics, as today’s logic-based devices 

require the possibility to deliberately switch the current between on- and 

off-states. By bringing graphene in contact with self-assembled molecular 

structures, its electric properties could be intentionally changed leading to 

a band gap opening. The second reason is of more fundamental scientific 

interest. In the case of molecular self-assembly on (transition) metal 

surfaces, the molecule-substrate interactions can prevail over the 

intermolecular ones, thereby preventing the formation of self-assembled 

structures. In this regard, graphene can act as a buffer layer: on the one 

side facilitating the self-assembly process while on the other side opening 

the possibility to utilize specific molecule-metal interactions, like magnetic 

ones. 

In this chapter, we will highlight recent work on molecular self-

assembly on epitaxial graphene. We would like to acknowledge several 

reviews on molecular self-assembly on graphene.52–60 Most of these reviews 

mainly address aspects beyond self-assembly, such as functionalization, 

devices, or even liquid-phase exfoliation. In contrast, we focus on the 

influence of the substrate, on which graphene was deposited, on molecular 

self-assembly. The molecules that will be discussed are shown in Scheme 

3.1. 
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3.3.1  Phthalocyanines 

Phthalocyanines (Pc) are planar, fully conjugated, macrocyclic 

compounds that can be either unsubstituted (H2Pc, Scheme 3.1a) or have 

their pyrrolic nitrogen atoms bound to a central metal atom. In the latter 

case, they are referred to as metal-phthalocyanines (MPc), where M 

represents a metal ion in the formal +II oxidation state. Pcs are known for 

their strong light absorption in the visible range of the light spectrum and 

thus have since long been the interest of many studies for their usage in 

opto-electronic devices. Due to their high stability, the ease of preparing 

thin films of them via physical vapor deposition, and the possibility to study 

the influence of their central metal atom on the graphene properties, Pcs 

have been one of the first larger organic molecules to be studied in contact 

with graphene.  

Gao and co-workers studied various MPcs on graphene on Ru(0001) 

(g/Ru(0001)). G/Ru(0001) exhibits a moiré pattern which results from the 

Scheme 3.1: Molecular structure of (a) H2-phthalocyanine, (b) TCNQ and F4-
TCNQ, (c) F6-TCNNQ, (d) BTB, (e) TPA, (f) C60, (g) triazine, and (h) PTCDA.

Fig. 3.4: STM images of phthalocyanines on g/Ru(0001). (a) High-resolution 
image of the moiré pattern of g/Ru(0001). The different regions (top, fcc, and 
hcp) are indicated with a triangle, dashed, and solid hexagon, respectively. (b) For 
low coverages, FePcs preferably adsorbed at the fcc sites. For higher coverages, 
(c) H2Pc and (d) NiPc formed Kagome lattices on g/Ru(0001). (a,b) adapted 
with permission from [61]. Copyrighted by the American Physical Society. (c,d)
adapted with permission from [62]. Copyright 2009 American Chemical Society. 
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strong interaction of graphene with the Ru substrate. This leads to a 

structural corrugation and is also apparent in the electronic structure. Fig. 

3.4a shows a high-resolution scanning tunneling microscopy (STM) image 

of the g/Ru(0001) surface taken at 4.5 K. The moiré pattern is clearly 

visible. Due to the lattice mismatch between graphene and Ru(0001), top, 

fcc, and hcp adsorption sites are possible for graphene´s carbon atoms on 

the Ru surface (denoted with a triangle, dashed, and solid hexagon in Fig. 

3.4a, respectively). 

The adsorption of FePc on g/Ru(0001) was studied for different 

molecular coverages.61 The sample was held at room temperature during 

deposition and subsequently cooled down to 4.5 K for STM measurements. 

At low molecular coverages, FePc adsorbed preferably at fcc regions of the 

graphene moiré pattern (Fig. 3.4b). Individual FePc molecules can be 

identified in the STM image by a bright central protrusion, surrounded by 

four lobes. Gradually increasing the molecular coverage resulted in FePcs 

occupying all fcc regions, followed by adsorption at the edges of top 

positions instead of hcp regions. Contrary to these experimental findings, 

calculations of the local work function of g/Ru(0001) before and after 

adsorption of FePc indicated the hcp regions as preferable. The authors 

continued to study the lateral electron density field of g/Ru(0001) which 

was found to exhibit effective lateral electric dipoles. The strength of these 

dipoles is different for the top-fcc and top-hcp direction. Combined with 

the large in-plane polarizability of FePc, this lateral dipole field was 

determined to be dominant for the self-assembly of FePc on g/Ru(0001); 
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i.e., the fcc sites were energetically most favorable for adsorption due to 

the strongest dipole in the top-fcc direction. 

Increasing the FePc coverage to 0.75 monolayer (ML), Gao and 

coworkers found the whole surface covered by a regular hexagonal open 

network.62 In this network, FePcs left the top sites empty. Each molecule 

was found neighboring four other molecules with three molecules forming 

a joint, thereby creating a Kagome lattice. The authors found similar open 

networks with Kagome lattice for H2Pc and NiPc (Fig. 3.4c and d). In a 

further study, the same authors compared the self-assembly of FePc, MnPc, 

NiPc, and H2Pc at low coverages.63 In contrast to the preference of FePc 

for fcc regions, MnPc adsorbed at both fcc and hcp regions, forming 

molecular chains. NiPc and H2Pc were found to be indifferent to fcc or hcp 

regions, yet forming small patches of Kagome lattices. The difference in 

adsorption behavior at low coverages corresponded to a changing balance 

of molecule-substrate and molecule-molecule interactions depending on the 

metal core of the Pc. The authors concluded that the molecule-substrate 

interaction decreased in the sequence FePc > MnPc > NiPc > H2Pc. 

In order to study the influence of the underlying substrate, FePc 

was studied on g/Pt(111).63 Due to the lower interaction with the 

underlying platinum surface, graphene exhibits several moiré patterns. 

However, no influence of the respective moiré pattern on the assembly 

structure was observed: FePc always formed close-packed islands. The 

authors noted that the quasi-free-standing nature of g/Pt(111) led to a 

confinement of the free electrons in the graphene plane due to the 
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sp2 hybridization. This in turn decreased the molecule-substrate interaction, 

yielding to the observed closed-packed assembly. 

Peisert and coworkers came to a similar conclusion when 

comparing the adsorption behavior of CoPc on different substrates with 

photoelectron spectroscopy (PES) and X-ray absorption spectroscopy 

(XAS) measurements.64 For CoPc on Pt(111), they observed a charge 

transfer from the substrate into the Co atom. This charge transfer was 

completely suppressed when introducing a graphene layer between metal 

and molecule. In contrast, CoPc on g/Ni(111) still exhibited a charge 

transfer from Ni(111) into the Co atom. Preventing this charge transfer 

was only accomplished when intercalating gold between Ni(111) and 

graphene since the charge transfer from Ni(111) into graphene was then 

lifted. The charge transfer therefore depended on the underlying metal 

substrate. The authors attributed this to the different degrees of chemical 

interaction between substrate and graphene. 

These results highlight two ways to influence the adsorption 

behavior of Pcs on graphene. On the one hand, the choice of metal inserted 

into the Pc core determined the supramolecular architecture for sub-

monolayer coverages on g/Ru(0001) since the molecule-graphene 

interactions were thereby directly varied. On the other hand, switching to 

another supporting substrate for the graphene allowed for influencing the 

molecule-graphene interactions through adjusting the charge transfer 

between metal substrate and graphene. 
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3.3.2 Tetracyanoquinodimethane and Derivatives 

7,7′,8,8′-tetracyanoquinodimethane (TCNQ) and its derivatives 

(Scheme 3.1b, c) are known for their strong electron accepting properties. 

The charge transfer salt from TCNQ and tetrathiofulvalene has been the 

first purely organic condutor. Since this discovery in 1973, TCNQ has been 

used as a strong electron acceptor in a countless number of studies and 

thus has also been of interest as organic dopant on graphene.  

Miranda and coworkers studied TCNQ on g/Ru(0001).65 The 

sample was kept at room temperature during molecular deposition and 

cooled down to 4.6 K for STM measurements. Similarly to Pc on 

g/Ru(0001), TCNQ adsorbed in the valley regions of the moiré pattern of 

graphen (fcc and hcp sites, see Fig. 3.4a) for coverages of 0.3 ML (Fig. 

3.5a). At 0.6 ML coverage, TCNQ covered the whole surface with 

exception of the top sites, effectively forming a porous network (Fig. 3.5b). 

Only after depositing 1 ML of molecules, TCNQ was found to also adsorb 

on the top sites of the moiré pattern. The g/Ru(0001) surface did not only 

influence the self-assembly of TCNQ, but also affected the charge state as 

revealed by PES measurements. TCNQ adsorbed on the top sites of the 

moiré pattern did not experience a charge transfer; i.e., they remained 

neutral. On the other hand, TCNQ adsorbed in the valley regions were 

negatively charged via charge transfer from the doped g/Ru(0001). 

Scanning tunneling spectroscopy (STS) measurements revealed a magnetic 

moment in charged TCNQ, evident from the Kondo resonance. Uncharged 

TCNQ on the top sites did not exhibit any Kondo feature. In a further 
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study, the authors compared TCNQ and F4-TCNQ on g/Ir(111).66 Ir(111) 

is considered weakly interacting with graphene. Fig. 3.5d shows the 

resulting moiré pattern of g/Ir(111). The inset indicates the hcp and fcc 

Fig. 3.5: Self-assembly of TCNQ and F4-TCNQ on graphene. STM images 
(12 nm x 12 nm) of TCNQ on g/Ru(0001) for (a) 0.3ML, (b) 0.6ML, and (c) 
1ML. For low coverages, TCNQ molecules show a preferential adsorption at 
specific areas of the graphene moiré pattern. (d) STM image of the g/Ir(111) 
moiré pattern (32 nm x 32 nm). Hcp and fcc areas are marked in red and blue, 
respectively (inset, 5 nm x 5nm). (e) TCNQ on g/Ir(111) assembled in a 
closed-packed arrangement (89 nm x 45 nm) and showed a voltage-dependent 
contrast (left inset, -1.5 V; right inset, +1.5 V) (both 7 nm x 7 nm). (f) At 77K, 
the F4-TCNQ molecules adsorbed individually on hcp sites (120 nm x 80 nm) and 
were found rotating (left inset, 18 nm x 18 nm (right inset, 20 nm x 20 nm). (a-c)
adapted with permission from [65]. Copyright 2014 American Chemical Society.
(d-f) adapted with permission from [66]. Copyright 2010 Royal Society of 
Chemistry. 
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region by means of a red and blue triangle, respectively. TCNQ on g/Ir(111) 

showed no adsorption site preference at low coverages and assembled into 

a well-ordered monolayer (Fig. 3.5e).65 This assembly is stabilized by 

attractive electrostatic interactions between the cyano groups and the 

central hydrogen atoms of neighboring TCNQ molecules. In contrast, 

F4-TCNQ molecules assembled individually with molecule-molecule 

distances corresponding to the lattice constant of the moiré pattern (Fig. 

3.5f). STM measurements performed at 77 K showed F4-TCNQ rotating 

(Fig. 3.5f, left inset). The exact adsorption position of F4-TCNQ was found 

to be the hcp areas of the graphene moiré pattern (Fig. 3.5f, right inset). 

The authors assigned this self-assembly behavior to the fluorine 

substituents in F4-TCNQ in comparison to TCNQ. The cyano groups 

together with the fluorine atoms around the central p-quinoid ring 

produced a negative electrostatic potential all around the molecule. 

Therefore, the F4-TCNQ molecules interacted repulsively resulting in the 

non-interacting widely-spaced arrangement of the molecules. 

F4-TCNQ on graphene was also studied theoretically. Briddon and 

coworkers investigated a single F4-TCNQ molecule on graphene in their 

density functional theory (DFT) study.67 They calculated a binding energy 

of 1.26 eV and found F4-TCNQ to be a p-dopant for graphene with 

0.3 electrons transferred from the graphene to the molecule. These findings 

are in line with synchroton-based high-resolution PES data.68 

Combining synchrotron-based PES and XAS measurements with 

first principle calculations, Koch and coworkers studied the influence of the 

underlying graphene substrate on doping of 
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1,3,4,5,7,8-hexafluorotetracyano-naphthoquinodimethane (F6-TCNNQ).69 

F6-TCNNQ was deposited on graphene supported by either copper or 

quartz. The authors found a charge transfer from the graphene to 

F6-TCNNQ in case of g/quartz, resulting in p-doped graphene. In case of 

g/Cu, the graphene was found to be n-doped due electron transfer from 

the Cu substrate. Adsorbing F6-TCNNQ molecules left the graphene doping 

level essentially unchanged while even a charge transfer from the metal 

substrate into F6-TCNNQ through the graphene occurred. 

Similar to what was observed for Pcs, the corrugated g/Ru(0001) 

surface also influenced the self-assembly of TCNQ. In contrast, the moiré 

pattern of g/Pt(111) only showed an influence once the intermolecular 

interactions were lowered by using F4-TCNQ instead of TCNQ. Looking at 

electronic properties, even the strong electron accepting properties of 

F6-TCNNQ were unable to significantly influence graphene when supported 

by Cu. 

3.3.3 Carboxylic Acid Based Molecules 

Both 1,3,5-benzenetribenzoic acid (BTB) and terephthalic acid 

(TPA) (Scheme 3.1d, e) exhibit carboxylic acid end groups which are well-

known to undergo double hydrogen bonding. This can be exploited for the 

formation of extended 2D molecular networks. 

The self-assembly of BTB on g/Cu(111) was compared to the one 

on Cu(111) by Stöhr and coworkers.70 Upon deposition on Cu(111) held 

at room temperature, some BTB molecules were found to be deprotonated; 

i.e., they lost the hydrogen atoms of their carboxyl groups. These 

deprotonated molecules formed a closed-packed network, whereas intact 
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BTB arranged in a porous structure. By annealing the Cu sample to 385 K, 

all BTB molecules were deprotonated and the close-packed network was 

formed exclusively. In contrast, depositing BTB on g/Cu(111) kept at room 

temperature never resulted in deprotonated molecules. Whereas the sample 

exhibited disordered areas after deposition (Fig. 3.6a), annealing to 365 K 

resulted in a nearly defect-free, long-range ordered porous network 

stabilized by double hydrogen bonding between the carboxyl end groups 

(Fig. 3.6b, c). This means that graphene as a buffer layer prevented any 

deprotonation of BTB. Graphene on Cu(111) is polycrystalline; i.e., it 

exhibits many rotational domains. This is evident from the LEED pattern 

shown in Fig. 3.6d that exhibits a ring-like shape for graphene. This ring 

showed increased intensity around the Cu(111) diffraction spots, signaling 

the existence of preferred rotational orientations for g/Cu(111).  

The LEED pattern of the BTB network on g/Cu(111) after 

annealing at 365 K also displayed a ring-like shape (Fig. 3.6e).  Additionally, 

six spots of increased intensity were observed within the ring. These spots 

lie on the principal directions of the Cu(111) substrate. From this the 

authors concluded that the self-assembled BTB network aligned with 

regard to the graphene, which in turn aligned with respect to the principal 

Cu directions. 
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Fig. 3.6: BTB on g/Cu(111). (a) BTB assembled into a porous network next to 
disordered areas after deposition at room temperature (75.5 nm x 75.5 nm). (b) 
After annealing at 365 K, BTB formed a near-defect-free porous network 
(65 nm x 62 nm). (c) High-resolution STM image of the porous network 
(7  nm x 7  nm). (d) LEED pattern of BTB on g/Cu(111) after annealing at 
365  K (E = 70 eV) with the diffraction features due to Cu (blue), graphene (red), 
and the BTB network (green) indicated. (e) Main intensity of the BTB diffraction 
coincides with the principal direction of the Cu substrate (E = 16.6 eV). This 
figure is an unofficial adaptation of an article70 that appeared in an ACS 
publication. ACS has not endorsed the content of this adaptation or the context 
of its use. 
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The smaller TPA molecule has been studied on g/Ni(111) by 

means of  PES, XAS, and DFT.71 XAS spectra for a multilayer of TPA 

suggested an average tilt of the molecule by 45° with respect to the surface 

plane. These data are in agreement with TPA bulk data as well as DFT 

calculations. For monolayer coverage, TPA exhibited a flat adsorption on 

the g/Ni(111) substrate. PES data suggested that TPA, similarly to BTB 

on g/Cu(111), was fully protonated on the surface, independent of 

coverage. Additionally, almost identical binding energies for multi- and 

monolayer coverage implied a weak molecule-substrate interaction. 

For carboxyl-substituted molecules, the catalytic properties of the 

Cu(111) and Ni(111) surfaces resulting in the deprotonation of the 

carboxyl groups could be switched off by inserting a graphene layer 

between metal surface and molecules. Furthermore, the Cu(111) surface 

showed an influence on the rotational orientation of the epitaxial graphene 

which, in turn, was mirrored in the orientation of the self-assembled BTB 

domains. 

3.3.4 Buckminsterfullerene and Triazine 

Buckminsterfullerene (C60) (Scheme 3.1), which resembles a 

football on the nanoscale, was discovered in 1985. It displays excellent 

stability as well as electron accepting properties suggesting its usage in 

organic solar cells and medical applications. 

Guisinger and coworkers studied the interaction between C60 and 

graphene prepared on 6H-SiC(0001).72 The buffer layer for g/SiC arranged 

in a (6√3 x 6√3)R30 (red) superstructure while graphene on SiC exhibited 

a 6 x 6 superstructure (yellow) (Fig. 3.7a). The (6√3 x 6√3)R30 
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superstructure is a dominant reconstruction for g/SiC(0001). The 6 x 6 

superstructure arises due to high-symmetry points of the graphene lattice 

with respect to the SiC, i.e., a graphene carbon atom on top of an atom 

of SiC or a graphene hexagon centered above an atom of SiC.73 The SiC 

surface was not fully covered with graphene, so that the authors were able 

to simultaneously study C60/SiC and C60/g/SiC. C60 directly adsorbed onto 

reconstructed SiC showed intramolecular features and small domain sizes. 

In contrast, C60 adsorbed on g/SiC exhibited a single protrusion in STM 

images and large-scale order in a closed-packed arrangement with a subtle 

superstructure (Fig. 3.7b). In the Fourier analysis (Fig. 3.7b, inset) of a 

large-scale C60/g/SiC area features were found for the C60 nearest neighbor 

distance (cyan dotted ring) and the 6 x 6 structure (yellow), but not for 

the (6√3 x 6√3)R30 structure (red). Fig. 3.7c shows the Fourier filtered 

image of Fig. 3.7b when only taking the features around the ones of the 

6 x 6 structure into account (cyan ring in the inset). Some areas in the 

filtered image aligned with the underlying substrate exhibiting a clear 6 x 6 

structure, while other patches showed disorder. This revealed that C60 

domains experienced the surface corrugation of the g/Sic substrate. 

Additional STS measurements showed an energy gap between the highest 

occupied and lowest unoccupied molecular orbital (HOMO-LUMO gap) 

close to solid C60 indicating a weak molecule-substrate interaction. 
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1,3,5-triazine (Scheme 3.1g) is a heterocycle containing three 

nitrogen atoms. Triazine is a prototypal molecule that has together with 

its derivatives wide commercial use, e.g., in resins, dyes, herbicides, or as 

sulfide removal agents. 

Fig. 3.7: STM images of C60 as well as triazine adsorbed on graphene. (a) 
Graphene grown on SiC exhibits two  types of superstructures: one due to the 
underlying SiC reconstruction (red) and the other due to the graphene overlayer 
(yellow). (b) C60 deposited on g/Sic with primary axes of the C60 domain indicated 
in cyan. In the FFT image (inset), dotted rings mark the C60 nearest neighbor 
distance (cyan), 6 x 6 (yellow), and 6√3 x 6√3 (red) superstructures. (c) Fourier 
filtered image containing only the information marked with cyan rings in the FFT 
inset. A superstructure is visible which matches well with the 6 x 6 substrate 
superstructure. (d)-(f) STM images of triazine on g/Pt(111). The same area is 
shown at different levels of detail. (a: 300 nm x 300 nm; b: 34 nm x 34 nm; 
c: 2.9  nm x 2.9 nm). (a-c) adapted with permission from 72. Copyright 2012 
American Chemical Society. (d-f) adapted with permission from 74. Copyright 2011 
American Chemical Society. 
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The self-assembly and diffusion of triazine was studied on both 

g/Pt(111) and highly oriented pyrolytic graphite (HOPG).74,75 Triazine was 

deposited onto g/Pt(111) held at low temperatures during deposition. 

Fractal shaped islands were found, as shown in Fig. 3.7d,e. A high-

resolution STM image (Fig. 3.7f) revealed flat-lying triazine molecules 

assembled in a rhombic network with lattice constant of 6.25 Å and 

stabilized by C-H ··· N bonds between neighboring molecules. As previously 

mentioned, graphene on Pt(111) can display several moiré patterns. 

