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Information is one of the most important things in Nature. It is stored

everywhere; in particles, in waves as well as in collective phenomena. In-

formation is a physical entity and not just a mathematical abstraction

as Rolf Landauer says, which cannot be destroyed according to “the mi-

nus first law” of Physics introduced by Leonard Susskind. Physics is the

discipline studying how to measure and handle such physical information.

Every moment we receive large amounts of information and we are

one of the most efficient “machines” to process such a huge data stream.

Electronic devices, like smartphones and tablets, are nowadays always

with us and help us to handle gigaflops of information. We can somehow

say that we have become integrated with our electronic devices that shape

our behavior 24 hours a day. On the other hand, the vast development

of information technology leads to new challenges.

More processing power and memory would need more space. Or thin-

ner storage boxes! Companies, as well as scientists, are not too interested

in the former possibility and that’s why they are challenged to reduce

the device size features as much as possible. In the past few years, the

amount of data transmitted and processed by micro-electronic devices

has increased exponentially and Moore’s law worked incredibly well to

predict the down-scaling of integrated circuits, now reaching feature as

small as size 14 nm. This top-down approach, however, seems to have

reached its limits and other routes must be adopted to continue the

progress in miniaturization.

One of the first physicists wondering about the problem of manipu-

lating and controlling things on a small scale was Richard Feynman in

his famous talk “Plenty of Room at the Bottom” in 1959. One of his

questions was: What would happen if we could arrange the atoms one

by one the way we want them? He answered as following: I can’t see

exactly what would happen, but I can hardly doubt that when we have

some control of the arrangements of things on a small scale we will get
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Introduction

an enormously greater range of possible properties that substances can

have, and of different things that we can do. [...] We can use, not just

circuits, but some system involving the quantized energy levels, or the

interaction of quantized spins, etc..

To achieve the level of control proposed by Feynman the top-down ap-

proach might not be reliable enough. Thus the integration with a bottom-

up approach should be pursued as a viable alternative. The bottom-up

approach consists in the self-assembly and the self-organization of ele-

mentary building blocks. With self-assembly it is possible to realize in-

credibly ordered structures at the nanoscale and thus possibly achieve the

Feynman’s dream of the ultimate miniaturization in information storage

and processing.

In general, self-assembly is a collective organizational process that

makes use of reversible non-covalent interactions between the constituting

elements of a system. Due to these interactions and under the influence

of a driving force, the elements form highly ordered architectures with

the ability of error correction. In particular, self-assembly of molecules is

a widely studied process, which has great implications especially in life

sciences, chemistry and physics. From a physicist’s point of view, we are

interested in the large spectrum of possibilities that self-assembly of mo-

lecules offers for the modification of the properties of a surface. Molecules

on surfaces interact in a complex way with the surface as well as with each

other. The interplay of these interactions controls the molecules’ behavior

on the surface. On the other hand, this makes it very difficult to predict

the final outcome of the self-assembly in advance. Fortunately, molecules

can be synthetized having different functional groups while keeping the

same backbone. In this way, it is possible to favor specific intermolecu-

lar interactions while keeping similar molecule-surface interactions. The

high versatility of molecular engineering together with the property of

self-recognition and error-correction inherent to self-assembly, thus of-
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fers numerous possibilities for the functionalization of surface properties.

Such hybrid surfaces are expected to have a large number of possible ap-

plications in electronic devices, catalysis and smart surfaces in general.

In this thesis we report a study of the self-assembly of molecules

on surfaces by means of different surface sensitive techniques. Tuning

self-assembly towards the formation of molecular nano-architectures is

the central purpose of this investigation. In particular, the realization

of molecular nano-architectures on graphene aimed at the modification

of graphene’s electronic properties was among our final goals. Organic

and metal-organic frameworks featuring porous networks were realized

on metallic surfaces and on graphene and were imaged in real space by

state-of-the-art scanning probe techniques with sub-molecular resolution.

Moreover, the preparation of graphene on a dielectric surface by a scalable

and versatile method is reported. This latter achievement might have

important implications for the industrial production of graphene devices.

The thesis starts with a presentation of the techniques used (Chapter

1). Structural information was obtained by scanning tunneling micro-

scopy (STM), tuning fork atomic force microscopy (TF-AFM) and low

energy electron diffraction (LEED). Electronic band structures were mea-

sured by angle resolved photoemission spectroscopy (ARPES) at syn-

chrotron facilities.

The experimental and theoretical results for the self-assembly of tri-

arylamine derivatives functionalized with cyano groups are the topic of

Chapter 2. The chapter focuses on the importance of the Au(111)

substrate in determining the assembly structure. Correlation of the mo-

lecular orientations and formation of metal-coordinated bonding motifs

are revealed and understood as being strictly related to the properties of

the surface. Different intermolecular interactions are observed: antipar-

allel dipolar coupling between cyano groups, hydrogen bonding motifs

and metal-coordinated bonding of cyano groups with surface atoms.
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Chapter 3 reports on the assembly of a linear molecule (sexiphenyl-

dicarbonitrile) that also contains cyano functionalities. Hydrogen bonded

porous networks and metal-organic frameworks are observed and the dif-

ferent bonding motifs are discussed in detail. For this, tuning fork non-

contact Atomic Force Microscopy (“qPlus” NC-AFM, TF-AFM) was per-

formed at 4 K. TF-AFM is a state-of-the-art scanning probe technique

that gives sub-molecular resolution and makes it possible to image the

molecular bonding motifs in great detail.

One of the goals of this thesis work was to use the self-assembly of

molecules to modify the electronic properties of graphene with the aim

of expanding its tunability towards a multitude of novel devices. Gra-

phene is a 2D material made of a single sheet of carbon atoms; its isola-

tion from graphite resulted in the Nobel Prize in Physics being awarded

jointly to Andre Geim and Konstantin Novoselov in 2010. The impor-

tance of this material is related to its unique properties among which are

Dirac-like electrons, long-range spin coherence and high carrier mobil-

ity. These properties are important if one wants to realize devices with

quantum effects available at a macroscopic scale. For this reason, an in-

creasing research effort is dedicated to the functionalization of graphene

with organic molecules. In particular, fundamental studies are necessary

to understand how organic molecules interact and assemble on graphene.

Chapter 5 presents the results for the self-assembly of various molecules

on graphene. The molecule-substrate and molecules-molecules interac-

tions are discussed together with the possibility to open a band-gap in

graphene by patterning with supramolecular networks.

It is not an easy task to satisfy all the requirements for the realiza-

tion of an operating graphene-based device. The opening of an opportune

band gap in graphene would be an important achievement towards de-

vice applications such as graphene-based transistors. On the other side,

the fabrication of graphene onto a substrate that preserves its pristine
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properties it is a second major challenge. While high-quality large area

graphene can be grown by chemical vapor deposition (CVD) on metallic

surfaces, optimum device substrates are in general dielectric materials

such as oxides (i.e. silicon oxide). In this regard, Chapter 4 reports

the comparative study of graphene that is grown on a Cu(111) surface

with graphene grown on oxidized Cu(111). The graphene electronic and

structural characterization is discussed in detail. The findings described

in this chapter have potential implications for the industrial production

of graphene electronic devices. For this reason, a FOM Valorization

Chapter concludes the thesis summarizing the main research outcomes

and presenting an outlook on the possible industrial impact of the results

of this work.

All together slowly walking towards the realization of Feynman’s dream...
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Chapter 1

Experimental techniques

This chapter discusses briefly the techniques and experimental setups that were
used for the work presented in this thesis. This presentation is meant to help the
reader understand the work reported in the next chapters and is far from exhaustive.
For more technical details, the reader is referred to the reference section.
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1.1 Scanning tunneling microscopy and

spectroscopy

One of the most often used techniques to investigate molecules on

surfaces in real space and with high resolution is scanning tunneling

microscopy (STM). STM was developed in 1981 by Gerd Binnig and

Heinrich Rohrer (at IBM Zürich), their achievements were subsequently

awarded with the Nobel Prize in Physics in 1986.1 The STM is based on

the quantum tunneling of electrons between a surface and the apex of

a metallic tip placed in close proximity.2,3 When a voltage difference is

applied between sample and tip electrons can flow by tunneling from the

tip to the sample or vice versa depending on the applied voltage polarity.