However, the arrangement of triazine showed no correlation with the 

underlying moiré pattern. Various depositions of triazine on pristine 

g/Pt(111) held at different temperatures resulted in an increase of island 

size with temperature. From this the authors were able to deduce a value 

of 68 ± 9 meV for the diffusion barrier of triazine on g/Pt(111). A similar 

study was carried out for triazine on HOPG. In that case, the diffusion 

barrier was lower (55 ± 8 meV).75 Therefore, while the self-assembled 

triazine network seemed unaffected by different moiré structures of 

g/Pt(111), the diffusion of triazine was clearly influenced by the metal 

surface. 

Both C60 and triazine are cases for which the substrate, onto which 

graphene was placed, exerted a subtle influence on the molecular self-

assembly properties. While in the case of C60 on g/SiC the self-assembled 

layer showed a super-lattice pattern stemming from the g/SiC substrate, 

the self-assembly structures of triazine on g/Pt(111) showed no 

dependence on the Pt substrate. However, since diffusion was lowered in 
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comparison to HOPG, the underlying Pt(111) surface still influenced the 

triazine dynamics. 

3.3.5 Perylenetetracarboxylic Dianhydride 

Perylenetetracarboxylic dianhydride (PTCDA, Scheme 3.1h) is a 

red dye and an n-type organic semiconductor. It received considerable 

attention in the research community due to its possible usage in 

opto-electronic applications. Nowadays, PTCDA can be seen as the 

prototypical large organic molecule. Submonolayer to multilayer coverages 

of it have been studied on various surfaces (metals, semiconductors, and 

insulators) with almost each possible (surface science) technique. Thus, 

PTCDA has been also one of the first molecules to be investigated on 

graphene. 

Wang and Hersam reported the self-assembly of PTCDA on 

graphene grown on 6H-SiC(0001).76 They deployed room temperature 

STM to study the assembly in the monolayer regime. PTCDA adsorbed 

flat lying and assembled into a herringbone structure (Fig. 3.8a). This 

herringbone assembly was also observed for PTCDA adsorbed on different 

coinage metal surfaces and was found to be stabilized by intermolecular 

C-H ··· O-C bonds. The PTCDA films were observed to grow across step 

edges as well as defects in the underlying substrate. For a coverage of 

1 ML, rotational domains having arbitrary rotations with respect to each 

other were reported. 

Wee and colleagues compared PTCDA adsorbed on g/SiC and 

HOPG using STM operated at 4.7 K and PES.77 On HOPG, PTCDA again 

assembled into a herringbone structure (Fig. 3.8b) consistent with previous 
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reports of PTCDA on HOPG. PTCDA films on g/SiC showed less apparent 

uniformity due to corrugations of the underlying substrate. The growth 

across step edges seen for PTCDA on g/SiC was not observed on HOPG. 

Fig. 3.8: Self-assembly of PTCDA on graphene. (a) STM image of PTCDA 
monolayer on g/SiC. The unit cell together with  molecular structure is shown. 
(b) PTCDA on HOPG (30 nm x 30 nm). Six molecules are overlaid to act as a 
guide to the eye.  Atomic resolution of HOPG is shown in the inset (4 nm x 4 nm). 
(c,d) STM image of PTCDA on g/Pt(111) exhibiting intramolecular resolution. 
DFT calculated HOMO (c, left inset) and LUMO (d, right inset) of free PTCDA 
coincided with the observed features. (e) PTCDA on g/Ru(0001). Holes in the 
molecular adlayer coincide with atop sites of the moiré pattern of graphene. (f) 
Calculated self-assembly of PTCDA on graphene. (a) adapted by permission from 
Macmillan Publishers Ltd: Nature Chemistry76, copyright 2009. (b) adapted with 
permission from 77. Copyright 2009 American Chemical Society. (c,d) adapted 
with permission from 78. Copyright 2014 American Chemical Society. (e) adapted 
from 79, copyright Roos et al, licensee Beilstein-Institut. (f) adapted with 
permission from 80. Copyright 2010 American Chemical Society. 



3.3 Molecular Self-Assembly on Graphene: The Role of the Substrate
    

60 

The authors deployed synchrotron-based PES to study the electronic 

interaction between PTCDA and g/SiC. A weak charge transfer from the 

graphene into the molecule was observed suggesting a weak molecule-

substrate coupling. 

PTCDA on g/Pt(111) has been studied by Gómez-Rodríguez and 

coworkers.78 Just as on the other substrates, PTCDA on g/Pt(111) 

displayed a well-ordered herringbone structure. High-resolution STM 

images revealed distinct, bias-dependent intramolecular features. Fig. 3.8c 

shows the PTCDA assembly at U = -2.3 V and Fig. 3.8d at U = 1.24 V. 

The observed features coincide with the calculated HOMO and LUMO of 

PTCDA in the gas phase (left inset in in Fig. 3.8c and right inset in d). 

The authors also simulated STM images based on DFT calculation for 

PTCDA on g/Pt(111). The features observed in these images corresponded 

with the experimental STM data as well as gas phase calculations, 

suggesting a weak electronic coupling between molecule and substrate. 

Despite the high corrugation of graphene on Ru(0001), PTCDA 

still self-assembled into a herringbone network, as reported by Behm and 

colleagues.79 However, the molecular film presented more defects than on 

the previously mentioned substrates as some top sites of the moiré pattern 

were not covered with a PTCDA molecule creating local voids. 

PTCDA on graphene was theoretically studied by Wang and 

colleagues.80 In their DFT study, PTCDA assembled in the herringbone 

fashion shown in Fig. 3.8f. This structural conformation was virtually 

unaffected by artificially introduced defects like the Stone Wales defect, 

single or double vacancies. Increasing the coverage from mono- to 



3 Fundamentals of Molecular Self-Assembly on Surfaces
   

61 

multilayer revealed a phase transition, which set in when a coverage 

between 2 and 3 MLs was reached. The flat lying surface phase then turned 

into the bulk-like phase. Studying the electronic properties revealed a 

charge transfer into the molecules, leaving the graphene p-doped. 

For the metal substrates so far used for depositing graphene, no 

influence on the self-assembly of PTCDA was observed. PTCDA was 

always found to arrange in the herringbone structure. This marks a 

difference in comparison to the other molecules discussed. It may be 

explained by the strength of the intermolecular interactions between 

PTCDA molecules that is supposedly larger compared to the other 

molecules and thus prevails over the molecule-substrate interactions. 

3.3.6 Conclusion 

In conclusion, we summarized the work on 2D molecular self-

assembly with special attention on the role of the graphene substrate. 

Some supporting surfaces such as Ru(0001) interact so strongly 

with graphene, that effects like significant corrugation occur. The resulting 

g/metal substrate in turn can then easily influence the molecular self-

assembly, as seen for Pcs, TCNQ, and even PTCDA. Other substrates 

interact less with graphene and the molecule-substrate interactions are 

energetically in the range of molecule-molecule interactions. In this case, 

the self-assembly might only be subtly influenced, as for C60/g/SiC and 

BTB/g/Cu(111), or only after reducing the molecule-molecule interaction, 

as seen when replacing TCNQ with F4-TCNQ on g/Ir(111). 

Therefore, in the case of molecular self-assembly on graphene, it is 

not only the graphene layer, which affects the outcome of the self-assembly 
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process, but also – and most likely even more - the substrate onto which 

graphene is placed. The outcome of the self-assembly process is determined 

by the interplay of molecule-substrate and intermolecular interactions. 

That means, when determining the molecule-substrate interactions, it is 

not sufficient to only analyze the molecule-graphene interactions. Instead, 

the full system consisting of molecules, graphene, and metal substrate 

needs to be considered. This is especially important when comparing 

experimental to theoretical data: in cases, for which the calculations did 

not take into account the substrate onto which graphene was deposited 

care should be taken to not draw hasty conclusions. On the one side, 

molecular self-assembly on graphene is more difficult to understand as well 

as predict compared to molecular self-assembly on only one substrate type. 

On the other hand, that offers the opportunity of precisely tuning the 

properties of the sandwich structure molecules/graphene/substrate. For 

example, certain properties, like charge transfer between metal substrate 

and molecules, can be switched off while at the same time magnetic or 

spintronic properties could be switched on. 
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4 Coverage-Controlled Mono- to Polymorphic 

Transition of H-bonded Networks on Au(111) 

We report on the self-assembly of a conformational flexible organic 

compound on Au(111) using scanning tunneling microscopy and low-

energy electron diffraction measurements. We observed different 

conformers of the compound upon adsorption on the reconstructed Au(111) 

surface. Increasing the lateral pressure, i.e., parallel to the surface, by 

means of increasing the molecular coverage revealed a coverage-controlled 

transition from a monomorphic system with only one molecular 

arrangement into a polymorphic system with two coexisting arrangements. 

Our results give insight into the role of substrate-induced conformational 

changes on the formation of polymorphic supramolecular networks. 

4.1 Introduction 

Two-dimensional self-assembly of molecules on surfaces has been 

widely employed to fabricate functional, supramolecular networks in a 

bottom-up fashion.1–3 Steering the self-assembly towards the envisioned 

supramolecular structure is often done through careful selection of the 

functional end groups of the molecular building blocks. However, surface-

confined molecular assemblies can exhibit an energetic equivalence of 

different self-assembled structures leading to the emergence of 

polymorphism, i.e., the simultaneous presence of several self-assembled 

arrangements for the same compound. Transitions between those 

arrangements can be promoted, inter alia, by altering the number of 
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substituents for the molecular compound,4 adsorbing the same compound 

on a different substrate,5,6 providing energy by means of annealing of the 

sample,7,8 varying the molecular coverage,9–12 or a combination of these 

factors.13–15 

In this study, we report on the coverage controlled self-assembly of 

a linear molecule on Au(111). For the formation of well- and long-range 

ordered structures, we deployed molecular recognition based on H-bonding 

between substituted functional groups. H-bonding is commonly used due 

to its directionality, selectivity, and scalability.16,17 The linear molecule 1 

used in our study bears two terminal 2,6-di(acetylamino)pyridyl recognition 

sites linked via a central a 1,4-diethynyl benzene (Scheme 4.1a). Scheme 

4.1b shows conformation A of the recognition site that has been found to 

be energetically preferred in gas phase.18 This so-called donor-acceptor-

donor (DAD) conformation for H-bonding can be involved in triple H-

Scheme 4.1: (a) Chemical structure of 1. A central 1,4-diethynyl benzene connects 

two terminal 2,6-di(acetylamino)pyridyl recognition sites. (b) Confirmation A of
the recognition site which is energetically preferred in gas phase.18 (c) Possible, 
alternative confirmation B of the recognition site. The red arrows indicate the 
bond around which a rotation can take place. 
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bonding with a complementary ligand in ADA conformation. However, 

DADA, ADAD, and ADADA conformers (not shown) are also possible, 

potentially enabling intermolecular quadruple H-bonding.19,20 Scheme 4.1c 

displays another possible conformation B. This conformation is achieved 

by rotation of one acetylamino moiety around the C···NHR bond followed 

by a second rotation around the CO···NHR bond(indicated by red arrows 

in Scheme 4.1c), resulting in a cis conformation of the amidic group. The 

enhanced flexibility of the 2,6-di(acetylamino)pyridyl recognition site has 

previously promoted the successful assembly of various self-assembled 

structures on the surface.21,22 Moreover, compound 1 has been used to 

create mono and trimolecular structures on Ag(111) under ultra-high 

vacuum (UHV) conditions.23,24 At the solid-liquid interface, 1 enabled the 

successful engineering of dicomponent nanopolygons and porous 

networks.25,26 

Herein, we observed conformational changes upon adsorption on 

the Au(111) surface as a result of the conformational flexibility. Moreover, 

the presence of different conformers facilitated the formation of two 

energetically similar arrangements. Intriguingly, no complete conversion 

from one arrangement into the other could be achieved. Instead by 

exclusively controlling the molecular coverage, we were able to turn the 

monomorphic system with only one molecular arrangement into a 

polymorphic system with two coexisting molecular arrangements. The 

observed behavior and arrangements on Au(111) were considerably 

different from earlier reported findings on the self-assembly of the same 
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compound on Ag(111) where different conformational changes were only 

observed after annealing the substrate and polymorphism was absent.23 

4.2 Methods 

Sample Preparation 

We prepared Au(111) by repeated cycles of sputtering with Ar+ 

ions and subsequent annealing at 800 K under UHV conditions. Molecules 

were sublimed at 490 K onto the sample using a Knudsen cell evaporator 

(home-built). During deposition the sample was kept at room temperature 

(RT). Some samples were annealed after molecule deposition, which will 

be explicitly indicated throughout the text. We define one monolayer (ML) 

as the coverage where the substrate is fully covered by molecules in the 

densest possible arrangement. 

STM and LEED Measurements 

We performed our experiments in a UHV system with two 

chambers. The first chamber hosted a low-temperature scanning tunneling 

microscopy (STM) setup (Scienta Omicron GmbH) and had a base 

pressure of <5 x 10-11 mbar. The second chamber had a base pressure of 

<1 x 10-10 mbar and was equipped with a multi-channel plate low-energy 

electron diffraction (MCP-LEED) system (Scienta Omicron GmbH) as well 

as the Knudsen cell evaporator. The samples were at RT for LEED 

measurements, while STM measurements were performed at 77 K. We 

used tips made from mechanically cut Pt/Ir wire to obtain STM images in 

constant current mode. All voltages are given with respect to a grounded 

tip. We processed the STM images using the software WSxM.27 
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4.3 Results and Discussion 

Molecular Arrangements of 1 on Au(111) 

Fig. 4.1a depicts an STM image of the self-assembly of 1 on 

Au(111) for a coverage below 0.5 ML. The sample was measured directly 

after molecule deposition, i.e., without any annealing. We observed no 

long-range order. Molecules arranged into small patches that seemed to 

nucleate at the elbow sites of the Au(111) reconstruction. A high-resolution 

STM image of the same sample (Fig. 4.1b) reveals that molecules in these 

patches assembled only in one kind of arrangement, labeled I. Annealing 

the same sample to 370 K yielded an increased long-range order, i.e., larger 

islands of molecules were present (Fig. 4.1c). Notably, we still observed 

arrangement I exclusively. 

Fig. 4.1d shows an STM image of a sample with coverage close to 

1 ML before annealing. As expected, more molecules were found on the 

sample. We again observed no long-range order. In contrast to the sample 

with low coverage (Fig. 4.1a), we found different arrangements. In addition 

to arrangement I, a high-resolution STM image shows a second 

arrangement, labeled II (Fig. 4.1e). Annealing to 370 K again induced 

long-range order (Fig. 4.1f). Both arrangement I and II coexisted on the 

surface and showed increased island sizes when compared to the 

unannealed sample (Fig. 4.1d). Independently of coverage or temperature, 

the unmodified herringbone pattern of the reconstructed 22 x √3 - Au(111) 

surface28 can be seen through the arrangement.  
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Fig. 4.1: Self-assembly of 1 on Au(111) in dependence of molecular coverage and 

annealing temperature. (a) STM image for a coverage below 0.5 ML
(80 x 80 nm2, -1.5 V, 30 pA). The sample was prepared without annealing after 
deposition at RT. (b) High-resolution STM image (20 x 20 nm2, -0.6 V, 80 pA) 
of the same sample shown in (a). For coverages below 0.5 ML, the molecular 
arrangement I was exclusively present. (c) STM image of the sample shown in 

(a,b) after annealing at 370 K (80 x 80 nm2, 1.2 V, 20 pA). Compared to (a) the 
island size is significantly increased (80 x 80 nm2, 1.2 V, 20 pA). We still only 
observed arrangement I. (d) STM image for close to 1 ML coverage prepared 

without annealing (100 x 100 nm2, 0.4 V, 80 pA). (e) High-resolution STM image 
(40 x 40 nm2, -1.2 V, 20 pA) of the same sample shown in (d). For coverages 
above 0.5 ML, the molecular arrangements I and II were observed. (f) STM image 

of a sample similar to (d,e) after annealing at 370 K (100 x 100 nm2 , 1.0 V, 
20 pA). For both arrangements, the island size increased. 
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Fig. 4.2a shows a high-resolution STM image of arrangement I. 

The rectangular unit cell is drawn in green and a model of one molecule is 

Fig. 4.2: Comparison of the molecular arrangements I and II. (a) High-resolution 

STM image of molecular arrangement I (8 x 8 nm2, 0.1 V, 170 pA). The black 
lines indicate the principal directions of the Au(111) substrate. The unit cell is 
shown in green. A molecular model of 1 is overlaid to guide the eye. (b) Tentative 

structural model of arrangement I. The long unit cell vector aligns with the [1-10] 

direction of the Au(111) substrate. (c) Cartoon of arrangement I. A combination 
of single and double H-bonds (marked yellow and orange, respectively) between 
adjacent molecules stabilizes the molecular overlayer. (d) High-resolution STM 
image of molecular arrangement II (7 x 7 nm2, 0.1 V, 170 pA). The unit cell is 

shown in cyan. (e) Tentative structural model of arrangement II. The unit cell is 

rotated by γ = ±8° with respect to the [1-10] Au direction. (f) Cartoon of 
arrangement II. Besides single and double H-bonds (marked yellow and orange, 
respectively), cyclic trimeric H-bonds involving three molecules (marked pink) 
stabilize the molecular overlayer. 
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overlaid to guide the eye. The principal directions of the Au surface are 

indicated by black lines in Fig. 4.2a. The length of the unit cell vectors are 

a = 5.0 nm, b = 3.0 nm, and the angle is Θ = 90°. The unit cell contains 

six molecules, which results in a molecular density of 0.40 molecules/nm. 

The long axis of the unit cell is furthermore parallel to the [1-10] direction 

of the Au(111) surface as shown in the tentative structural model (Fig. 

4.2b). Fig. 4.2c is a cartoon of the structural model visualizing key 

properties of the molecules in arrangement I. Individual molecules of 1 are 

displayed as black stick figures. A long line represents the diethynyl benzene 

backbone. Two short lines are attached to each side of it and represent 

the di(acetylamino)pyridyl recognition sites. The opening angle between 

these short lines varies, depending on the conformation of the recognition 

site. We observed the conformations A as well as B. Specifically, one 

molecule in the unit cell exhibited both recognition sites in the B 

conformation, three molecules showed a combination of A and B, and the 

Fig. 4.3: High-resolution STM images for different conformations of 1 
(2.4 x 3.0 nm2; 0.1 V , 170 pA ). In arrangement I, the molecules are in 

conformations B+B (a), B+A (b), and A+A (c). In arrangement II, the 

molecules are in conformation A+B (d). 
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other two molecules had both recognition sites in the A conformation. Fig. 

4.3a-c shows a set of high-resolution STM images of the different 

conformations of 1 found in arrangement I. Additionally, we observed the 

molecular backbone bent for three molecules in the unit cell. Similar 

bending has been reported for flexible substituents of porphyrins and is 

facilitated by a slight distortion along the acetylene linkers of 1, i.e., the 

C···C bond angle deviate from the common 180°.29 Arrangement I is 

stabilized by a combination of intermolecular single and double H-bonds 

(marked yellow and orange, respectively). Neighboring molecules, whose 

backbone points in the same direction, are connected via the double H-

bonds, while single H-bonds are found between molecules aligned in 

different directions. 

Fig. 4.2d shows a high-resolution STM image of arrangement II. 

The rhombic unit cell is displayed in cyan and a pair of molecules is overlaid 

to guide the eye. We measured a = b = 4.0 nm for the length of the unit 

cell vectors and an angle of Θ = 120°. The unit cell again contains six 

molecules, leading to a molecular density of 0.44 molecules/nm. The unit 

cell is slightly rotated by γ = ±8° with respect to the [1-10] direction of 

the Au(111) surface (Fig. 4.2e). Fig. 4.2f shows the cartoon of the 

structural model of arrangement II. All six molecules in the unit cell exhibit 

a combination of A and B conformation of their H-bonding recognition 

sites. A high-resolution STM image of this combination of conformations 

is shown in Fig. 4.3d. We did not observe any bending of the molecular 

backbone. Arrangement II is stabilized with a combination of different H-
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bonding motifs. For each molecule, the recognition site in conformation A 

binds to three neighboring molecules in the following fashion: two times 

via double H-bonding (marked orange) and one time via a single H-bond 

(marked yellow). The recognition site in conformation B for each molecule 

also engages in H-bonding with three other molecules. However, it does so 

via one single H-bond (marked yellow) and one cyclic motif (marked pink). 

In the latter motif, three molecules are involved in single H-bonding in a 

cyclic trimeric fashion. A summary of the properties of arrangement I and 

II is shown in Table 3.1. 

Table 4.1: Properties of molecular arrangements I and II. 
 arrangement I arrangement II 

unit cell parameters a = 5.0 nm, 
b = 3.0 nm 
Θ = 90°. 

a = b = 4.0 nm 
Θ = 120° 

# of molecules per unit cell 6 6 

molecular density 0.40 x  nm�2 0.44 x  nm�2 

conformation of recognition 
sites 

B+B (1x) 
A+B (3x) 
A+A (2x) 

A+B (6x) 

bending yes, for three molecules no 

H-bonding motifs singe 
double 

single 
double 

cyclic trimeric 
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We gained complementary insight into the arrangements of 1 on 

Au(111) using LEED. Fig. 4.4a shows a LEED pattern for a sample with 

close to 1 ML  coverage after annealing it at 370 K  for 30 min . We 

observed clear diffraction spots for several orders of diffraction. Fig. 4.4b 

and Fig. 4.4c show the simulated LEED pattern of arrangement I and II, 

respectively. Combining and overlaying these onto the measured LEED 

patter (Fig. 4.4d) results in a good agreement. The LEED data corroborate 

the observations made in STM: (i) arrangement II exhibits indeed a 

rotation of γ = ±8° with respect to the [1-10] Au direction and (ii) the 

good long-range order of the molecular structure after annealing. 

Up to this point, we observed arrangement I exclusively at 

coverages below 0.5 ML, while at higher coverages arrangements I and II 

coexisted. We saw that annealing the sample at 370 K had no influence on 

this polymorphism and only led to increased long-range order. Naturally, 

this raises the question of the influence of further annealing. Annealing 

samples above 400 K lead to a decrease of island size coinciding with an 

Fig. 4.4: LEED pattern for molecular arrangements I and II. (a) LEED pattern for 

a coverage close to 1 ML (11.5 eV). The black lines indicate the principal 
directions of the Au(111) substrate. Simulated LEED pattern of arrangements I 
(b) and II (c). (d) Both simulated patterns combined and overlaid onto (a). 
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increasing amount of disordered structures that follow the herringbone 

reconstruction as well as defective molecules (Fig. 4.5a,b). After annealing 

at 470 K, we observed one-dimensional chains and decorated step edges 

(Fig. 4.5c). We suggest that 1 decomposed at temperatures above 400 K. 

Additional to coverage and annealing, we also studied the influence 

of other sample preparation parameters. We therefore prepared samples 

with molecular deposition rates between 0.1 ML min⁄  and 1 ML min⁄ . 

Furthermore, we varied the cool-down rate of the sample after annealing. 

This was achieved by either cooling the sample down to 77 K immediately 

after annealing or leaving it cooling down to RT first, followed by cooling 

down to 77 K. We found no influence on the individual arrangements or 

Fig. 4.5: Self-assembly of 1 on Au(111) for post-deposition annealing above 370 K. 

(a) STM image (100 x 100 nm2, 1.0 V, 20 pA) of a sample with close to 1 ML
coverage. The sample was annealed at 410 K. The island size decreased and an 
increasing amount of molecules were found in disordered structure that followed 
the herringbone reconstruction of the Au(111) substrate. (b) High-resolution STM 
image (18 x 18 nm2 , 1.0 V, 20 pA) for <0.5 ML coverage. The sample was 
annealed at 400 K . An increasing amount of molecules exhibited defective 
recognition sites (white circles). (c) STM image of the same sample shown in (b) 
after additional annealing at 470 K  ( 60 x 60 nm2 , −1.0 V , 20 pA ). One-
dimensional chains of molecules were observed. 
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their coexistence (Table 4.2) We conclude that the polymorphism of 1 is 

neither kinetically driven nor a result of quenching. 

Discussion 

We will discuss our findings in light of a previous study of 1 on 

Ag(111). In this study, 1 formed a porous network stabilized by double H-

bonding upon deposition on the Ag(111) surface.23 In this network, all 

recognition sites of the molecule were in the energetically preferred A 

conformation. Upon annealing, one amidic group rotated around the 

CO···NHR bond into a cis conformation (Scheme 4.2c), enabling quadruple 

H-bonding per bounding site. This resulted in a second, densely packed 

arrangement. Both arrangements were exclusively present and only 

dependent on the temperature. The results of this study contrasts with the 

behavior of 1 on Au(111) in three aspects: (i) conformation of 1, (ii) 

Table 4.2: Varied parameters and their influence on the molecular 
arrangements.  

 arrangement I arrangement II 

coverage dependency no; visible for all 
coverages 

yes; only observed above 
0.5 ML coverage 

temperature 
dependency 

no no 

deposition rate 
dependency 

no no 

cool-down rate 
dependency 

no no 
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temperature dependence, and (iii) coverage dependence. In the following, 

we will consider each point in more detail. 

In contrast to 1 on Ag(111), we found conformational changes of 

1 already upon adsorption on Au(111). Therefore, the reconstructed 

Au(111) surface seems to be instrumental in facilitating the conformational 

changes of 1. We suggest that any energy penalty associated with the 

conformational change to B is overcome by increased molecule-substrate 

or intermolecular interactions. A similar conformational dependency on the 

underlying substrate has previously been observed for flexible substituents 

of a porphyrin derivative.30 

Temperature can commonly be used to induce conformational 

changes of molecules resulting in a transformation of the molecular 

arrangement.7,8,31 For 1 on Ag(111), the conformational changes caused 

by annealing resulted in a transition from one arrangement to the other.23 

This observation stands in contrast to the observations for 1 on Au(111). 

Annealing our samples only led to increased long-range order followed by 

decomposition of the compound at very elevated temperatures. We did not 

observe any influence of the temperature on either the conformation of 1 

Scheme 4.2: Different conformation of the recognition site of 1. (a) In gas phase 

optimal conformation A. (b) Conformation B found on Au(111) upon adsorption. 

(c) Conformation C found on Ag(111) after annealing the sample. 
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or the formation of arrangements I or II. Attempts to drive one 

arrangement into the other or possibly a different, third arrangement by 

means of temperature were also unsuccessful. We can infer from these 

observations that: (i) The energy barrier between arrangements I and II is 

higher than the energy needed for decomposition. (ii) No third arrangement 

exists that is thermodynamically favored and accessible. 

Coverage has often been reported to promote transitions between 

different structures of a polymorphic system.15,32–34 In cases of flexible 

molecules, this coverage induced transition can go along with a 

conformational change of the molecules.35–37 While no coverage 

dependence has been reported for 1 on Ag(111), increasing the lateral 

pressure by means of molecular coverage was the sole driving factor for 

the polymorphism of 1 on Au(111). Arrangement II emerged for coverages 

above 0.5 ML. In contrast to arrangement I, molecules in arrangement II 

notably did not exhibit any bending. However, all molecules in arrangement 

II featured a conformational change, i.e., exhibited the A+B conformations 

of their recognition sites. While this is certainly associated with an energy 

penalty, arrangement II exhibited an increased density, thus minimizing the 

surface free energy more efficiently than the less dense arrangement I. We 

furthermore were unable to achieve a completely transition from 

arrangement I into arrangement II. Instead, both arrangements coexisted 

above the threshold coverage of 0.5 ML and furthermore grew in a uniform 

fashion until 1 ML was reached, i.e., at all time, arrangement I was 

dominant.  
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4.4 Conclusion 

In conclusion, we studied the self-assembly of a linear molecule 

with conformational flexible H-bonding recognition sites on Au(111). We 

observed conformational changes upon adsorption on the reconstructed 

Au(111) surface. By controlling the coverage, we were able to transition 

from a monomorphic system with only one molecular arrangement into a 

polymorphic system with two coexisting molecular arrangements. The 

polymorphism itself was unaffected by variation of other preparation 

parameters including temperature, making the molecular coverage the sole 

driving force of the mono- to polymorphic transition. These results stand 

in contrast to previous findings for the same molecule on Ag(111). Our 

findings not only illustrate the role of conformational changes in 

polymorphic supramolecular networks, but also showcase how molecules 

with high conformational flexibility can be utilized to achieve different self-

assembly behavior on structurally similar surfaces. 
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5 Comparing the Self-Assembly of Sexiphenyl-

Dicarbonitrile on Graphite and Graphene on 

Cu(111) 

We present a comparative study on the self-assembly of sexiphenyl-

dicarbonitrile on highly oriented pyrolytic graphite and single-layer 

graphene on Cu(111). Despite an overall low molecule-substrate interaction, 

the close-packed structures exhibited a peculiar shift repeating every four 

to five molecules. This shift has hitherto not been reported for similar 

systems and is hence a unique feature induced by the graphitic substrates. 

5.1 Introduction 

Graphene as a 2D material with exceptional properties holds great 

promise in future electronic applications.1,2 Organic molecules can be seen 

as a way to easily and cheaply steer the already outstanding properties of 

graphene. Accordingly, molecular self-assembly on graphene has been 

increasingly studied in the last years.3–6 Up to now, studies almost 

exclusively observed an influence of the substrate on molecular self-

assemblies when the molecules were deployed on strongly corrugated 

graphene substrates such as graphene on Ru(0001).7–9 On substrates where 

the interaction of graphene with the underlying metal substrate is weak, 

e.g., Pt(111), SiC, or Cu(111), the self-assembly was mainly governed by 

intermolecular interactions.10–14  
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Herein, we report on the self-assembly of sexiphenyl-dicarbonitrile 

(NC-Ph6-CN, Scheme 5.1) on highly oriented pyrolytic graphite (HOPG) 

and single-layer graphene on Cu(111). We studied the structural and 

electronic properties of the molecules using scanning tunneling microscopy 

(STM), scanning tunneling spectroscopy (STS), and low energy electron 

diffraction (LEED). Complementary information was obtained from density 

functional theory (DFT) calculations. For NC-Ph6-CN on HOPG, we found 

a close-packed structure where parallel molecules align in rows. A peculiar 

feature was a shift of every fourth molecule. Such a shift has previously 

not been reported for similar molecules on metallic substrates or for the 

bulk crystal.15,16 Upon deposition of NC-Ph6-CN on graphene on Cu(111), 

we found two related close-packed structures. In both structures, the 

parallel molecules again aligned in rows with molecules shifting either every 

fourth or fifth molecule. This indicates that: (i) the observed shift is per se 

a unique feature of NC-Ph6-CN on graphitic substrates and (ii) one layer 

of graphene already suffices to induce it. Furthermore, we could identify 

small but yet distinct differences in the NC-Ph6-CN structures on HOPG 

compared to single-layer graphene on Cu(111) demonstrating that even for 

weakly corrugated graphene substrates the role of the underlying metal 

substrate is not negligible. 

Scheme 5.1: Chemical structure of sexiphenyl-dicarbonitrile (NC-Ph6-CN). 
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5.2 Methods 

Sample Preparation 

We prepared HOPG by cleaving in ambient conditions using 

adhesive tape. A single layer of graphene on Cu(111) was grown ex-situ 

via chemical vapor deposition in a commercial heater (Carbolite). For the 

graphene growth, the Cu(111) crystal was held at 1280 K  in a gas 

atmosphere of 0.1 mbar Ar and 0.5 mbar H2 for 4 h. This was followed by 

additionally introducing 0.5 mbar CH4 for 5 min. Subsequently, the CH4 

inlet was closed and the sample kept at 1280 K for additional 30 min. 

After the ex-situ sample preparation, both substrates were 

introduced into an ultra-high vacuum (UHV) chamber with a base pressure 

of <1 x 10-10 mbar and annealed in-situ for 30 min to ensure clean surfaces. 

The annealing temperatures were 370 K  for HOPG and 720 K  for 

graphene on Cu(111).17 Subsequently, we sublimed the NC-Ph6-CN at a 

temperature of 620 K using a Knudsen cell evaporator (Omnivac). During 

deposition, the sample was held at room temperature (RT). We define a 

monolayer (ML) of molecules as the coverage at which the substrate is 

fully covered by the close-packed structure of NC-Ph6-CN. 

STM and LEED Measurements 

We performed experiments in a two-chamber UHV setup. The first 

chamber was equipped with a low-temperature STM (Scienta Omicron 

GmbH) and had a base pressure <5 x 10-11 mbar. The second chamber 

hosted a MCP-LEED (Scienta Omicron GmbH) and the Knudsen cell 

evaporator. The base pressure of the second chamber was <1 x 10-10 mbar. 
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STM and STS measurements were performed at 5 K for HOPG and 77 K 

for graphene on Cu(111). In contrast, the samples were held at RT for low 

energy electron diffraction (LEED) measurements. STM images were 

obtained in constant current mode using tips made from a mechanically 

cut Pt/Ir wire. The STS data were acquired with a lock-in using a 

frequency of 680 Hz  and a modulation voltage of 10 mV  (rms). All 

voltages are given with respect to a grounded tip. We processed the STM 

images using the software WSxM.18 

Computational Details 

The Amsterdam Density Functional (ADF) program was employed 

for performing DFT calculations for the single NC-Ph6-CN molecule in gas 

phase.19–21 The BAND program was employed for calculations of the NC-

Ph6-CN molecule on graphene.22–26 The numerical integration was 

performed using the procedure developed by Becke et al.27 The triple-x 

with one polarization function (TZP) basis set was used for all calculations. 

The core shells of all elements were treated by the frozen-(large)-core 

approximation.28 For all the calculations of NC-Ph6-CN on graphene the 

PBE-D3 functional29,30 was used and the position of the carbon atoms 

within the graphene layer were kept fixed. All the calculations were 

performed with k-space sampling restricted to the Γ-point. 
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5.3 Results and Discussion 

NC-Ph6-CN on HOPG 

After deposition of a submonolayer coverage of NC-Ph6-CN onto 

HOPG, we performed STM measurements at 5 K. This temperature was 

necessary to restrict molecular movement observed at higher temperatures. 

We found NC-Ph6-CN assembled into a close-packed structure exhibiting 

long-range order with island sizes of several hundred nanometers. However, 

we observed a considerable amount of defects (Fig. 5.1a). An overview 

STM image of NC-Ph6-CN on HOPG is shown in Fig. 5.2a. The molecules 

assembled into parallel rows as indicated by grey lines. A high-resolution 

Fig. 5.1: STM images of the self-assembly of NC-Ph6-CN. (a) Overview STM 
image of NC-Ph6-CN on HOPG (200 x 200 nm2, 2.8 V, 3 pA , 5 K). Within the 
large island, a sizable number of defects is visible. (b) High-resolution STM image 
of NC-Ph6-CN on HOPG (10 x 10 nm2, -4.2 V, 2 pA , 5 K). Under certain tip 
conditions, the molecules showed a zigzag shape. (c) Overview STM image of NC-
Ph6-CN on graphene on Cu(111) (180 x 180 nm2, 1.2 V, 20 pA , 77 K). Two 
terraces are visible and color coded in yellow and blue, respectively. In contrast to 
the case of HOPG, the network on graphene on Cu(111) showed fever defects. 
(d) High-resolution STM image of NC-Ph6-CN on graphene Cu(111) (8 x 8 nm2, 
-3.2 V, 40 pA , 77 K). A functionalized tip revealed that the phenyl rings within 
one molecule were alternatingly twisted. The twisting of adjacent phenyl rings of 
neighboring molecules was the same within a row as indicated by the black, dashed 
line. 
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STM image (Fig. 5.2b) reveals the molecular assembly in detail. Individual 

molecules can be discerned as rod-shaped protrusions. Black lines 

representing individual molecules are added in the image to guide the eye. 

Within one row, the molecules are parallel to each other. Furthermore, 

each fourth molecule along a row was shifted along the long axis of the 

molecules. Using this peculiar feature, we determined the oblique unit cell 

of NC-Ph6-CN on HOPG (marked in green) as a = 2.9 nm, b = 2.2 nm, 

Θ = 104°.  

Fig. 5.2c shows the tentative structural model of NC-Ph6-CN on 

HOPG. The unit cell contains three molecules. Every fourth molecule 

within a row is shifted by approximately one phenyl ring along the long 

axis of the molecule. Looking from one row to the other, we see that 

molecules are positioned in such a way that opposing carbonitrile groups 

interdigitate. Such a formation of antiparallel, interdigitating carbonitrile 

groups was reported to be the most stable structure for benzonitrile 

molecules in the gas phase and on Au(111) and has also been seen for NC-

Ph6-CN on Ag(111).16,31 We therefore propose that the following 

intermolecular interactions stabilized the close-packed structure of NC-Ph6-

CN on HOPG: (i) dipolar coupling between opposing carbonitrile groups 

and (ii) H-bonding (CN···HC) between the CN group of one molecule and 

the closest CH of the opposing molecule. 

We would like to point out that under certain tip conditions the 

molecules exhibited a zigzag shape (Fig. 5.1b). This shape is a fingerprint 

of alternatingly twisted phenyl rings and has been reported for para-

sexiphenyl (Ph6) as well as for NC-Ph6-CN on Ag(111).15,32 
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Fig. 5.2: Self-assembly and electronic structure of NC-Ph6-CN on HOPG. (a) 
Overview STM image (50 x 50 nm2, 3.2 V, 8 pA , 5 K). The molecules arranged 
into a close-packed structure consisting of parallel rows. Grey lines highlight one 
row. (b) High-resolution STM image (10 x 10 nm2 , 2.8 V, 3 pA , 5 K). The 
oblique unit cell of the structure is shown in green. Black lines indicate individual 
molecules. One row is highlighted by grey lines. (c) Tentative structural model. 
The unit cell contains three molecules. Every fourth molecule within a row exhibits 
a shift. (d) STS spectrum taken on top of a NC-Ph6-CN molecule (Uset = 3.5 mV,
Iset = 150 pA). The dotted lines denote the HOMO level at -4.6 V and the LUMO 
level at 3.1 V, respectively. 
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Near-edge X-ray absorption fine-structure measurements of NC-Ph6-CN on 

Ag(111) determined the twisting angle as δ = ±25° with respect to the 

molecular plane.15 As we cannot quantify the twisting angle for NC-Ph6-

CN on HOPG, we used the angle of δ = ±25° for our structural model 

(Fig. 5.2c). It should be noted that the zigzag shape for NC-Ph6-CN on 

Ag(111) was only reported for a second layer of molecules. The first layer 

of NC-Ph6-CN did not show a zigzag shape due to the interaction with the 

metal substrate. In our case, the interaction of NC-Ph6-CN with HOPG 

was consequently small enough to promote a zigzag contrast in STM 

already for the first layer of molecules. 

To further investigate the molecule-substrate interactions, we 

probed the electronic structure of NC-Ph6-CN on HOPG using STS. Fig. 

5.2d shows a STS spectrum taken on top of a NC-Ph6-CN molecule in the 

close-packed structure. Two peaks at -4.6 V and 3.1 V can be seen. We 

respectively attribute these to the highest occupied and lowest unoccupied 

molecular orbital (HOMO and LUMO) of NC-Ph6-CN on HOPG. This 

leads to a large band gap of Egap = 7.7 eV suggesting that NC-Ph6-CN is 

only weakly interacting with the underlying HOPG. Together with the 

observed alternating twisting of the phenyl rings we conclude that NC-Ph6-

CN is physisorbed on HOPG.  

One outstanding feature of the close-packed structure of NC-Ph6-

CN on HOPG is the shift of every fourth molecule along a row. Such a 

feature has not been observed on metallic substrates. In order to further 

investigate this shift, we will now proceed to discuss the self-assembly of 

NC-Ph6-CN on graphene on Cu(111). By moving from multilayer to single-
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layer graphene, we reduce the number of graphene sheets to the ultimate 

limit of one. By doing so, we address the questions whether a single layer 

of graphene suffices to induce this peculiar shift and which, if any, influence 

the underlying Cu(111) has on the molecular self-assembly.  

NC-Ph6-CN on Graphene on Cu(111) 

Upon deposition of submonolayer coverage of NC-Ph6-CN onto 

graphene on Cu(111), we were able to perform STM measurements at 

77 K indicating an increased diffusion barrier compared to HOPG. We 

again observed a close-packed structure with exceptional long-range order. 

In contrast to the case of HOPG, the molecular islands showed less defects 

on graphene on Cu(111) (Fig. 5.1c). We attribute this to the higher 

structural quality of epitaxially grown graphene compared to mechanically 

cleaved HOPG, i.e., the lack of well-known large-scale morphological 

deviation in HOPG derived from mechanical cleaving.33 

A close look at NC-Ph6-CN on graphene on Cu(111) revealed that 

there were in fact two phases of close-packed structure. Both phases are 

shown in Fig. 5.3a and Fig. 5.3b, respectively. In both images, individual 

molecules can be identified as rod-shaped protrusions. Black lines 

representing individual molecules are added in the image to guide the eye. 