The probability of tunneling depends on the height and width of the

energy barrier between sample and tip. This energy barrier is due to the

air, vacuum or liquid separating the tip from the surface and it depends

on the tip-sample distance. A simple way to express the tunneling current

is

It = AV e−kW (1.1)

where A and k are constants, V is the applied bias voltage and W the

potential barrier width (tip-sample distance). Due to the exponential

distance dependence, STM is a very precise technique to measure tip-

sample separation by recording changes in the tunneling current. The

tip in an STM is mounted on piezoelectric actuators that are externally

controlled by electronics and it can be moved with high precision in X-

Y-Z directions as displayed in Figure 1.1. An electronic feedback loop

is used to keep the tunneling current constant at a set-point value (con-

stant current imaging). This is done by adjusting the Z position of the

tip (tip-sample distance) continuously. By rastering the surface in the

X-Y plane while keeping a constant current set-point it is possible to

acquire a “topographic” image of the sample. However, the topographic

information obtained by STM it is an approximation due to the fact that

the probability of tunneling also depends on the local electron density of
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Figure 1.1: STM operation principles. Image from ref4. a) Piezo scanner configuration. b) Micro-
scopic view of the tip apex interacting with a surface.

states (LDOS) of the tip and the sample. Following Fermi’s golden rule

the tunneling current can be better expressed by:

It =
4πe

�

∫ ∞

−∞
[f(EF−eV +ε)−f(EF+ε)]ρS(EF−eV +ε)ρT (EF+ε)|M |2 dε

(1.2)

where f(E) is the Fermi function, EF is the Fermi energy, V is the bias

voltage, ρS(E) and ρT (E) are the density of states of the sample and

the tip, respectively, and M is the transition matrix that depends on the

overlap between tip and sample wave functions in a metal-insulator-metal

junction model.5 M can be expressed as:

M = − �
2

2m

∫
z=z0

(χ∗∂ψ
∂z

− ψ
∂χ∗

∂z
)dS (1.3)

where z = z0 refers to an integral at the junction position, χ and ψ are the

tip (electrode) and the sample (electrode) wavefunctions, respectively.6

The tunneling depends on both the density of states of the tip and of

the sample in the range of the applied bias voltage. Thus in general the

STM does not give pure topographic information and only in the case of

a sample with a homogenous density of states the topographic contrast
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Figure 1.2: LT-STM (Omicron, Oxford Instruments) and UHV system that were used for the studies
reported in this thesis. The STM is not visible and it is inside the measuring chamber.
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Figure 1.3: STM image (30 nm)2 displaying Bromine atoms assembled onto an Au(111) surface. The
image was acquired at 5 K.

can be considered as a good approximation.

It is evident that STM and scanning probe microscopy instruments

in general are very sensitive to vibrations and a good design is needed to

minimize the coupling with the external environment. The STM resolu-

tion is usually better than 0.1 nm in X-Y and better than 0.01 nm in Z

direction. The most advanced machines operate in Ultra-High Vacuum

(UHV), at cryogenic temperature (< 5 K) and are provided with passive

and active damping systems. An example of such machine is shown in

Figure 1.2 that display the low-temperature LT-STM (Omicron, Oxford

Instruments) and the UHV system that was used for the studies reported

in this thesis. Nowadays, atomic resolution can be easily obtained even

using STMs that operate in ambient conditions. However, spectroscopy

and high-resolution measurements benefit most of UHV and low tem-

perature operation. As an example, Figure 1.3 shows an STM image of

Bromine atoms assembled onto an Au(111) surface that was acquired at

5 K in UHV.
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Scanning tunneling spectroscopy:

Because of the proportionality of STM to the LDOS scanning tunneling

spectroscopy (STS) can be performed.7 With the assumptions of low

temperature (T lim−→ 0 K), constant tunneling matrix element M and a

nearly constant density of states at the tip ρT (E) = const close to Fermi

energy (i.e. a metallic tip), eq. 1.1 can be rewritten as:

dIt
dV

∝ ρS(EF − eV ) (1.4)

Spectroscopic data can thus be acquired in the following way: the STM

tip is positioned at a desired location on the surface. Starting from an

opportunely chosen It set-point (i.e. I = 200 pA, V = −1.0 V) the

electronic feedback-loop is removed. In this way, the tip is standing still

at a constant distance from the surface. A sweep of the bias voltage is

performed in the desired range (i.e. −2.00 V to +2.00 V) and in small

steps (i.e. 0.01 V). During the sweep an I-V curve is recorded. By

numerical differentiation of the I-V curve the LDOS at that location is

obtained.