Similar to the case of NC-Ph6-CN on HOPG, the molecules assembled for 

both phases into rows as indicated by the grey lines. For both phases, we 

observed a shift similar to the case of NC-Ph6-CN on HOPG. However, the 

difference between the two phases lies in the frequency of the 

aforementioned shift. In phase 1 (Fig. 5.3a, marked in cyan), every fourth 

molecule along a row was shifted. In phase 2 
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Fig. 5.3: Self-assembly of NC-Ph6-CN on graphene on Cu(111). (a) High-resolution 
STM image of phase 1 (20 x 20 nm2, 1.2 V, 20 pA , 77 K). The oblique unit cell 
is shown in cyan. One row of molecules is highlighted by grey lines. Black lines 
indicate individual molecules. (b) High-resolution STM image of phase 2 (20 x 20 
nm2 , -1.6 V, 20 pA , 77 K). The oblique unit cell is shown in magenta. (c) 
Tentative structural model of phase 1. The unit cell of phase 1 contains three 
molecules. Every fourth molecule within a row exhibits a shift. (d) Tentative 
structural model of phase 2. The unit cell of phase 2 contains four molecules. 
Every fifth molecule within a row exhibits a shift. 
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(Fig. 5.3b, marked in magenta), this shift occurred only every fifth molecule 

along a row. Accordingly, the unit cells differ in size. For phase 1, we 

determined an oblique unit cell with a1 = 2.9 nm, b1 = 2.2 nm, Θ1 = 94° 

while the oblique unit cell of phase 2 has the values a2 = 2.9 nm , 

b2 = 2.6 nm, Θ2 = 106°. 

Fig. 5.3c shows the tentative structural model of phase 1. The unit 

cell of phase 1 contains three molecules. Similar to the case of NC-Ph6-CN 

on HOPG, every fourth molecule within a row exhibits a shift along the 

long axis of the molecule by approximately one phenyl ring. In contrast, 

the unit cell of phase 2 contains four molecules (Fig. 5.3d) and every fifth 

molecule displays a shift. For both phases, the carbonitrile groups of 

adjacent rows interdigitate. This suggests that again a combination of 

dipolar coupling of opposing carbonitrile groups and H-bonding between 

CN groups and closest CH group stabilizes adjacent rows of both phases. 

We also observed a twisting of the phenyl rings for NC-Ph6-CN on graphene 

on Cu(111) (Fig. 5.1d), which was incorporated in the tentative structural 

models. 

To further assess the self-assembly of NC-Ph6-CN on graphene on 

Cu(111), we performed LEED measurements.34 Graphene epitaxially grown 

on Cu(111) exhibits multiple rotational domains.35 This leads to a ring 

structure in LEED images that surrounds the diffraction spots of the 

Cu(111) substrate (Fig. 5.4a). This ring structure has a varying intensity 

indicating preferred rotational orientations of graphene on Cu(111). Upon 

deposition of submonolayer coverage of NC-Ph6-CN, we noted clear 

diffraction spots (Fig. 5.4b). Superimposing the simulated LEED patterns 
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for phase 1 and 2 (Fig. 5.4c) yielded good agreement with the observed 

diffraction spots.  

Note that for both phases the diffraction spots associated with the 

long unit cell vector coincided with the [1-10] direction of Cu(111). For 

almost all STM images, we furthermore found the long unit cell vectors 

aligned with the direction of the graphene lattice. If we also consider that 

most graphene domains on Cu(111) are not rotated, this suggest that 

submonolayer coverages of NC-Ph6-CN molecules grew preferentially on 

graphene domains that were not rotated with respect to the underlying 

Cu(111) surface lattice. 

Fig. 5.4: LEED pattern for graphene on Cu(111) and 0.5 ML NC-Ph6-CN on 
graphene on Cu(111). (a) LEED pattern of pristine graphene on Cu(111) (106 eV). 
The white circle marks one of the six diffraction spots coming from the Cu(111) 
surface lattice. The orange line indicates the ring structure evidencing the presence 
of graphene. (b) LEED pattern of NC-Ph6-CN on graphene on Cu(111) (18 eV). 
The white arrows indicate the principal Cu directions. (c) Simulated LEED pattern 
based on the structural models of phase 1 (cyan) and phase 2 (magenta). For 
better comparison to the experimental LEED data, only the first order diffraction 
spots are shown. The matrices of the simulated structures with respect to the 
graphene lattice are Mcyan = (8.1, 0.0 | 7.6 13.6) and
Mmagenta = (10.6, 0.0 | 9.8 13.0). 
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Computational Results 

In order to gain additional insight into the behaviour of NC-Ph6-CN, 

we performed DFT calculations. In a first step, we aimed to calculate the 

band gap by studying the individual molecule in the gas phase. However 

when compared to the the experimentally value of Egap = 7.7 eV, the most 

common used functionals for similar systems failed to reproduce the 

experimentally determined band gap for NC-Ph6-CN (Appendix Table 

A5.1). Even more sophisticated functionals (e.g. optimally tuned range-

separated hybrid functionals such as HSE) failed to describe the system. 

Only by tuning the fraction of the Hartree-Fock (HF) exchange a calculated 

value of the band gap closer to the experimental one could be obtained 

(Fig 5.5a and Appendix Table A5.1). Using the PBE0 hybrid exchange-

correlation functional (which has a 25 % HF exchange contribution)36,37 

Fig 5.5: Computational results for NC-Ph6-CN. (a) DFT gas phase calculations for 
NC-Ph6-CN using a hybrid functional and varying its Hartree-Fock (HF) exchange 
contribution. With increasing the HF contribution the density of states of NC-Ph6-
CN exhibits an increasing band gap. The spectra are offset for better visualization. 
(b) NC-Ph6-CN adsorbed on graphene. The unit cell is marked in cyan. 
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with dispersion corrections included,38, a band gap of 4.23 eV for NC-Ph6-

CN was obtained. Our situation is similar to for example the case of 

benzene, where experimentally a band gap of 10.3 eV was determined, 

while the calculated value was ~5 eV.39 . This so called “band gap problem” 

is well known in the theoretical modelling community.40 However, it should 

be noted that a discrepancy between calculated band gap and STS 

measurements could also be the result of temporary charging of the 

molecule41 facilitated by a double barrier tunnel junction.42,43 

In a second step, we looked at the adsorption of NC-Ph6-CN on 

graphene by comparing an individually adsorbed molecule, a unit cell 

without shift, and a unit cell that incorporates a shift every fourth molecule 

(Appendix Fig. A5.2).44 Without shift, we determined a unit cell of 

a = 2.9 nm, b = 0.7 nm, Θ = 90°. The unit cell with shift of every fourth 

molecule was a = 3.0 nm, b = 2.2 nm, Θ = 90° (Fig 5.5b), agreeing well 

with our experimental values. Comparing the adsorption energies (Table 

5.1), we find an energy gain of 0.07 eV per molecule in the unit cell with 

shift compared to the unit cell without shift. This means that the 

incorporation of a shift is energetically favorable on graphene. It should be 

Table 5.1: Adsorption energies for different arrangements of NC-Ph6-CN 
adsorbed on graphene. 

 individual 
molecule 

unit cell 
without shift 

unit cell with 
shift of fourth 

molecule 

adsorption energy per 
molecule (eV) 

-2.40 -2.18 -2.25 

 



5 Comparing the Self-Assembly of Sexiphenyl-Dicarbonitrile on Graphite and Graphene on Cu(111)
   

105 

noted, that the shifted unit cell did not converge during gas phase 

calculations, i.e., the presence of the graphitic substrate was a prerequisite 

for the emergence of the shift. 

Discussion 

At this point, we would like to address the previously posed 

question and highlight the changes to the molecular assembly of NC-Ph6-

CN when replacing the HOPG substrate with graphene on Cu(111). 

Despite the fact that Cu(111) is regarded as weakly interacting with 

graphene,45 we observed several aspects indicating an increased diffusion 

barrier and molecule-substrate interaction in comparison to HOPG: (i) we 

were able to perform STM measurements at 77 K  and found stable 

molecular structures. A fortiori, LEED measurements showed that these 

structures were even stable at RT. In contrast, NC-Ph6-CN on HOPG could 

only be imaged in STM when cooled down to 5 K and was mobile at higher 

temperatures. (ii) On HOPG, the NC-Ph6-CN close-packed structure 

exhibited a shift with every fourth molecule along a row. On graphene on 

Cu(111), we observed two phases with a shift every fourth and every fifth 

molecule, respectively. While the shift remained upon moving from 

multilayer to single-layer graphene, the presence of the underlying metal 

substrate for single-layer graphene facilitated the existence of a second, 

distinct phase. (iii) STM showed both phases of NC-Ph6-CN on graphene 

on Cu(111) aligned with the graphene lattice. LEED data showed that both 

phases coincided with the [1-10] direction of Cu(111). This suggests a 

preferential growth of both phases on graphene domains that were not 

rotated with respect to the Cu(111) lattice. On HOPG in contrast, we did 
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not observe a preferred orientation of the close-packed structure with 

respect to the underlying substrate lattice in STM. Furthermore, we were 

not able to perform LEED measurements of NC-Ph6-CN on HOPG. This 

indicates that the molecules were mobile at RT and that the diffusion 

barrier was considerably smaller on HOPG compared to graphene on 

Cu(111). All these points are clearly indicative of an increased diffusion 

barrier and molecule-substrate interaction for NC-Ph6-CN on graphene on 

Cu(111) compared to HOPG. 

Now we would like to focus on the most peculiar feature of the 

close-packed structure of NC-Ph6-CN on HOPG and on graphene on 

Cu(111) – the occurrence of a shift every fourth or fifth molecule. We start 

by highlighting previous investigations on similar molecules or substrates. 

Submonolayer coverages of the unfunctionalized parent molecule of NC-

Ph6-CN, para-sexiphenyl (Ph6), assembled into a close-packed structure of 

flat-lying, parallel molecules arranged in rows on Au(111), HOPG, and 

single-layer graphene on Ir(111).46–48 Increasing the coverages led to Ph6 

molecules adsorbed with their edge facing the substrate. By introducing 

terminal carbonitrile groups, Kühne et al. observed structural changes of 

the close-packed structure of NC-Ph6-CN on Ag(111) in comparison to 

Ph6.16 For coverages below 0.5 ML, NC-Ph6-CN on Ag(111) assembled 

into a variety of coexisting structures. For coverages close to one monolayer, 

NC-Ph6-CN on Ag(111) again formed rows of parallel molecules. Within 

the rows, the molecules were densely packed while the interdigitating 

carbonitrile groups connected one row to another. Contrasting this to our 

observations for graphitic substrates, we can recognize two key differences: 
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(i) we found the same structures independent of coverage. (ii) While the 

close-packed structure of NC-Ph6-CN on Ag(111) is similar to the 

structures found by us, most noticeably no shift along the long molecular 

axis was observed on Ag(111). At this point, one may argue that graphene 

or HOPG are so weakly interacting with NC-Ph6-CN that intermolecular 

interactions are driving the observed shift. In this case, said shift should be 

adopted in the bulk crystal. However, X-ray structure analyses of Ph6 and 

NC-Ph4-CN showed no features resembling said shift.15,46  

From the points made in the previous paragraph, we conclude that 

the shift observed by us is a result not only from the presence of the 

dicarbonitrile groups but also from the graphitic substrates. Indeed, our 

DFT calculations indicate that the incorporation of a shift on graphene 

results in a net gain of energy for the assembly. However, it should be 

noted that the adsorption energies are quite similar, yet a structure without 

shift was never observed on graphene. Hence, we propose that an additional 

effect might influence the occurrence of a shift. In comparison to metal 

substrates, screening effects by graphene´s electrons have been shown to 

for example facilitate an otherwise repulsively interacting close-packed 

structure of F4TCNQ molecules and to have an exceptionally large 

screening length on the order of nanometers found for individual charged 

adsorbates.49,50 The shift every fourth or fifth molecule within a row might 

hence be a unique feature of NC-Ph6-CN on graphene and HOPG, enabled 

not only by an energy gain but also by the different screening properties of 

graphitic substrates compared to metals. We suggest that the 

incorporation of the shift in the close-packed structures counterbalances 
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the otherwise anisotropic charge distribution due to the linear arrangement 

of the cyano groups and consequently, results in a lowering of the overall 

energy. 

5.4 Conclusion 

In conclusion, we observed upon deposition of submonolayer 

coverage of NC-Ph6-CN on HOPG a close-packed structure consisting of 

rows of parallel molecules with a peculiar shift along the molecular long 

axis of every fourth molecule within a row. The molecule-substrate 

interaction is weak as evidenced by the large HOMO-LUMO gap. 

Depositing NC-Ph6-CN on graphene on Cu(111) resulted in subtle but 

distinct changes to the molecular assembly due to the presence of the 

underlying metal surface. An overall increased molecule-substrate 

interaction as well as diffusion barrier could be determined while we still 

observed a shift for every fourth or fifth molecule along a row. Such 

distinguishing feature has previously not been reported for similar molecules 

on metallic substrates or in the bulk phase. Furthermore, our calculations 

show that the presence of the graphene substrate is necessary to observe 

the incorporation of a shift into the molecular assembly. We conclude that 

the shift of every fourth or fifth molecule within a row by approximately 

one phenyl ring is a unique feature of NC-Ph6-CN on graphitic substrates 

possibly additionally promoted by the screening properties of the electrons 

in the graphene lattice. 
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5.6 Appendix 

Table A5.1 summarizes the calculated band gaps obtained with 

different functionals.  

  

Table A5.1: Study of the band gap of NC-Ph6-CN (gas phase) in dependence 
of the functional.  

functional LDA51,52 OPTB88-
VDW53 

PW9154–

56 
HSE0357 BP8629,58 

band gap (eV) 2.50 2.59 2.61 3.4 2.61 

 
functional JTS-

mTB-
mBJ59 

PBE036,37 BLYP58,60 
(50 %HF) 

M06HF61,62 
(100 %HF) 

 

band gap (eV) 3.16 4.23 5.84 8.83  

 
functional B3LYP63 

(0 %HF) 
B3LYP63 
(20 %HF) 

B3LYP63 
(50 %HF) 

B3LYP63 
(75 %HF) 

B3LYP63 
(100 %HF) 

band gap 
(eV) 

2.77 3.98 5.85 8.52 9.07 
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Fig. A5.1 shows the calculated HOMO and LUMO orbitals of NC-

Ph6-CN as well as a corresponding STM image. 

Fig. A5.1: Calculated molecular orbitals and corresponding STM image. (a) 
HOMO/LUMO plots of NC-Ph6-CN. The molecule was calculated in the gas phase 
using the B3LYP-50%HF functional (isocontour = 0.02 a.u., red is negative, blue 
is positive). (b) STM image of NC-Ph6-CN on HOPG (10 x 10 nm2, -2.8 V, 2 pA, 
5 K). The contrast on the molecules clearly matches the calculated HOMO. 
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Fig. A5.2 shows the geometries for (a) individual NC-Ph6-CN 

molecules, (b) unit cell without shift, and (c) unit cell with shift of the 

fourth molecule. The intermolecular distances (Fig. A5.2d) are in line with 

the proposed bonding motif of H-bonding and dipolar coupling and 

generally agree with values by Okuno et al.31 

Fig. A5.2: Optimized geometries for NC-Ph6-CN adsorbed on graphene. 
(a) Single NC-Ph6-CN molecule adsorbed on graphene. (b) The close-
packed arrangement of NC-Ph6-CN where no shift occurs. The unit cell is 
marked in purple. (c) NC-Ph6-CN adsorbed on graphene. The unit cell is 
marked in cyan. This image is identical to Fig 5.5b. (d) Zoom in in (c) 
where the distances between different atoms are emphasized.  
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6 Organic Charge-Transfer Complexes on Ag(111): 

Evolution of Common Unoccupied Molecular 

States 

Over the past years, molecular layers consisting of electron 

donating and accepting molecules have attracted increasing attention due 

to their potential usage in optoelectronic devices. Key parameters for 

understanding and tuning their performance are intermolecular and 

molecule-substrate interactions. Here we report on the formation of a blend 

of organic donors and acceptors from 1,4,5,8,9,12-hexaazatriphenylene-

hexacarbonitril (HATCN) and 2,3,6,7,10,11-hexakis-alkoxytriphenylene 

(HAT) on a Ag(111) surface. We used scanning tunneling microscopy and 

spectroscopy, valence and core level photoelectron spectroscopy, and low-

energy electron diffraction measurements complemented by density 

functional theory calculations to investigate both the electronic and 

structural properties of the homomolecular as well as the intermixed layers. 

For a homomolecular layer of donor molecules, we found a weak interaction 

with the Ag(111) surface, while for the acceptor molecules a strong 

interaction with the substrate leading to charge transfer and substantial 

buckling of the top silver layer as well as of the adsorbates was determined. 

Upon mixing acceptor and donor molecules, hybridization between the two 

different molecules leading to the emergence of a common unoccupied 

molecular orbital located at both – donor and acceptor molecule – was 

found. The donor acceptor blend studied is therefore a compelling 
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candidate for organic electronics based on self-assembly of charge-transfer 

complexes. 

6.1 Introduction 

Organic molecules are considered highly valuable for applications 

ranging from organic light emitting diodes1 over organic photovoltaics2 to 

field effect transistors3 and molecular sensors.4 Already nowadays they are 

used as active material in a variety of devices due to their low costs, easy 

processabilitly, light weight, structural flexibility, and tunablity of their 

electronic properties by molecular synthesis.5 However, the intermolecular 

interactions in those devices are often governed by rather weak van der 

Waals interactionslimiting the performance of today’s devices.  

In order to unravel the interplay of intermolecular and molecule-

substrate interactions which play a key-role in the device performance, 

considerable fundamental research on homomolecular layers on different 

metal substrates has been performed in the last three decades.6–9 In 

contrast, studies on the electronic and structural properties of bi-

component systems have only emerged in the last few years.10–12 Special 

focus has been put on the organic-inorganic and organic-organic interface, 

which determines key properties like contact resistance, charge injection 

and extraction.7,13,14  

One approach for increasing intermolecular interactions is based on 

equipping the organic molecules with complementary functional groups, 

e.g. hydrogen-bond donating and accepting groups.12,15–18 In the last few 

years, the use of fluorinated molecules in mixed molecular layers leading to 

hydrogen-fluorine bonds was studied intensely.19–23 Besides the increased 
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intermolecular interaction of fluorinated molecule with hydrogen-bond 

donating molecules, the fluorination induces electron accepting character 

of the molecules.24–29 Due to their halogen bonds, strong intermolecular 

interaction can be achieved. Consequently, the resulting intermixed layers 

often showed similar self-assembly patterns independent of the underlying 

metal substrate.11 

One of the first examples where monolayer thick films of 

electronically strongly interacting mixtures of donor and acceptor molecules 

were investigated is the case of tetrathiafulvalene and 

tetracyanoquinodimethane (TTF/TNCQ).30 These molecules are known to 

form a three-dimensional bulk charge-transfer salt exhibiting metallic 

properties with a conductivity of 1.47x104 Ω-1 cm-1.31 On an Au(111) 

surface it was reported that a dispersing quasi one-dimensional band along 

the TCNQ molecules exists. Its origins lie in a complex mixing of metal 

and molecular states giving rise to a new interface state, which cannot be 

explained by the electronic properties of the single molecular components.30 

Recently also a number of other charge-transfer (CT) complexes – 

thin films as well as crystalline samples – were investigated by means of 

ultra-violet photoelectron spectroscopy (UPS), X-ray photoelectron 

spectroscopy (XPS), near-edge x-ray absorption fine structure (NEXAFS) 

measurements, and density functional theory (DFT) calculations.32–35 In 

these studies, mostly evaporated or solution-processed samples exploring 

TCNQ as acceptor and pyrene derivatives as donor32–34 or coronene 

derivatives for both acceptor and donor,35 were investigated. For the 

coronene derivatives, shifting of the core level binding energy of the donor 
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towards higher binding energy and of the acceptor towards lower binding 

energy were reported upon mixing, indicating a weak CT system.35 In 

contrast, for the strong CT system of pyrene andTCNQ additional peaks 

were observed in the XPS and NEXAFS spectra indicating a hybridization 

of specific orbitals and ionization of the molecules due to charge-

transfer.32,33  

In this paper, we report on an organic donor/acceptor system from 

two complementary molecules, which exhibit threefold rotational symmetry 

and complementary electronic properties. As electron acceptor we used the 

well-known 1,4,5,8,9,12-hexaazatriphenylene-hexacarbonitrile (HATCN) 

molecule (Scheme 6.1a).36,37 The organic electron donor used, 

2,3,6,7,10,11-hexakis-alkoxytriphenylene (HAT) molecule (Scheme 6.1b), 

is known for its good electron donating properties when in contact with a 

strong acceptor.38 The complementary character of the two molecules 

facilitated a well-ordered assembly in the mixed layer as observed by 

scanning tunneling microscopy (STM) and low-energy electron diffraction 

(LEED). Using scanning tunneling spectroscopy (STS), we identified a 

Scheme 6.1: Molecular structures: (a) HATCN (1,4,5,8,9,12-hexaazatriphenylene-
hexacarbonitrile) and (b) HAT (2,3,6,7,10,11-hexakis-alkoxytriphenylene). 
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common unoccupied state distributed across both molecules, which was 

not present for either of the homomolecular layers. These results point to 

a strong hybridization within the intermixed molecular layers. Our HATCN-

HAT system thus represents a new strong candidate for organic 

(opto)electronic applications based on CT complexes. 

6.2 Methods 

Sample Preparation 

All experiments were carried out under ultra-high vacuum (UHV) 

conditions. Ag(111) single crystals were cleaned by repeated cycles of 

Argon ion sputtering and subsequent annealing at 400 °C. The sample 

quality was checked by STM, XPS or LEED prior to molecule deposition. 

Molecules were deposited with a Knudsen cell evaporator and the 

evaporation rate was monitored by means of a quartz crystal microbalance. 

Typical evaporation rates were in the range of 0.2-0.5 ML/min, where one 

monolayer corresponds to full coverage of the surface with the (7x7) and �√21x√21��10.9° overlayer for HATCN and HAT, respectively. For the 

preparation of the intermixed structure, HAT molecules were deposited 

first followed by HATCN molecules. In order to improve the quality of the 

mixed layers for surface averaging measurements like XPS, ARPES and 

UPS, the samples were annealed at 150 °C after deposition of both 

molecules. The samples did not undergo any annealing for STM and STS 

measurements.  
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STM and STS Measurements 

STM and STS measurements were performed in a two chamber 

UHV system equipped with a commercial low-temperature STM and a 

multi-channel plate (MCP) LEED optics (Scienta Omicron GmbH). STM 

images were either acquired at 77 K or at 5 K using a mechanically cut 

Pt/Ir tip. The bias voltages in the text are given with respect to a grounded 

tip. STS measurements were performed at 5 K with an external lock-in 

amplifier using a lock-in frequency of 678 Hz and a modulation voltage of 

12 mV (rms-value) at liquid helium temperatures (5 K). WSxM was used 

to analyze the STM images.39 

UPS and Work Function Measurements 

UPS and work function measurements were carried out in a 

separate UHV system equipped with a variable temperature STM (Scienta 

Omicron GmbH), a hemispherical energy analyzer (Thermo Fisher), a twin 

anode X-ray source, a He discharge lamp, and LEED optics (SPECS). The 

STM was used to confirm that at least 90% of the surface was covered 

with molecules to ensure a reasonable intensity for spectroscopy 

measurements. For the measurements of the intermixed samples, at least 

90% of the molecules were arranged in the above described mixed structure. 

The overall quality of the samples was determined with LEED. UPS was 

performed by using a non-monochromatized HeI lab source (21.2 eV) under 

an angle of approx. 30° with respect to the surface normal and with an 

acceptance angle of approx. 12°. Work function measurements were 

performed by applying a bias of -5 V to the sample and measuring the 

secondary electron cut-off and the Fermi level. 
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XPS and ARPES Measurements 

XPS and angle-resolved photoelectron spectroscopy (ARPES) 

measurements were performed in a multi-chamber UHV system equipped 

with an analyzer chamber containing a SPECS 150 hemispherical analyzer. 

ARPES measurements were performed with monochromatized HeI 

radiation (21.2 eV) under an angle of 5° with respect to the surface normal 

in order to remove the intensity coming from the surface state of the 

Ag(111). In another chamber, a Kratos Axis Ultra XPS system containing 

a monochromatized Al Kα X-ray source was used to acquire high-resolution 

XPS data. The preparation chamber contained LEED optics (SPECS). 

However, the system did not contain a STM to monitor the structural 

quality of the samples. Hence, coverage and quality of the molecular films 

was investigated in different ways. First, the amount of molecules necessary 

for 1 ML of HAT could be estimated by LEED as the molecules were 

mobile at room temperature for coverages below 1 ML and only for 

coverages close to 1 ML a sharp LEED pattern could be observed. Secondly, 

the molecular coverage was determined by monitoring the silver surface 

state with ARPES, which was shifted into the unoccupied states for 

samples covered with a full monolayer of molecules. A weak remainder of 

the original silver surface state indicated that the surface was almost 

completely covered with molecules, without having a second molecular 

layer. Finally, the quality of the LEED pattern for the intermixed structure 

and absence of LEED spots related to pure HAT or HATCN domains was 

used to confirm that the majority of the sample was covered by the above-

described intermixed phase.  
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The binding energy of the XPS data was referenced to the Ag 3d5/2 

peak at 368.3 eV.40 Subtraction of the silver plasmon peaks, which overlap 

with the N 1s region, was carried out in the following way: The N 1s 

background region was measured for one monolayer of HAT molecules, 

which do not contain any nitrogen.41 This spectrum was smoothed, the 

intensities of all spectra were aligned at the low binding energy site of the 

region and then the background spectrum was subtracted from the data 

measured for HATCN and for the intermixed layer. For all spectra a 

Shirley-type background was subtracted except for the O 1s region where 

a linear background was employed. The peaks were fitted by a combination 

of Lorentzian and Gaussian functions. For the N 1s spectra, the area ratio 

of the two components was constrained to 1:1. The ARPES data were 

fitted by a simple Lorentzian function after subtraction of a linear 

background (see Appendix for more details). 

6.3 Results and Discussion 

Structural and Electronic Properties of HATCN and HAT 

Before discussing the adsorption on Ag(111), the structural and 

electronic properties of HAT and HATCN in the gas phase are briefly 

described. Our DFT calculations show that both molecular backbones are 

planar in the gas phase. Furthermore, the HAT molecule can exist in 

different conformations due to the rotational flexibility of the O-CH3 groups. 

The most stable conformation is shown in Scheme 6.1b.  
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In Fig. 6.1 the energy diagrams of the two molecules derived from 

DFT calculations of the gas phase molecules are shown. The highest 

occupied molecular orbital (HOMO) of the HAT molecule is found 5.04 eV 

below the vacuum level while the lowest unoccupied molecular orbital 

(LUMO) of HATCN resides 4.86 eV below the vacuum level. This leads to 

a charge injection barrier of only 0.18 eV for a charge transfer from the 

HOMO of HAT into the LUMO of HATCN. These values compare rather 

well with energy values derived from optical and electrochemical 

measurements,42,43 although the experimentally deduced charge injection 

barrier is higher (1.1 eV) (Appendix Fig. A6.1). Nonetheless, both DFT 

calculation and measured energy levels highlight the electronic 

complementarity of HATCN and HAT and their excellent suitability to 

form CT complexes. 

Fig. 6.1: Energy levels of HATCN (left) and HAT (right) determined by DFT 
calculations. 
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Self-Assembly of the Molecules 

In the following, we describe the self-assembly of the 

homomolecular layers as well as the blend of HATCN and HAT on the 

Ag(111) surface. For coverages ≤ 1 monolayer (ML), HATCN molecules 

formed a porous hexagonal network. In the close-up STM image presented 

in Fig. 6.2a the triangular shape arising from the hexaazatriphenylene-

backbone of the molecules is clearly visible. As known from literature, the 

cyano groups generally cannot be imaged in STM.44,45 The long-range order 

was interrupted by dislocation lines and stacking faults (Fig. A6.2a). No 

mirror or rotational domains were observed in the STM images. The LEED 

pattern (Fig. 6.2a, middle column) displays a (7x7) superstructure, which 

is in line with the absence of rotational domains. Combining the 

information from LEED and STM and using the lattice constant of Ag 

(4.09 Å), the unit cell can be described by a = b = 2.02 nm and an 

enclosing angle of θ = 120°. The tentative structure model (Fig. 6.2a, right 

column), which was derived from the STM and LEED observations, 

demonstrates that the molecular network is stabilized by dipolar coupling 

between the negatively charged N-atoms and the positively charged C-

atoms of neighboring cyano groups. Our DFT calculations showed a similar 

self-assembled arrangement with a molecule-molecule distance of 1.2 nm 

(Fig. A6.9a and b). The adsorption energy is 2.41 eV/molecule and the 

average adsorption height of the carbon atoms is 2.99 Å (Table A6.3). 

Furthermore, the DFT calculations indicate that the cyano groups are 

significantly bent towards the substrate leading to a strong buckling of the 
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Fig. 6.2 Self-assembly of (a) HATCN, (b) HAT, and (c) HAT+HATCN on 
Ag(111). The substrate orientation is indicated by white arrows in the STM 
images. STM parameters: (a) T = 77 K, U = 0.5 V, I = 150 pA, 8 x 8 nm2; (b) 
T = 77 K, U = 0.2 V, I = 30 pA, 8 x 8 nm2; (c) T = 77 K, U = 0.5 V, 
I = 40 pA, 8 x 8 nm2. Middle column: LEED patterns taken at 36 eV (a), 37 eV 
(b) and 15 eV (c); in (a) and (b) the substrate spots are indicated by orange 
circles. Right column: tentative structure models; the unit cells are indicated in 
blue, red, and green for (a), (b) and (c), respectively. 
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molecule as well as of the top surface layer. Our findings for HATCN on 

Ag(111) are in line with those reported by Glowatzki et al.46 

For coverages ≤ 1 ML, HAT molecules assembled into a hexagonal 

close-packed network as depicted in Fig. 6.2b. In the STM images, 

individual molecules appeared with six protrusions at their periphery. These 

“legs” derive from the six methoxy groups of the molecule. From the mirror-

symmetric shape of the molecules it can be inferred that the molecules 

were adsorbed in the most stable configuration shown in Scheme 6.1b. For 

room temperature measurements, HAT was found to be mobile and the 

aforementioned network could only be observed for monolayer coverages. 

However, when measuring at 77 K HAT formed several hundred nanometer 

big islands of close-packed molecules with only a few vacancies (Fig. 

A6.2b). Sometimes, also one-dimensional molecular wires were observed. 

This was especially the case for low coverages as shown in Fig. A6.3 in the 

appendix. From the LEED pattern (Fig. 6.2b, middle column) a �√21x√21��10.9° superstructure for HAT on Ag(111) can be determined 

which can be also described by a � 5 1−1 4� matrix. Thus, two mirror 

domains rotated by ±10.9° with respect to the Ag [1-10] direction were 

present on the surface (see white arrows in Fig. 6.2 for the substrate 

direction). The unit cell vectors of this network – derived from the LEED 

data – are a = b = 1.32 nm with an enclosing angle of θ = 120°. The 

tentative structure model in Fig. 6.2b, right column shows one of the mirror 

domains. It is apparent that the molecular assembly is stabilized by 

hydrogen bonding between the H-atoms of the methyl groups and 

neighboring oxygen atoms. This self-assembly pattern is in agreement with 



6 Organic Charge-Transfer Complexes on Ag(111): Evolution of Common Unoccupied Molecular States
   

131 

our DFT calculations, which showed a similar molecular orientation (Fig. 

A6.9c and d). In the simulated STM image the oxymethyl groups appear 

bright which is in line with our STM images. Our DFT calculations give 

an adsorption energy of HAT of 2.27 eV/molecule and show that the 

molecular backbone of HAT is adsorbed rather flat on the surface with an 

average adsorption height of the C-atoms of 3.34 Å (Table A6.4). 

To facilitate successful intermixing of both molecules on the silver 

surface, HAT molecules were deposited first. Due to their high mobility at 

room temperature for sub-monolayer coverage, they could easily mix with 

the added HATCN molecules. After depositing an approximate one-to-one 

ratio of HAT and HATCN on Ag(111), a close-packed network was formed 

as shown in Fig. 6.2c. In large-scale STM images a row like pattern can be 

observed (Fig. A6.2c). The close-up view shown in Fig. 6.2c clearly 

indicates two differently appearing molecules. The brighter molecules 

exhibit a triangular shape while the dark molecules have an asymmetric 

cross-like shape. The bright, triangular molecules could be identified as the 

HATCN molecules as they showed the same appearance as in the pure 

HATCN layer (Fig. 6.2a). In contrast, the darker, asymmetric molecules 

do not exhibit the six symmetrically arranged “legs” observed for the pure 

HAT layer. The reason for this different appearance lies in the rotational 

flexibility of the oxymethyl groups of HAT, leading to several possible 

conformations. The most stable conformation shown in Scheme 6.1b was 

found for the homomolecular layer. In the conformation present in the bi-

molecular layer, two of the methyl groups are rotated towards the 

neighboring oxymethyl groups while for one of the phenyl rings both methyl 
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legs are oriented to the outside. This specific conformation, which is shown 

in Scheme A6.1b in the appendix, leads to an asymmetric cross-like 

appearance seen in the STM image. Note that this conformation is 

energetically less favorable than the one observed in the homomolecular 

layer. The LEED pattern (Fig. 6.2c, middle column) is more complex than 

for the homomolecular assemblies. We propose that the intermixed 

molecular layer formed an incommensurate superstructure, since there is 

no integer matrix, which can describe the observed LEED pattern. Thus, 

the lengths of the unit cell vectors were only determined from STM data 

and measure a = 2.4 ± 0.1 nm and b = 2.7 ± 0.1 nm with an enclosing 

angle of θ = 103 ± 3°.47 The observed adsorption pattern gives rise to six 

rotational domains on the surface. In the tentative structure model (Fig. 

6.2c, right column) most cyano groups of a HATCN molecule form H-

bonds with neighboring HAT molecules, while one cyano group undergoes 

dipolar coupling with another HATCN molecule. The dipolar coupling 

interaction is similar to the one observed for homomolecular HATCN 

structures. The unit cell contains two HATCN and two HAT molecules as 

indicated by the green tetragon in the tentative structure model (Fig. 6.2c, 

right column).  

X-ray Photoelectron Spectroscopy 

Fig. 6.3 shows XPS data for the N 1s and O 1s core levels taken 

on the homomolecular as well as the intermixed layers. Due to the many 

chemically different carbon species present in the two molecules, the C 1s 

spectra show a very complex behavior (Fig. A6.7). The N 1s spectrum of 

HATCN shows two components, which were fitted with a 1:1 area ratio. 
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The peak at lower binding energy stems from the cyano component of 

HATCN while the peak at higher binding energy corresponds to the N-

atoms in the heterocycle.48 The O 1s spectra consist of only one component, 

which is in line with the chemical structure of the HAT molecule (Scheme 

6.1b). For the intermixed molecular layer, the binding energies of the N 1s 

peaks of HATCN show almost no shifts. In contrast, the O 1s peak of HAT 

shifted by 0.4 eV towards lower binding energies when mixing with the 

acceptor molecule HATCN. A similar shift of the donor core levels to lower 

binding energy when mixing the donor with the acceptor molecule was 

shown in earlier reports.11,21,24,35 

Fig. 6.3: XPS spectra for monolayers of HATCN (blue), HAT+HATCN (green) 
and HAT (red) (a) N 1s spectra, (b) O 1s spectra. 
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Electronic Properties 

In a next step, we investigated the electronic properties of the 

homomolecular as well as the intermixed layers by means of ARPES, UPS 

and STS. The ARPES results for monolayer coverage of HATCN are shown 

in Fig. 6.4a. The blue line represents the angle-integrated intensity as 

function of the binding energy. A slight increase of the intensity close to 

the Fermi level was observed. This was also seen by angle-integrated UPS 

(Fig. A6.5b and d). We associate the increased intensity around the Fermi 

level with a partial filling of the LUMO of HATCN, which was also reported 

in an earlier publication.46 This partial filling is in line with the Bader charge 

analysis of our DFT calculations, which showed a charge transfer of 2.3 

electrons per molecule from the substrate into the molecule (Fig. A6.10). 

The HOMO of the pure HATCN could not be observed. The band gap of 

HATCN in gas phase was reported to be larger than 3 eV (Fig. 6.1).43 We 

therefore suspect an overlapping of the HATCN HOMO with the silver 4d 

bands, which gave rise to a high intensity below -2.8 eV.  

For approximately one monolayer of HAT, a clear band was found 

at -2.2 eV (Fig. 6.4b, red line), which can be associated with the HOMO 

of the HAT molecule. The HOMO calculated by DFT lies significantly 

higher in energy at -1.1 eV (Fig. A6.10). However, it is well known that 

the band gap of organic molecules is underestimated by DFT leading to 

this discrepancy in the calculated and measured DOS.49 

In the case of the intermixed molecular layer, the HOMO was 

observed at -2.0 eV (Fig. 6.4c). We propose that this was the HAT HOMO 

shifted by approximately 0.2 eV towards the Fermi level when compared 
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to the homomolecular layer. A similar shift of the donor HOMO level 

towards the Fermi level for mixing of a donor with an acceptor molecule 

was also reported earlier.21,50 Additionally, the HOMO of the intermixed 

layer was significantly broadened compared to the one of the pure HAT 

layer (Fig. A6.6). We relate this to a stronger interaction of the HAT 

molecule either with HATCN or with the metallic substrate.51 In contrast, 

El-Sayed et al. reported a broader HOMO of the acceptor molecule in the 

homomolecular layer while its width was decreased in the intermixed 

molecular layer.51 Furthermore, the increased intensity around the Fermi 

level observed for HATCN alone was significantly reduced in the intermixed 

Fig. 6.4: ARPES data taken 5° off-normal emission for (a) HATCN, (b) HAT and 
(c) HAT+HATCN. The blue line in a) represents the angle integrated intensity as 
a function of the energy. The red and green line in b) and c) indicate the position
of the HOMO derived from fits (Fig. A6.6) in the pure and in the intermixed layer, 
respectively. The high intensity around 3 eV arises from the Ag 4d bands. 
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molecular layer (Fig. A6.5b and d). This demonstrates that the charge 

transfer between the substrate and HATCN was reduced upon deposition 

of the electron donating molecule (HAT) indicating a reduced HATCN-

substrate interaction. 

In addition to the ARPES results, we measured work function 

changes of the homo- and intermixed molecular layers, which are 

summarized in Table 6.1 and in Fig. A6.5c in the appendix. UPS 

measurements and DFT calculations showed that the work function of the 

HATCN monolayer on Ag(111) is similar to the one of the clean substrate. 

In contrast, the work function strongly decreased by 0.9 eV upon 

adsorption of a HAT monolayer on Ag(111). The work function of the 

intermixed layer resides between those of the homomolecular layers. 

Generally, the work function of a substrate decreases upon adsorption of 

organic molecules due to Pauli repulsion between the metal electron cloud 

and the electrons from the adsorbates. This effect can explain the reduction 

of the work function observed for monolayer coverage of HAT. For the 

monolayer of HATCN, the Pauli repulsion is counteracted by the charge 

transfer from the substrate to the HATCN molecules, leading to a surface 

dipole as observed by ARPES/UPS measurements and DFT calculations. 

Table 6.1: Work function changes relative to the clean Ag(111) substrate 
measured by UPS and from DFT calculations. 

 HATCN HAT HAT+HATCN 

work function changes [eV] from UPS 0.0 -0.9 -0.4 

work function changes [eV] from DFT +0.1 -0.9 - 
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Our DFT calculations even showed a slight increase of the work function 

by 0.1 eV compared to the one of clean Ag(111). It should be noted that 

the work functions we determined by UPS are slightly higher (5.1 eV for 

both Ag(111) and HATCN on Ag(111)) than those reported in literature.52 

Nevertheless, the trend that the work function of flat-laying HATCN 

molecules on the Ag(111) surface is the same as for the clean Ag(111) is 

in line with earlier reports.52 

Our observations of the work function changes can be well 

described by a method used by Goiri et al.11 and El-Sayed et al.21 For 

weakly interacting, bi-molecular systems the work function change of an 

intermixed molecular layer can be determined by the work function changes 

of the pure components as long as the surface areas occupied by the 

adsorbates are known. By deriving the surface area values from the unit 

cell parameters, we calculated a theoretical work function change of -

0.43 eV (Eq. A1). This value is very close to the measured value of -0.4 eV 

showing that according to this method our system behaves like earlier 

reported donor/acceptor systems. 11,22  

In order to investigate the electronic properties on a local scale, 

STS was performed for the homomolecular and the intermixed phases. The 

results are summarized in Fig. 6.5. We focused on the unoccupied 

electronic states since the HOMO positions could be derived from the 

ARPES and UPS data. STS for the homomolecular HATCN layer shows 

that the surface state of Ag(111) is shifted above the Fermi level by around 

90 meV with respect to the clean Ag(111) surface state (Fig. 6.5, dark 

blue line). Additionally, a small feature 70 mV below the Fermi level is 
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visible in the spectrum. We ascribe this to partial charge transfer from the 

Ag surface into the molecule, in line with our ARPES and work function 

measurements.53 No further features were found in the STS spectra for the 

HATCN molecules within the investigated energy range.  

Fig. 6.5: STS data for the homomolecular HATCN and HAT islands (dark blue
and red curve, respectively) and for the HATCN (light blue) as well as HAT (light 
red) molecule in the intermixed layer acquired at 5 K. The thin black line at 
0.45  V indicates the position at which the dI/dV map in Fig. 6.6 was taken. The 
panel on the right shows the corresponding STM images. The colored crosses 
indicate at which positions the dI/dV spectra were taken. (Bottom right: HATCN 
22 x 10 nm2; center right: HAT 15.6 x 6.7 nm2; top right: intermixed island 
20 x 20 nm2; set-point: U = -0.5 V, I = 200 pA for pure HAT and pure HATCN, 
U = +0.5 V, I = 200 pA for the intermixed island). 
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For the homomolecular layer of HAT, a similar shift of the surface 

state into the unoccupied states was observed (Fig. 6.5, red line). Besides 

the shift of the surface state, a dip around 0.75 V in the density of states 

was found. We assume that the LUMO resides just below this dip around 

0.65 V where a small increase in the density of states is visible. This is in 

line with our theoretical calculations where a small feature in the carbon 

pz orbitals is observed around 0.3 eV (Fig. A6.10). Keeping in mind that 

the band gap is usually underestimated by DFT, the LUMO is expected to 

lie at higher energies than the calculated one.49  

When probing the electronic properties of the molecules in the 

intermixed layer, clear differences were observed. Qualitatively, there is no 

difference between the STS spectra acquired either on top of HAT 

molecules or on top of HATCN molecules (Fig. 6.5, two top most spectra). 

Both exhibited an increase in the density of states around 0.2 eV. The 

clear peak at around 0.45 eV can be assigned to an unoccupied molecular 

orbital (dotted black line). Note that neither HAT nor HATCN in the 

monomolecular layers showed a similar feature. In order to determine the 

local distribution of this unoccupied molecular orbital, dI/dV maps were 

taken at 0.45 eV for the intermixed phase. It is clearly visible that the 

cross-like HAT molecules in the intermixed layer appear brighter; i.e. they 

exhibit a higher conductivity than the triangular HATCN molecules (Fig. 

6.6). This was also visible in the dI/dV spectra where the peak at 0.45 eV 

showed more intensity on top of the HAT molecule than on top of the 

HATCN molecule (Fig. 6.5 and Fig. A6.8). Interestingly, HAT molecules 

at the boarder of the intermixed island, which are not in contact with 
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HATCN molecules (Fig. 6.6, white arrows) and exhibit the six-leg structure 

(Scheme 6.1b), showed a reduced conductivity compared to the molecules 

within the intermixed structure. This is a further indication that the 

electronic structure of HAT is changed upon mixing of the two molecules. 

Note that at the boarders of the intermixed islands the conductivity is the 

same as in the center of the island (Fig. A6.4). Thus, we exclude a spill-

out effect, which might have induced this weaker contrast for the HAT 

molecules at the island borders. From the STS data we conclude that the 

two molecules hybridized in the intermixed layer leading to an alignment 

of the unoccupied molecular orbitals. This is in contrast to weakly 

interacting organic donor/acceptor systems like the combination of CuPc 

and F16CuPc on graphite were shifts of the HOMO and LUMO positions 

have been observed but no common molecular orbitals for both donor and 

acceptor molecules were reported.50 

Fig. 6.6: STM image and simultaneously acquired dI/dV map of the intermixed 
layers taken at a bias of 0.45 V as indicated by the vertical line in Fig. 6.5, acquired 
at 5 K. (a) topography, (b) dI/dV map. (c) Superposition of the topography and 
the dI/dV map (12 x 12 nm2, I = 200 pA). The white arrows in (a,b) point to a 
row of HAT molecules at the boarder of the island, which exhibit lower 
conductivity. 
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Discussion 

Fig. 6.7 depicts the energy levels of the homomolecular layers of 

the acceptor HATCN and the donor HAT and compares them to the 

energy levels of the intermixed molecular layer. The energy values were 

derived from ARPES/UPS, STS, and XPS measurements and are displayed 

with respect to the Fermi level. For weakly interacting organic 

donor/acceptor systems, a rigid shift away from the vacuum level was 

usually reported when increasing the amount of donor/acceptor ratio.11,21,26 

This was described by the so-called vacuum level pinning (VLP) model 

where all energies (conduction band, valence band and core levels) are 

pinned to the vacuum level.11,21 In other words: if the work function is 

Fig. 6.7: Energy levels for HATCN and HAT and the intermixed phase on Ag(111), 
as derived from XPS, ARPES/UPS, and STS measurements. 
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reduced all energy levels will be shifted to lower values by a similar amount. 

This seems to be the case for the HAT molecule. The work function 

compared to the intermixed layer is reduced by 0.5 eV and the HOMO as 

well as the O 1s core level were shifted away from the Fermi level, although 

the shift of the HOMO only amounted to approximately half of the shift 

of the vacuum level and the O 1s binding energy. In the case of HATCN 

one might expect a Fermi level pinning (FLP) instead of a VLP.21 This 

means that the work function decrease caused by the mixing of the two 

molecules was counteracted by a small charge redistribution of the partially 

filled LUMO at the Fermi level leaving the energy levels of the HATCN 

unaffected. Indeed, we observed a decreased intensity close to the Fermi 

level in the mixed layer compared to the pure HAT (Fig. A6.5d). However, 

the N 1s core levels did not show any significant changes in binding energy 

for the homomolecular and mixed layer, which is an indication for FLP. 

However, the simple picture of the VLP model or the FLP model 

does not explain the hybridization of the donor and acceptor molecules 

leading to the alignment of the unoccupied molecular orbitals as observed 

in the STS measurements (Fig. 6.5). First of all the LUMO of HAT 

compared to the intermixed layer shifted toward Evac by 0.2 eV while all 

other states showed a shift in the opposite direction. Secondly, our STS 

data showed that the electronic structure of the unoccupied states of both 

HAT and HATCN in the intermixed layer was similar. For both molecules 

a LUMO peak at 0.45 V was detected, which was neither for the 

homomolecular HAT nor for the homomolecular HATCN layer observed. 
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Our combined ARPES and DFT data show that HATCN exhibited 

a significant interaction with the Ag(111) surface in the homomolecular 

layer. In contrast, the structural and electronic properties of HAT were 

essentially unaffected upon adsorption on the Ag(111), as shown by our 

DFT calculations for gas phase and adsorbed HAT molecules in the 

homomolecular layer (see appendix). Intermixing HATCN and HAT led to 

a hybridization between the two molecules evidenced in the emergence of 

the new and common LUMO, which shows a spatially homogeneous 

distribution across both molecules. The hybridization was accompanied by 

a conformational change of HAT as can be seen from the STM data. We 

suspect that in the mixed layer the intermolecular interactions are 

considerable stronger than the molecule/substrate interaction, because the 

assemblies changed from commensurate in the homomolecular layers to 

incommensurate in the mixed layer. The increased intermolecular 

interaction was also manifested in the increased half-width of the HOMO 

of the HAT molecule (Fig. A6.6). Furthermore, we observed a reduce 

HATCN-substrate interaction in the mixed layer which resulted in a 

decreased FWHM of the N 1s peaks in the mixed layer and in a reduced 

charge transfer from the  substrate into the HATCN (Fig. A6.5d and Table 

A6.2). 

6.4 Conclusion 

In conclusion, we studied two structurally and electronically 

complementary molecules on Ag(111). Both molecules assembled into well-

ordered, commensurate structures for monolayer deposition. The electron 

donor HAT showed weak interaction with the Ag(111) surface, while for 
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the electron acceptor HATCN buckling and charge transfer into the LUMO 

were observed upon adsorption. By intermixing the two molecules, we 

found a strong hybridization leading to the emergence of a new and 

common unoccupied state not present for the homomolecular layers. 

Spatial mapping of this unoccupied state showed a homogeneous 

distribution across both molecules. Additionally, we have evidences that 

the intermolecular interaction is strongly increased in the mixed layer while 

the HATCN-substrate interaction is significantly reduced. Our 

HATCN+HAT system therefore represents a strong CT complex suitable 

for possible usage in organic (opto)electronics. 
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6.6 Appendix 

Different Conformations of HAT 

Scheme A6.1 shows possible conformations of HAT, besides the 

one shown in Scheme 6.1b. Our gas phase calculations showed that 

conformation 2 (Scheme A6.1a) is 0.82 eV less stable compared to 

conformation 1 shown in the main text. Thus, rotation of the oxymethyl 

groups consumes energy. The conformation shown in Scheme A6.1bis the 

one, which we assign to the molecule conformation in the intermixed 

molecular structure. 

Electrochemical Results 

Fig. A6.1 shows the energy diagram derived from current-voltage 

(CV) curves and from literature.42,43 While the data of HAT agree rather 

well with the calculated energy levels shown in Fig. 6.1 in the main text, 

the LUMO and HOMO of HATCN are shifted towards the vacuum level 

compared to the theoretical calculations. This results in a slightly higher 

charge injection barrier compared to the one calculated with DFT. 

Scheme A6.1: Different conformations of the HAT molecule: (a) conformation 2; 
(b) conformation which was observed in the intermixed molecular layer. 
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Additional STM Images 

Fig. A6.2 shows large scale STM images of HATCN (a), HAT (b), 

and the intermixed molecular layer (c). HACTN molecules formed a porous 

hexagonal network with a considerable amount of dislocation lines. In 

contrast, the HAT molecules formed islands of several hundreds of nm with 

only a few molecular vacancies visible. For the intermixed molecular layer 

different rotational domains were present on the surface (Fig. A6.2). 

Besides the hexagonal close packed islands of HAT, sometimes 1D 

molecular chains were observed as well. An overview and a close-up STM 

image of theses chains also exhibiting branching are shown in Fig. A6.3 

 

 

Fig. A6.1: Energy levels of HATCN (left) and HAT (right). The values for the 
HAT molecules are taken from reference 42. The LUMO of HATCN was derived 
from CV-curves and the optical band gap was taken from reference 43. 
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Fig. A6.3: HAT on Ag(111) showing linear chains besides a close packed island, 
which is visible in the right part of (a). (a) Overview image (T = 77 K, 
U = -1.0 V, I = 20 pA, 150 x 150 nm2), (b) close-up view of two chains 
(T = 77 K, U = -1.6 V, I = 30 pA, 40 x 40 nm2). 

Fig. A6.2: Overview STM images. (a) HATCN (T = 77 K, U = 1.0 V, 
I = 120 pA, 100 x 100 nm2), (b) HAT (T = 77 K, U = 2.6-3.0 V, I = 30 pA, 
100 x 100 nm2), (c) HAT+HATCN (T = 77 K, U = -1.5 V, I = 50 pA, 50 x 50 
nm2). 
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Fig. A6.4 shows an STM image and the simultaneously taken 

dI/dV map for the intermixed HAT / HATCN layer for a bias voltage close 

to the LUMO (0.5 V). It is visible that the conductivity of the molecules 

at the border of the island is the same as in the island center. Consequently, 

we deduce that no electron spill-out at the boarder of the molecular islands 

is present. 

Fig. A6.4: Intermixed molecular layer: STM image (a) and simultaneously taken 
dI/dV map (b) taken at a bias of 0.5 V and a current of 200 pA at 5 K 
(20 x 20 nm2). 
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Additional Electron Spectroscopy Data 

Fig. A6.5 shows angle-integrated UPS and work function 

measurements. 

  

Fig. A6.5: (a), (b) UPS data for clean Ag(111) (black), and for approximately one 
monolayer of HATCN (blue), HAT (red) and HAT+HATCN (green). (c) Work 
function measurements taken with a bias of -5V applied to the sample. (d) UPS 
data of HATCN close to the Fermi energy after subtraction of the clean Ag(111) 
spectrum. 



6.6 Appendix    

156 

According to Goiri et al.11 and El-Sayed et al.21 the work function 

change of an intermixed molecular layer can be determined by the work 

function changes of the pure components as long as the surface areas 

occupied by the adsorbates are known: 

 Δmix = Aacc

Amix
Δacc + Adon

Amix
Δdon (1) 

Aacc, Adon are the areas of a single molecule in the homomolecular layers 

taken form the unit cells of the homomolecular layers, which are given in 

Table A6.1 while Amix is the area for a donor or acceptor molecule in the 

intermixed layer. Goiri at al. used Amix = Aacc + Adon. However, this is not 

possible in our case since the HATCN molecules formed a porous structure 

in the homomolecular layer while the bilayer formed a close packed 

structure. We estimated Amix by using the unit cell area of the intermixed 

structure and dividing it by two accounting for the fact that two HAT and 

two HATCN molecules are present in the unit cell, and both molecules had 

almost the same size and occupied similar positions in the unit cells (Fig. 

6.2c). This led to a theoretical work function change of -0.43 eV, which is 

very close to the measured value of -0.4 eV. 
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The ARPES data shown in Fig. 6.4b and c in the main text where 

fitted with a Lorentzian function after subtraction of a linear background 

around the HOMO feature according to equation (2), where w equals the 

half-width and a1, a2, a3 and x0 are constants.  

 f(x) = a1 + a2x + a3w2(x - x0)2 + w2 (2) 

Table A6.1: Values for the calculation for the work function shift according to 
Goiri et al. (* the first value is the measured work function shift, the second 
one is the calculated work function shift according to equation (1); ** this 
value is derived from the intermixed structure unit cell assuming that the areas 
occupied by HAT and HATCN are similar). 

 unit cell unit 
cell 
area 
[nm2] 

molecules 
per unit 

cell 

surface 
area per 
donor 

/acceptor 
molecule 

[nm2] 

work 
function 
change 

Δ 

HATCN 2.02 x 2.02 nm2 θ = 60 
3.52 2 1.76 0.0 

HAT 1.32 x 1.32 nm2 θ = 60° 1.51 1 1.51 0.9 

HAT+HATCN 2.4 x 2.7 nm2 Θ = 77° 6.31 2 3.16** 0.4-0.43* 
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The half-width for HAT and the intermixed layer are displayed in 

Fig. A6.6. It is clearly visible that the width of the HOMO of the 

homomolecular HAT is smaller than the one of the mixed layer.  

 

Table A6.2 summarizes the binding energies and the full-width half 

maximum (FWHM) of the N 1s and O 1s components. It is clearly visible 

that the O 1s peak of HAT shifted towards lower binding energy in the 

intermixed structure, while the N 1s peak positions of HATCN were 

practically not altered upon mixing with the HAT molecules. The N 1s 

FWHM significantly decreased upon co-adsorption with the HAT molecules 

indicating a reduced interaction in the intermixed layer. In contrast, the 

FWHM of the O 1s peak did almost not change upon mixing of the two 

molecules. Figure S7 shows the C 1s spectra acquired for HAT, HATCN 

and the intermixed layer.  

 

Fig. A6.6: Half-width of the HOMO of pure HAT (red) and the mixed phase 
(green) derived from a Lorentzian fit. The dotted lines indicate the average half-
width. 
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Table A6.2: XPS fitting parameters for N 1s and O 1s 
 N 1s O 1s 

C≡N C-N=C C-O-C 

Ebind 
[eV] 

FWHM 
[eV] 

Ebind 
[eV] 

FWHM 
[eV] 

Ebind 
[eV] 

FWHM 
[eV] 

HAT N/A N/A N/A N/A 533.5 1.02 

HAT+HATCN 398.4 1.19 399.8 1.67 533.1 0.98 

HATCN 398.5 1.46 399.8 1.75 N/A N/A 

 

Fig. A6.7: C 1s XPS data taken for monolayers of HAT (red), HAT+HATCN 
(green) and HATCN (blue). 
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Calculated Superstructures, STM Images and DOS 

For the adsorption of HATCN on Ag(111), two molecules were 

used per unit cell in the (7x7) supercell according to the unit cell 

determined by LEED (Fig. 6.2a in the main text). The center-to-center 

distance between two neighboring molecules was found to be 12.1 Å. The 

molecules occupied alternatingly 3-fold fcc and hcp hollow sites (Fig. A6.9a 

and b). The binding energy for this structure was found to be 2.41 

eV/molecule. In Table S3, some of the geometrical details are summarized. 

Note that for the case of HATCN, the buckling was substantial as 

compared to that for HAT (Table S4). For the C-atoms, the buckling was 

about 0.4 Å, while that for N was about 0.65 Å. The large difference in 

height for the N-atoms comes from the fact that the cyano-groups bound 

strongly to the substrate and made the molecule bend. As a result, the 

otherwise flat molecule in the gas phase was arched when adsorbed on the 

substrate. Additionally, we also found a stronger buckling in the first silver 

layer, which indicates a stronger molecule/substrate interaction.  

Fig. A6.8: STS data for the intermixed layer for the HATCN (light blue and the 
HAT (light red). 
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The adsorption of HAT on Ag(111) formed a (21x21)R10.9° 

superstructure as observed by LEED (Fig. 6.2b main text) . We performed 

calculations with the same super cell and observed that the center of the 

molecule lied on top of a three-fold hollow site, with a distance between 

two neighboring molecules (center to center) of 13.4 Å (Fig. A6.9c and d). 

The binding energy of a HAT molecule for this superstructure was found 

Fig. A6.9: Calculated superstructures and STM images of HATCN (a, b) and HAT 
(c, d) on Ag(111). 
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to be 2.27 eV. In Table S4 we summarize some of the structural 

information for HAT on Ag(111). While in the gas phase all atoms rested 

on the same plane, adsorption on the metal substrate resulted in a slight 

buckling in the z-plane containing the C atoms of about 0.28 Å. For the 

substrate, the surface atoms positions were not affected by the presence 

of the molecule. 

From the above mentioned superstructures we also derived the 

electronic structures of the molecules on the Ag(111) surface. HATCN 

interacted much stronger with Ag(111) which resulted in a charge transfer 

of 2.3 electrons/molecule from the substrate. This is in line with our 

findings of the partially occupied LUMO, which we found in ARPES, UPS 

and STS. In contrast, HAT did not undergo any significant electronic 

Table A6.3: Geometrical details for HATCN on Ag(111). 
atoms Z-average (Å) lowest Z (Å) highest Z (Å) 

C 19.36 (3.37) 18.97 19.17 

N 18.98 (2.99) 18.65 19.31 

Ag 1st layer 15.99 15.92 16.06 

 

Table A6.4: Geometrical details for HAT on Ag(111). 
atoms Z-average (Å) lowest Z (Å) highest Z (Å) 

C 19.32 19.24 19.52 

N 19.36 19.34 19.41 

Ag 1st layer 15.98 15.96 15.99 
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changes and we only found a very small charge transfer of 0.2 

electrons/molecules from the substrate to the molecule. Figure S10 

summarizes the calculated density of states (DOS) for the homomolecular 

HATCN and HAT layers on Ag(111) as well as for the gas phase molecules.  

 

Fig. A6.10: Top: total density of the pz-states of the carbon atom for HATCN on 
Ag(111) and for the gas phase; Bottom: DOS of HAT on Ag(111) and for the gas 
phase molecules. 
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7 Band Gap Opening in Epitaxial Graphene via 

Molecular Self-Assembly 

We report on the first direct evidence of band gap opening in 

single-layer epitaxial graphene induced by adsorption of self-assembled 

organic molecules. We studied the hydrogen-bonded supramolecular 

assemblies of two carboxyl-functionalized molecules on graphene on Ir(111). 

Using angle-resolved photoemission spectroscopy, we found for both 

molecules a shift of the Dirac point of graphene towards higher binding 

energies. Furthermore, one molecule led to a significant band gap opening 

at the Dirac cone of graphene. Our systems suggest the feasibility of 

graphene based organic electronic devices. 

7.1 Introduction 

Great effort by science and semiconductor industry alike to keep 

the pace of miniaturization of electronic components on integrated circuits, 

as described by Moore, 1 enabled the exponential increase of computing 

power in the last decades. Graphene is a material with good thermal 

conductivity,2 exceptional intrinsic stiffness,3 the ability to control type and 

density of charge carriers by gate voltage4–6 or chemical doping7–9, and a 

very high carrier mobility.10–12 These properties make graphene a strong 

contender as “base” material in future electronic applications.13,14 However, 

the massless Dirac character of the carriers in pristine graphene also leads 

to an intrinsic lack of a bandgap - a crucial measure of the on-off ratio and 

threshold voltage in semiconductor field-effect transistors. Therefore, band 
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gap engineering of graphene is necessary to allow for its adaptation into 

conventional logic devices. Theoretically, a band gap can be opened in 

graphene by modulating nearest-neighbor hopping amplitudes,15 enhancing 

spin-orbit coupling,16,17 reducing its geometry,18 or breaking the sublattice 

symmetry.19,20 The last two methods lead to sizable band gaps and have 

been achieved experimentally by producing nanoribbons,21 growing 

graphene on top of a buffer layer22 or as bilayer,23,24 and bringing it into 

contact with metals.25,26 

Molecular self-assembly promises an alternative to the 

aforementioned methods. Despite many studies on molecules on 

graphene,27–32 direct experimental evidence for a band gap opening has 

only been reported for graphene covalently functionalized with H atoms 

and F4-TCNQ on bilayer graphene.33,34 The theoretical prediction of a band 

gap opening in single-layer epitaxial graphene through adsorption of 

organic molecules35–40 has until now not been realized experimentally. 

In this study, we present the first direct experimental evidence of 

a band gap opening in single-layer epitaxial graphene upon adsorption of 

self-assembled organic molecules. We deposited benzene-tribenzoic acid 

Scheme 7.1: Chemical structure of (a) benzene-tribenzoic acid (BTB) and (b) 
trimesic acid (TMA). 
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(BTB) and trimesic acid (TMA) (Scheme 7.1) onto graphene on Ir(111), 

respectively. The molecules differ in their respective size, but have in 

common a threefold symmetry with three terminal carboxylic acid groups, 

enabling intermolecular H-bonding. Both molecules have been well studied 

and their assemblies exhibited high structural reliability across different 

substrates and conditions.41–50 We studied the structural and electronic 

properties of the molecules using scanning tunneling microscopy (STM), 

low energy electron diffraction (LEED), and angle-resolved photoemission 

spectroscopy (ARPES). Upon individual adsorption of both molecular 

species, we observed a coverage-dependent shift of the Dirac point of 

graphene towards higher binding energies. The shift was stronger for the 

adsorption of TMA than for BTB. In case of TMA, graphene exhibited 

furthermore a significant gap opening of Egap = 300 meV. Our findings 

hence establish a model system for a novel way towards graphene-based 

organic electronics. 

7.2 Methods 

Sample Preparation 

We prepared Ir(111) by repeated cycles of sputtering with Ar+ ions 

and subsequent annealing at 1400 K in an ultra-high vacuum (UHV) 

environment. Graphene on Ir(111) was grown by holding the substrate at 

1300 K and exposing it to C2H4 at a partial pressure of 4 x 10-7 mbar for 

4 min. The presence of graphene was confirmed by multi-channel plate 

(MCP) LEED measurements. We deposited the molecules using a 

commercial Knudsen cell evaporator (OmniVac). BTB sublimed at 570 K 
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and TMA at 500 K. Both molecules were acquired from Sigma-Aldrich. 

During molecule deposition, the samples were held at room temperature 

(RT) and located in a chamber with a base pressure below 1 x 10-10 mbar. 

Following deposition, we annealed the samples at 370 K to increase the 

structural order of the molecules. We define a monolayer (ML) of each 

respective molecule as the coverage where the substrate is fully covered by 

a close-packed structure.  

STM and LEED Measurements 

We performed STM and MCP-LEED measurements using a 

commercial, two-chamber UHV system. Both the STM and the MCP-

LEED were acquired from Scienta Omicron GmbH. The base pressure in 

the STM chamber was below 5 x 10-11 mbar, while the base pressure in 

the LEED chamber was below 1 x 10-10 mbar. For STM measurements, 

the samples were cooled down to 77 K, while LEED measurements were 

performed at RT. STM images were obtained in constant current mode 

using a tip made from mechanically cut Pt/Ir wire. All voltages are given 

with respect to a grounded tip. We processed the STM images using 

WSxM.51 

μ-ARPES 

We performed μ-ARPES measurements using electrostatic 

photoemission electron microscopy (PEEM) at the NanoESCA beamline of 

the Elettra synchrotron light source. Samples were measured in a UHV 

chamber with a base pressure below 5 x 10-11 mbar. We used p-polarized 

light with a photon energy of 35 eV to probe the samples, which were held 
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at 135 K. Measurements were taken in the diffraction mode, i.e., in a single 

image the angle-resolved photoemission intensity was mapped in the whole 

emission hemisphere above the sample. The energy and momentum 

resolutions were 80 meV and 0.04 Å-1, respectively. The Ebinding scale is 

given with respect to the Ir(111) Fermi level. We determined the energy 

position of the Dirac point ED in the following way: (i) Momentum 

distribution curves for several Ebinding were extracted from the ARPES 

spectra taken around the Dirac point of graphene. All curves were 

positioned in k-space in the same way and in such a fashion that the signal-

to-noise ratio was optimized. (ii) The momentum distribution curves were 

individually fitted with Lorentzian functions to detect their respective 

maximum. (iii) We plotted the maxima in dependence of Ebinding and 

carefully fitted the maxima with the linear function Ebinding = vFermi × k|| + 
ED. Both the Fermi velocity vFermi and position of the Dirac point ED were 

left free during fitting. 

7.3 Results and Discussion 

The self-assembly of BTB and TMA on graphene on Ir(111) 

(g/Ir(111)) has previously been investigated by STM in UHV conditions 

by Liljeroth and coworkers.41 Further STM studies in UHV conditions exist 

for BTB on g/Cu(111) and Ag(111) as well as TMA on Cu(100), HOPG, 

and Ag(111).42,43,45–47 Our findings on the self-assembly of both molecules 

are well in line with this body of work. Nevertheless, in the scope of this 

thesis we will discuss our findings on the self-assembly in more detail.  
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We will present the results of our STM and LEED investigation 

firstly for BTB and then for TMA on g/Ir(111). We will proceed to 

highlight differences in the coverage dependence of the self-assemblies for 

both molecules. Lastly, we will discuss changes to the graphene band 

structure in the vicinity of the K point upon molecular deposition as probed 

by ARPES. 

Self-Assembly of BTB on g/Ir(111) 

We performed STM measurements on g/Ir(111) after deposition 

of a coverage of 0.3 ML of BTB. The surface was fully covered with 

molecules forming a honeycomb structure (Fig. 7.1a). The honeycomb 

structure showed long-range order with domain sizes beyond several 

hundred nanometers in diameter and only few defects. Fig. 7.1b shows a 

high-resolution STM image of the honeycomb structure of BTB. Individual 

molecules take the shape of three protrusions connected into a triangle. 

The rhombic unit cell of the honeycomb structure is drawn in cyan. Both 

unit cell vectors have a length a = b = 3.2 nm and the angle is Θ = 120°. 

Fig. 7.1c depicts the structural model of the honeycomb structure which is 

stabilized via dimeric H-bonds between adjacent molecules (marked yellow). 

The same unit cell on g/Ir(111) has been reported by Liljeroth and 

coworkers41 and has also been found on g/Cu(111)42. On Ag(111), the unit 

cell was with 3.1 nm slightly smaller.43 

Upon increasing the molecular coverage above 0.3 ML, we found a 

second, close-packed structure coexisting with the honeycomb structure. 

The amount of close-packed structure rose with increasing coverage. For 

1 ML, the surface was exclusively covered with the close-packed structure 
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(Fig. 7.1d). In contrast to the honeycomb structure, the close-packed 

structure exhibited limited long-range order. The domain sizes were mostly 

in the tens of nanometers, resulting in the presence of many domain 

boundaries on the surface. Fig. 7.1e shows a high-resolution STM image 

of the close-packed structure of BTB. Its oblique unit cell is overlaid in 

cyan. The unit cell vectors are a = 1.6 nm, b = 2.3 nm, and the angle is 

Fig. 7.1: BTB self-assembly on g/Ir(111) in dependence of the molecular coverage. 
Unit cells are marked in cyan. (a) STM image of the honeycomb structure of BTB 
seen for 0.3 ML coverage (60 x 60 nm2, -1.4 V, 5 pA). (b) High-resolution STM 
image of the honeycomb structure of BTB ( 8 x 8 nm2 , -1.4 V , 5 pA ). (c) 
Corresponding structural model. Dimeric H-bonds between adjacent molecules 
(yellow) stabilize the structure. (d) STM image of the close-packed structure for 
1 ML coverage (60 x 60 nm2, -1.4 V, 10 pA). (e) High-resolution STM image of 
the BTB close-packed structure (5 x 5 nm2 , -1.4 V, 5 pA). (f) Corresponding 
structural model. For each molecule, one carboxyl group interacts via dimeric H-
bonding with a neighboring molecule (yellow). The other two carboxyl groups 
interact via single H-bonding with two adjacent molecules (magenta). 
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Θ = 100°. Fig. 7.1f depicts the structural model of the close-packed 

structure. One carboxyl group engages in dimeric H-bonding with a 

neighboring molecule (marked yellow). Each of the other two carboxyl 

groups interacts via single H-bonding with two adjacent molecules (marked 

magenta). Liljeroth and coworkers have reported the same structure on 

g/Ir(111) but with a slightly smaller vector b.41 On Ag(111), a similar 

close-packed structure has been found for partly deprotonated BTB 

molecules.43 We can rule out that this happens on g/Ir(111), as graphene 

has been shown to protect the carboxyl groups of BTB.42 

We furthermore assessed the self-assembly of BTB using LEED. 

Fig. 7.2a shows the LEED pattern for a sample on which only the BTB 

honeycomb structure was present. Orange arrows indicate the principal 

directions of the Ir(111) surface. Diffraction spots are clearly discernable 

even for higher orders. This further evidences the long-range order of the 

BTB honeycomb structure already observed in STM. Some of the 

diffraction spots appear in pairs indicating the existence of two rotational 

domains. Fig. 7.2b shows the simulated LEED patterns of the two domains 

of BTB honeycomb structure (marked white) rotated by γ = ±3.5° with 

respect to the principal graphene direction and the graphene moiré (marked 

cyan).52,53 We observed a good agreement between simulated and 

measured LEED data. Fig. 7.2c depicts a LEED pattern for a sample 

covered with BTB close-packed structure. While the first order diffraction 

spots of the graphene moiré are still visible, diffraction spots of the 

molecules are obscured. We attribute this to the small domain size of the 



7 Band Gap Opening in Epitaxial Graphene via Molecular Self-Assembly
   

173 

close-packed structure leading to diffraction spots that are too weak to be 

discernable from the overall background.  

It should be noted, that in Fig. 7.2 the diffraction spots of the 

graphene moiré are not clearly resolved as spots. This is due to the presence 

of further rotational domains of graphene induced by a growth temperature 

which was slightly too low.53 This is of no consequence for the claims made 

above or the analysis of the electronic structure further below. 

Self-Assembly of TMA on g/Ir(111) 

For TMA on g/Ir(111), we observed a honeycomb structure for 

coverages below 0.6 ML  (Fig. 7.3a). Comparable to the honeycomb 

structure of BTB, the honeycomb structure of TMA displayed long range 

order with domain sizes exceeding hundreds of nanometers in diameter. A 

high-resolution STM images of the TMA honeycomb network is shown in 

Fig. 7.2: LEED pattern for BTB on g/Ir(111). (a) LEED pattern for 0.3 ML
coverage of BTB (18.0 eV). The orange arrows indicate the principal directions of 
the Ir(111) surface. (b) Same pattern as (a) overlaid with simulated LEED patterns 
of the BTB honeycomb structure (white) and graphene moiré (cyan). (c) LEED 
pattern for 1 ML coverage of BTB (28.4 eV). First order diffraction spots of the 
graphene moire were still visible, while spots of the molecules were barely 
discernable. 



7.3 Results and Discussion    

174 

Fig. 7.3: TMA self-assembly on g/Ir(111) in dependence of the molecular coverage. 
Unit cells are marked in cyan. (a) STM image of the honeycomb network of TMA 
seen below 0.6 ML coverage (60 x 60 nm2, -1.4 V, 10 pA). (b) High-resolution 
STM image (8 x 8 nm2, -1.4 V, 10 pA) and (c) corresponding structural model. 
Dimeric H-bonds between adjacent molecules (yellow) stabilize the honeycomb 
structure. (d) STM image of the flower-structure appearing for coverages above 
0.6 ML (50 x 50 nm2, -1.4 V, 20 pA). (e) High-resolution STM image (8 x 8 nm2, 
-1.4 V, 20 pA) and (f) corresponding structural model. One carboxyl group is 
engaged in trimeric H-bonding with two neighboring molecules (green). (g) STM 
image of the close-packed structure present for coverages close to 1 ML
( 30 x 30 nm2 , -1.4 V , 20 pA ). Some higher-order flower-structures with an 
enlarged size of the rhombic unit cell are also visible. (h) High-resolution STM 
image (8 x 8 nm2, -1.4 V, 20 pA) and (i) corresponding structural model. For the 
close-packed assembly, all molecules interact via cyclic trimeric H-bonds (green). 
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Fig. 7.3b. TMA molecules are discernable as triangular protrusions. The 

rhombic unit cell of the honeycomb structure is overlaid in cyan. We 

determined the unit cell as a = b = 1.6 nm with an angle of Θ = 120°. 

Fig. 7.3c depicts the associated structural model. Analogue to the 

honeycomb structure of BTB, dimeric H-bonds stabilize the honeycomb 

structure of TMA (marked yellow).  

Increasing the TMA coverage above 0.6 ML led to the formation 

of the flower-structure (Fig. 7.3d). The flower-structure of TMA has a 

rhombic unit cell of a = b = 2.6 nm with an angle of Θ = 120°, marked 

cyan in the high-resolution STM image (Fig. 7.3e). Fig. 7.3f depicts the 

structural model of the flower-structure. In addition to dimeric H-bonds 

(marked yellow), one carboxyl group per molecule engages in cyclic trimeric 

H-bonding with two neighboring molecules (marked green). 

For coverages close to 1 ML, we observed a close-packed structure 

as well as higher-order flower-structures (Fig. 7.3g). These higher-order 

flower-structures have a rhombic unit cell whose size increases according 

to their order.45 A high-resolution STM image of the TMA close-packed 

structure is shown in Fig. 7.3h. We determined a rhombic unit cell (marked 

cyan) of a = b = 0.9 nm with an angle of Θ = 120°. The structural model 

of the close-packed structure is shown in Fig. 7.3i. Cyclic trimeric H-bonds 

(marked green) exclusively stabilize the close-packed structure. 

Our unit cells for the honeycomb and flower-structure agree with 

previous reports of TMA on g/Ir(111),41 Au(111),45 and HOPG.46 On 

Cu(100) a distorted honeycomb structure has been found due to the 

different symmetry of surface in comparison to the aforementioned 
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substrates.47 Furthermore, on Au(111) the same close-packed structure has 

been reported. 45 

We again performed LEED measurements to gain further insight 

into the self-assembly of TMA. A LEED pattern for the TMA honeycomb 

structure is shown in Fig. 7.4a. We observed clear diffraction spots even 

for higher-order diffractions, again demonstrating the long-range order of 

the TMA honeycomb structure seen in STM. We observed 18 rotational 

domains for the TMA honeycomb structure. If we only regard rotationally 

inequivalent domains, we arrive at a total of three inequivalent domains. 

Hence, the LEED pattern was simulated with two inequivalent domains 

rotated by γ = ±3.5°  with respect to the graphene lattice and one 

inequivalent domain rotated by δ = 30°. The simulated pattern (marked 

white) combined with the pattern for the graphene moiré (marked cyan) 

matches the observed LEED data well (Fig. 7.4b). Again, it should be 

noted, that additional rotational domains of graphene were present due to 

Fig. 7.4: LEED patterns for TMA on g/Ir(111). (a) LEED pattern for 0.6 ML
coverage of TMA (20.8 eV). (b) Same pattern as (a) overlaid with the simulated 
LEED patterns of the TMA honeycomb phase (white) and graphene moiré (cyan). 
(c) LEED pattern for a TMA coverage above 1 ML (21.3 eV). Diffraction spots 
of the molecules are still discernable. 
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a growth temperature that was too low.53 Reports on TMA on graphene 

on Cu foil49,54 as well HOPG49 have also shown rotational domains of the 

TMA honeycomb structure. However, the authors reported only two 

inequivalent domains rotated with respect to the graphene lattice by ±7°52 

or ±7.6°49, respectively. The deviation from our results could stem from 

the different substrates used or from the fact that those studies have been 

carried out at the solid-liquid interface. 

Fig. 7.4c shows the LEED pattern for a sample with a TMA 

coverage above 1 ML. In contrast to the case of BTB, we still observed 

clear diffraction spots of the TMA overlayer. We propose the following 

explanation for this: All TMA structures exhibit a rhombic unit cell with 

varying size. The unit cell vectors of different structures are not integer 

multiples of each other. This results in an overall increased background in 

the LEED pattern. However, all the domains of all structures exhibit the 

same rotations of ±3.5° and 30° with respect to the substrate. This means 

that at some places in the LEED pattern, diffraction spots of different 

TMA structures partly overlap leading to an increased intensity. Therefore, 

even for coverages above 1 ML, where higher-order flower, close-packed, 

and second layer honeycomb structure coexisted, certain diffraction spots 

will still be visible due to said overlap.  

Coverage Dependence for BTB and TMA 

BTB and TMA showed both a coverage-dependence in their 

respective self-assembly, i.e., for different molecular coverages, different 

structures were observed. In the following, we will discuss the differences 
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between the self-assembly of  both molecules with respect to coverage 

dependence. 

For BTB, we observed the honeycomb structure for coverages 

below 0.3 ML . At 0.3 ML , the sample was fully covered with the 

honeycomb structure. For coverages between 0.3 ML  and 1 ML , 

honeycomb and close-packed structures coexisted. For monolayer coverage, 

the sample was fully covered with the close-packed structure. Therefore, 

we could establish clear threshold coverages between BTB structures. 

This is fundamentally different for the case of TMA. While for 

coverages below 0.6 ML the honeycomb structure of TMA was the most 

dominant one, it was not exclusive. We often noticed domains of flower-

structure well before the sample was fully covered with the honeycomb 

structure. Above 0.6 ML, the flower-structure was the most dominant one, 

Fig. 7.5: Self-assembly of TMA on g/Ir(111) for a coverage of 1 ML. (a) STM 
image showing the honeycomb structure in the second layer while the first layer 
was not fully covered (40 x 40 nm2, -1.4 V, 10 pA). Mostly close-packed structure 
is present in the first layer. However, some flower-structures can be seen at the 
very top of the STM image. (b) Coloration of (a) to visualize the different 
molecular layers. (c) The line profile taken along the black line indicated in (b)
reveals the presence of a second layer. 



7 Band Gap Opening in Epitaxial Graphene via Molecular Self-Assembly
   

179 

but coexisted with higher-order flower-structures whose numbers increased 

with increasing coverage. For coverages of 1 ML, we mostly found the 

close-packed structure, but also higher-order flower-structures. 

Additionally, we observed TMA molecules adsorbed in the second layer 

and arranged in the honeycomb structure (Fig. 7.5). It should be noted 

that the honeycomb structure in the second layer emerged before the first 

layer was fully covered with the close-packed structure. Consequently, we 

could not establish clear threshold coverages for which only one structure 

of TMA could be exclusively found. 

A similar observation has been made for TMA on Au(111).45 In 

this study, a unified model for all the TMA structure was established. The 

authors found a coexistence of structures for almost all coverages. 

Furthermore, the interval between critical coverages, for which a new 

structure emerged, narrowed significantly with increasing coverage. This 

could explain why it was experimentally not possible for us to establish a 

threshold coverage between higher-order flower-structures. The authors 

also suggested that the honeycomb structure is energetically the most 

preferable out of all TMA structures. We propose that this preference 

facilitated the formation of the honeycomb structure in the second layer 

before completion of the first layer. 
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Electronic Structure 

We performed ARPES measurements to probe changes to the 

graphene band structure upon molecular adsorption. Accordingly, we 

focused our measurements on the region around the Dirac point of 

graphene. In Fig. 7.6, we compare the energy dispersion curves around the 

Dirac point of pristine g/Ir(111), BTB on g/Ir(111) and TMA on g/Ir(111). 

The k|| values are given with respect to the K point of the graphene lattice. 

The energy dispersion curves are shown along the AKA′�������  direction as 

sketched in Fig. 7.6c.  

We studied samples with molecular coverages of <1 ML (Fig. 7.6a) 

and <2 ML (Fig. 7.6b) for both molecules. We did so for three reasons: (i) 

In the case of BTB, a coverage of 1 ML yielded a full layer of close-packed 

structure. The sublimation of organic molecules has an inherent 

experimental uncertainty with respect to final coverage on the substrate. 

This uncertainty is even higher when performing the sample preparation at 

a lesser-known system, such as the end station of a beamline. Therefore, 

we aimed to stay below 1 ML. This ensured that we could probe changes 

of the electronic structure of graphene exclusively induced by the first layer 

of BTB. (ii) For 1 ML of TMA, we observed a coexistence of different 

structures, including adsorption in the second layer. As a result, the 

graphene layer was not fully covered with molecules at a nominal coverage 

of 1 ML  (Fig. 7.5). To study the changes induced to the electronic 

structure of graphene by a fully closed first layer of TMA, we therefore 

deposited a coverage of <2 ML. (iii) To ensure comparability of the results 
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for BTB and TMA, we deposited similar coverages (<1 ML and <2 ML) 

for both molecules. 

Fig. 7.6a depicts ARPES spectra of pristine graphene as well as 

samples covered with BTB and TMA for coverages of <1 ML, respectively. 

The energy dispersion curve of pristine g/Ir(111) (Fig. 7.6a, left) shows 

the  behavior expected for graphene epitaxially grown on Ir(111). We 

determined the Dirac point to be at ED = -100 meV, i.e., above the Fermi 

level (EF). This result is in very good accordance with previous data.55  

Upon deposition of <1 ML BTB, we found the Dirac cone slightly 

shifted to higher Ebinding at ED = -40 meV (Fig. 7.6a, middle). This shift 

was even more pronounced for a coverage of <1 ML TMA for which we 

determined the position of the Dirac point as ED = 70 meV, i.e., below EF 

(Fig. 7.6a, right).  

Increasing the molecular coverage resulted in the Dirac point 

shifting further down (Fig. 7.6b). For <2 ML BTB, we found the Dirac 

point at ED = 20 meV (Fig. 7.6b, middle). For <2 ML TMA, the Dirac 

point was found at ED = 170 meV (Fig. 7.6b, right). Since the upper half 

of the Dirac cone shifted also below EF for <2 ML TMA, a band gap 

opening was clearly revealed (Fig. 7.6d, left). By integrating over 0.01 Å-1 

around the K point, we obtained the energy distribution curve shown in 

Fig. 7.6d, right (blue dots). This energy distribution curve was then fitted 

with a Fermi-cutoff (not shown) and two Lorentzian functions (green and 

red line, respectively). The maxima of the two Lorentzians were at 

Ebinding = -10 meV (green line) and Ebinding = 290 meV (red line) resulting 

in a band gap of Egap = 300 meV. 
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Fig. 7.6: Energy dispersion curves around the Dirac point of graphene for (a) 
<1 ML  and (b) <2 ML  BTB and TMA on g/Ir(111), respectively. Pristine 
g/Ir(111) is shown as reference. The Fermi level is indicated by the white, dotted 
line. (c) Sketch of the Brillouin zone of graphene. k|| values are given with respect 

to the K point. All energy dispersion curves are oriented along the AKA′������� direction
(red line). (d) ARPES spectrum of <2 ML TMA on g/Ir(111) with increased 
contrast (left) and corresponding energy distribution curve (right). The energy 
distribution curve (blue dots) was fitted with a Fermi-cutoff (not shown) and two 
Lorentzian functions (green and red line, respectively). The resulting fit is shown 
as black line. A band gap opening of 300 meV was determined. 
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Discussion 

As first clear feature, our ARPES measurements revealed that the 

Dirac cone of graphene shifted downwards upon adsorption of either TMA 

or BTB (Table 6). The shift is (i) stronger for coverages of <2 ML than 

for <1 ML and (ii) stronger for adsorption of TMA in comparison to BTB. 

For the first point, we shall take a closer look at the molecular coverages 

and the induced shift. Table 6 shows the molecular coverages, the position 

of the Dirac point ED, and the energy shift in comparison to pristine 

g/Ir(111) ΔE = |−100 ��� −  ��|. For BTB, we can establish a factor 

between the two coverages of 2.0. We find the same factor for ΔE. For 

TMA, the coverages differ by a factor of 1.8, while for the energy shifts 

the factor is 1.6. Therefore, the position of the Dirac point seems to linearly 

shift with molecular coverage towards higher Ebinding. The second point was 

Table 6: Energy positions of the Dirac point ED of both BTB and TMA on 
g/Ir(111) for different coverages. ΔE is the energy shift in comparison to 
pristine g/Ir(111). The carboxyl group density refers to the close-packed 
structure of BTB and TMA, respectively. 

 BTB TMA 

coverage (ML) 
ED (meV) 
ΔE (meV) 

0.94 
-40 
60 

0.98 
70 
170 

coverage (ML) 
ED (meV)  
ΔE (meV) 

1.89 
20 
120 

1.80 
170 
270 

carboxyl group density 
(nm-2) 

1.1 4.3 

 



7.3 Results and Discussion    

184 

that we observed a stronger shift for the adsorption of TMA in comparison 

to BTB. In order to examine possible origins of this behavior, we would 

like to highlight the study by Rochefort and Wuest.56 The authors 

theoretically investigated individual aromatic compounds substituted with 

a varying number of carboxyl groups adsorbed on graphene using the local 

density approximation (LDA) within the density functional theory (DFT) 

framework. While benzene showed a low adsorption energy, adding an 

increasing number of COOH groups to it led to increasing adsorption 

energies. Additionally, the increased adsorption energy goes along with an 

increased charge transfer from graphene into the molecule. Their study 

demonstrates the influence of carboxyl groups on the molecule-graphene 

interaction. While BTB and TMA both possess three carboxyl groups, the 

smaller size of TMA results in an increased COOH density on the surface 

(Table 6). We hence suggest that the increased number of carboxyl groups 

in the case of TMA led to a stronger shift compared to the case of BTB. 

The second and most astonishing feature we observed was the 

opening of a band gap at the K point upon adsorption of <2 ML TMA. 

Shayeganfar and Rochefort have predicted this feature in a theoretical 

study.36 The authors used DFT-LDA to study TMA on graphene as 

individual molecule, H-bonded dimer, and H-bonded trimer, respectively. 

Graphene exhibited a band gap opening of approximately Egap = 180 meV 

for the TMA trimer. If we consider the H-bonded trimer as building block 

of the close-packed phase of TMA and take into account that LDA is 

known to underestimate the band gap,35 this value agrees reasonably well 

with our experimentally determined Egap = 300 meV.  
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There are several aspects of our results that are not described by 

the aforementioned theoretical works. Firstly, the authors accredited the 

gap opening to a symmetry breaking induced by a mixing of molecular 

states with graphene altering the π-states around the Fermi level.36 These 

results are based on a commensurate TMA adsorption. Our STM and 

LEED results however suggest incommensurate BTB and TMA close-

packed structures. This means that the electron densities of the graphene 

sublattices will experience modulations beyond the size of the respective 

close-packed structure unit cell. Any DFT calculations would need to 

establish a larger superlattice of these modulations prior to calculating the 

band structure of graphene. Secondly, in both studies the authors observed 

an electron transfer from the graphene into the TMA molecule.36,56 This is 

equivalent with a p-doping of graphene, i.e., a shift of ED towards higher 

Ebinding. Our experiments however show a clear shift of ED towards lower 

Ebinding, i.e., n-doping of the graphene. We propose that the interaction of 

graphene with Ir(111) might be altered upon molecular adsorption leading 

to an electron transfer from the metal substrate into the graphene. Since 

the aforementioned theoretical studies lacked an underlying metal 

substrate, further theoretical investigations taking the whole 

molecule/g/Ir(111) system into account are necessary. Overall, additional 

theoretical work is needed to satisfyingly explain our experimental results 

and establish the exact mechanism of the observed band gap opening. 

Unfortunately, this goes beyond the scope of this work and will be 

attempted at a later point. 
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7.4 Conclusion 

We studied the structural and electronic properties of BTB and 

TMA on g/Ir(111). Upon adsorption of molecules, we observed a shift of 

the Dirac point of graphene towards higher binding energies. This shift 

increased with molecular coverage. Furthermore, the overall shift was 

bigger for TMA in comparison to BTB. For a coverage of <2 ML TMA, 

the Dirac cone of graphene exhibited a significant band gap opening of 

Egap = 300 meV. This is the first direct experimental evidence of gap 

opening in single-layer epitaxial graphene induced by the adsorption of 

organic molecules. We therefore found a model system for a potential 

development of novel graphene-based organic electronics. 
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8 Summary 

Self-assembly of organic molecules could be a feasible bottom-up 

approach to build nanostructures suitable for future electronic devices. In 

this thesis, we studied self-assembled structures on metal surfaces as well 

as on graphene. We addressed two research questions. On a fundamental 

level, we studied the driving mechanisms of a self-assembly structure 

(Chapter 4) as well as the subtle, yet peculiar, influence of graphene on 

the final nanostructure (Chapter 5). Bridging towards a possible 

application, we explored a model systems of self-assembled charge-transfer 

complexes (Chapter 6) and established the feasibility of graphene based 

organic electronic devices (Chapter 7). 

We probed the structural properties of our systems using scanning 

tunneling microscopy (STM) on the nanoscale and low-energy electron 

diffraction (LEED) on the larger-scale. In one instance, we also studied the 

chemical environment of our adsorbents using X-ray photoelectron 

spectroscopy (XPS). The electronic properties were explored using 

scanning tunneling spectroscopy (STS), ultraviolet photoelectron 

spectroscopy (UPS), and angle-resolved photoelectron spectroscopy 

(ARPES). 

In Chapter 4 we report on the study of a tailor-made organic 

molecule on Au(111) using STM and LEED. The compound was 

specifically synthesized to exhibit great conformational flexibility. Upon 

adsorption, we found a self-assembled arrangement stabilized by H-bonding. 

Within the arrangement, the compound exhibited several different 
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conformations. Annealing the sample did not alter the conformational 

composition of the molecules on the surface, yet increased the long-range 

order of the arrangement. Increasing the lateral pressure by means of 

molecular coverage saw the emergence of an additional arrangement. 

Within the second arrangement, the compound still exhibited a 

conformational difference to the in gas phase energetically preferred one. 

However, unlike in the first arrangement all molecules showed the same 

conformation in the second arrangement. The observed behavior of the 

compound was independent of other sample preparation parameters, such 

as deposition rate. We hence established a solely coverage-controlled 

transition from a monomorphic system with only one molecular 

arrangements into a polymorphic system with two coexisting arrangements. 

This result is very different to earlier reports of the same compound on 

Ag(111), showcasing that high conformational flexibility can be utilized to 

achieve different self-assembly behavior on similar surfaces. 

In Chapter 5 we used STM, LEED, and STS to study the self-

assembly of a linear molecule bearing two carbonitrile recognition sites on 

HOPG as well as graphene on Cu(111). Upon adsorption, the molecules 

assembled in close-packed structures of parallel molecules stabilized by a 

mixture of H-bonding and dipolar coupling between neighboring, oppositely 

oriented carbonitrile groups. The structures exhibited a peculiar shift along 

the long axis of the molecules. On HOPG, this shift occurred every fourth 

molecule, while on graphene on Cu(111) two structures coexisted with the 

shift every fourth or fifth molecule, respectively. Such shift was not 

reported for similar molecules on metal substrates or in the bulk phase. We 
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conclude (i) that this shift is a unique feature of the self-assembly of this 

molecule on graphitic substrates and (ii) that one layer of graphite, i.e., 

graphene, suffices to induce said shift. 

In Chapter 6 we discuss the self-assembly of an electron-donating 

and an electron accepting molecule on Ag(111). In the homomolecular 

layer, the electron acceptor assembled into a porous network that was 

commensurate with respect to the substrate as revealed by STM and LEED. 

In contrast, the electron donor assembled into a commensurate close-

packed network. Upon intermixing the two molecules, the complementary 

nature of the two molecules facilitated a close-packed structure with a 1:1 

ratio of acceptor and donor. The mixed layer was not commensurate with 

the underlying substrate and furthermore the electron donor underwent a 

conformational change when compared to the homomolecular layer. XPS 

measurements confirmed the successful mixing of the two molecules. Upon 

probing the electronic structure of the systems, UPS and ARPES 

measurements revealed significant changes in the occupied states of the 

molecules upon intermixing. STS measurements showed the emergence of 

a new unoccupied state spatially homogeneously distributed across both 

molecules. The observed electronic changes signified a successful 

hybridization of the two molecules upon co-adsorption on the Ag(111) 

surface. Hence, we showcased in this chapter a model system for self-

assembled, charge-transfer complexes possibly useable in molecular 

electronics. 

In Chapter 7 we present the self-assembly of two compounds, 

namely benzene-tribenzoic acid (BTB) and trimesic acid (TMA), on 
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graphene on Ir(111) and the influence of the molecular adlayer on the band 

structure of graphene. Both molecules differ in size, but share a threefold 

symmetry as well as three carboxyl groups as recognition sites for H-

bonding. By means of STM and LEED, we studied the self-assembly of 

each compound in dependence of the molecular coverage. For BTB, we 

determined a transition coverage between a honeycomb and a close-packed 

structure. In contrast, TMA exhibited, between a honeycomb and a close-

packed structure, flower structures of varying size. As a result, we were 

unable to establish clear transition coverages between those structures. 

When probing the band structure of graphene after deposition of different 

molecular coverages, we found that the Dirac point of the Dirac cone 

shifted towards higher binding energies. This shift was more pronounced 

for higher molecular coverages as well as for TMA in comparison to BTB. 

Hence, we established a correlation between the density of carboxyl groups 

on graphene and the shift of the Dirac point. Most surprisingly, for the 

highest studied coverage of TMA we observed a significant opening of the 

Dirac cone of 300 meV. While a gap opening of graphene induced by 

molecular adsorption has been theoretically predicted, it has hitherto not 

been directly observed. Our study therefore is the first experimental proof-

of-principle for the feasibility of graphene based organic electronic devices.
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9 Samenvatting 

Zelfassemblage van organische moleculen zou een mogelijke 

‘bottom-up’ benadering kunnen zijn om nanostructuren te bouwen die 

geschikt zijn voor toekomstige elektronische apparaten. In dit proefschrift 

bestudeerden we zelf-geassembleerde structuren op metalen oppervlakken 

en op grafeen. We hebben ons op twee onderzoeksvragen gericht. Op een 

fundamenteel niveau hebben we de mechanismen van een zelf-

assemblagestructuur bestudeerd (Hoofdstuk 4), evenals de subtiele, maar 

merkwaardige, invloed van grafeen op de uiteindelijke nanostructuur 

(Hoofdstuk 5). Om een stap richting een mogelijke toepassing te zetten, 

verkenden we een modelsysteem van zelf-geassembleerde lading-

overdrachtscomplexen (Hoofdstuk 6) en bekeken we de mogelijkheid om 

organische elektronische apparaten te fabriceren op grafeen (Hoofdstuk 7). 

We hebben de structurele eigenschappen van onze systemen onderzocht 

met behulp van ‘scanning tunneling microscopy’ (STM) op de nanoschaal 

en ‘low-energy electron diffraction’ (LEED) op een grotere schaal. In één 

geval hebben we ook de chemische omgeving van onze adsorbens 

bestudeerd met behulp van X-ray photoelectron spectroscopy (XPS). De 

elektronische eigenschappen werden onderzocht met behulp van ‘scanning 

tunneling spectroscopy’ (STS), ‘ultraviolet photoelectron spectroscopy’ 

(UPS) en angle-resolved photoelectron spectroscopy (ARPES). 

In hoofdstuk 4 rapporteren we over de studie van een op maat 

gemaakt organisch molecuul op Au (111) met behulp van STM en LEED. 

De verbinding werd specifiek gesynthetiseerd om grote conformationele 
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flexibiliteit te vertonen. Bij adsorptie vonden we een zelf samengestelde 

rangschikking gestabiliseerd door H-bindingen. Binnen de ordening 

vertoonde de verbinding verschillende conformaties. Het opwarnen van het 

monster veranderde de conformationele samenstelling van de moleculen 

aan het oppervlak niet, maar verhoogde de ‘long-range’ orde van de 

opstelling. De toenemende zijwaartse druk door de adsorptie van meer 

moleculen leidde tot een nieuwe rangschikking Binnen de tweede 

rangschikking vertoonde de verbinding nog steeds een andere conformatie 

dan de conformatie die in de gasfase energetisch gezien de voorkeur heeft. 

In tegenstelling tot de eerste rangschikking vertoonden echter alle 

moleculen dezelfde conformatie in de tweede rangschikking. Het 

waargenomen gedrag van de verbinding was onafhankelijk van andere 

preparatie parameters, zoals de depositiesnelheid. We hebben daarom een 

uitsluitend bedekking-gecontroleerde overgang van een monomorf systeem 

met slechts één moleculaire rangschikking naar een polymorf systeem met 

twee naast elkaar bestaande rangschikkingen vastgesteld. Dit resultaat 

verschilt sterk van eerdere rapporten met dezelfde verbindingen op Ag 

(111), wat aantoont dat hoge conformationele flexibiliteit kan worden 

gebruikt om verschillende zelfassemblage-eigenschappen op vergelijkbare 

oppervlakken te bereiken. 

 In Hoofdstuk 5 hebben we STM, LEED en STS gebruikt om de 

zelfassemblage van een lineair molecuul met twee koolstofnitride-

herkenningslocaties op HOPG en grafeen op Cu (111) te bestuderen. Na 

adsorptie werden de moleculen geassembleerd in ‘close-packed’ structuren 

van parallelle moleculen gestabiliseerd door een combinatie van H-binding 
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en dipolaire koppeling tussen naburige, tegengesteld georiënteerde 

koolstofnitridegroepen. De structuren vertoonden een eigenaardige 

verschuiving langs de lange as van de moleculen. Op HOPG vond deze 

verschuiving bij elk vierde molecuul plaats, terwijl op grafeen op Cu (111) 

er twee structuren, met een verschuiving om elk vierde en met een 

verschuiving om elk vijfde molecuul, naast elkaar bestonden. Een dergelijke 

verschuiving werd niet gemeld voor vergelijkbare moleculen op metalen 

substraten of in het bulkstadium. We concluderen (i) dat deze verschuiving 

een uniek kenmerk is van de zelf-assemblage van dit molecuul op grafitische 

substraten en (ii) dat één laag van grafiet, d.w.z., grafeen, voldoende is om 

genoemde verschuiving te induceren. 

 In hoofdstuk 6 bespreken we de zelfassemblage van een 

elektronendonor en een elektronenacceptor-molecuul op Ag (111). In de 

homo-moleculaire laag werd de elektronenacceptor geassembleerd tot een 

poreus netwerk dat evenredig was met betrekking tot het substraat zoals 

onthuld door STM en LEED. Daarentegen zijn de elektronendonor  

moleculen geassembleerd tot een ‘close-packed’ netwerk. Na het mengen 

van de twee moleculen, faciliteerde de complementaire aard van de twee 

moleculen een ‘close-packed’ structuur met een 1: 1 verhouding van 

acceptor en donor moleculen. De gemengde laag was niet evenredig met 

het onderliggende substraat en verder onderging de elektronendonor een 

conformatieverandering vergeleken met de homo-moleculaire laag. XPS-

metingen bevestigden de succesvolle vermenging van de twee moleculen.Bij 

het onderzoeken van de elektronische structuur van de systemen, toonden 

UPS en ARPES-metingen significante veranderingen in de bezette 
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toestanden van de moleculen na vermenging. STS-metingen toonden de 

opkomst van een nieuwe onbezette toestand die ruimtelijk homogeen 

verdeeld was over beide moleculen. De waargenomen elektronische 

veranderingen betekenden een succesvolle hybridisatie van de twee 

moleculen bij co-adsorptie op het Ag (111) -oppervlak. Daarom 

presenteerden we in dit hoofdstuk een modelsysteem voor zelf-

geassembleerde, lading-overdrachtscomplexen die mogelijk bruikbaar zijn 

in moleculaire elektronica. 

In Hoofdstuk 7 presenteren we de zelfassemblage van twee 

verbindingen, namelijk ‘benzene-tribenzoic acid’ (BTB) en ‘trimesic acid’ 

(TMA), op grafeen op Ir (111) en de invloed van de moleculaire adlayer 

op de bandstructuur van grafeen. Beide moleculen verschillen in grootte, 

maar delen een drievoudige symmetrie evenals drie carboxylgroepen als 

herkenningsplaatsen voor H-binding. Met behulp van STM en LEED 

hebben we de zelfassemblage van elke verbinding onderzocht in 

afhankelijkheid van de moleculaire dekking. Voor BTB hebben we een 

overgangs-dekking tussen een honingraatstructuur en een dicht 

opeengepakte structuur bepaald. Daarentegen vertoonde TMA, tussen een 

honingraat en een dicht opeengepakte structuur, bloemstructuren van 

verschillende groottes. Als gevolg hiervan konden we geen duidelijke 

overgangsdekking tussen deze structuren vaststellen. Bij het onderzoeken 

van de bandstructuur van grafeen na de depositie van verschillende 

moleculaire dekkingen, ontdekten we dat het Dirac-punt van de Dirac-kegel 

verschoof naar hogere bindingsenergieën. Deze verschuiving was meer 

uitgesproken voor hogere moleculaire dekkingen dan voor TMA in 
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vergelijking met BTB. Daarom hebben we een correlatie vastgesteld tussen 

de dichtheid van carboxylgroepen op grafeen en de verschuiving van het 

Dirac-punt. Het meest verrassend was dat voor de bestudeerde dekking van 

TMA we een significante opening van de Dirac-kegel van 300 meV 

waarnamen. Hoewel een opening van grafeen geïnduceerd door moleculaire 

adsorptie theoretisch is voorspeld, is deze tot nu toe niet direct 

waargenomen. Onze studie is daarom het eerste experimentele ‘proof-of-

principle’ voor de haalbaarheid van op grafeen gebaseerde organische 

elektronische apparaten. 
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