A more precise way to measure the LDOS with STS is by the imple-

mentation of a lock-in amplifier technique to efficiently filter the noise

at frequencies away from a selected modulation frequency. This is done

by adding a small AC voltage (modulation) to the DC bias voltage of

the tip while slowly varying the bias voltage across the selected range for

spectroscopy. The tunneling current signal is processed in real-time by

a lock-in to extract a slowly varying DC signal that is proportional to
dI
dV

(t) and thus to the LDOS(x,y,E). To achieve this, the lock-in multiplies

the modulated signal (from the bias voltage) with the response signal of

the system (tunneling current) in a phase-lock manner. By integrating

over many periods of the modulating signal it is possible to filter the

contribution of other frequencies to the It signal.

With STS both occupied and unoccupied electronic states can be

probed. As an example of STS spectra Figure 1.4A shows the STS mea-
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Figure 1.4: A) STS spectra acquired on top of a sexiphenyldicarbonitrile (P6) molecule on graphene
on Cu(111) with a metallic tip termination. The visible peak is identified with the HOMO of the
molecule while the LUMO is not inside the measured range. B) STS spectra acquired on graphene
on Cu(111). The peak at about −230 meV is from the surface state of Cu(111) that is modified by
the presence of graphene (normal value is −400 meV). The red line shows a 5 points mobile average
of the data. Negative bias voltage refers to the occupied electronic states.

surements of a sexiphenyldicarbonitrile (P6) molecule on graphene on

Cu(111). A clear peak in the LDOS is visible, which is attributed to

the HOMO of the molecule. The LUMO is instead not revealed in the

measured range indicating a LUMO energy higher than 2 eV. Figure

1.4B reports the STS measurement of the surface state of Cu(111) in

a region where only graphene on Cu(111) is present. The surface state

onset energy measures about −230 meV and it deviates from the value

for pristine copper (−400 meV) due to the presence of the graphene on

the surface.

Spectroscopy with STM can also be used to map the LDOS on the sur-

face thus measuring the so called LDOS maps (or dI/dV maps). dI/dV

maps display the LDOS of the electronic state that is mapped at each

location by an intensity 2D plot, LDOS(x,y,eVb). This technique is very

useful to study the spatial distribution of electronic states on the surface

at different energies (eVb). One possible way to acquire such maps is by

imaging the surface while recording the dI/dV signal from the lock-in

amplifier. The feedback-loop is active but filtered to react slower than

the modulation signal. In this way, it is possible to record a Z image

at the same time as the LDOS map. Another way of measuring is by
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Figure 1.5: Example of LDOS (dI/dV ) map of a molecular superlattice realized by self-assembly
of 1,3,5-benzenetribenzoic acid (T4) on Au(111). A) LDOS map (27 nm)2, (V=−0.25 V, I=100
pA) showing that greater LDOS is present inside regions delimited by the molecular superlattice
with respect to regions on the pristine surface. This observation is explained by the presence of
quantum-dot like states inside the pores of the molecular network due to the quantum confinement
of the Au(111) surface state electrons. B) Simultaneously acquired STM image of the molecular
network. C) 3D rendering of (A+B) where the STM topographic signal in B is used to generate the
landscape while the LDOS map in A is used as color texture. The color-scale is modified.

acquiring dI/dV spectra on a grid of points that raster the surface with

the advantage of having the complete energy spectra (in a selected range)

available at each location. In this modality, the feedback-loop is deac-

tivated during acquisition and can be periodically reactivated when the

tip moves to a different location on the grid to prevent a crash of the

tip. However, this modality is very time consuming and becomes very

unpractical if one wants to probe large regions or high resolution maps.

The acquisition time of a grid dI/dV map scales up very fast with the

image resolution and thus drift and other technical problems arise.

As an example of these measurements Figure 1.5A reports the LDOS

map of the confinement of the surface state electrons of Au(111) by a

honeycomb molecular superlattice. The experimental investigation of

the quantum confinement of electrons by molecular architectures with

STS and LDOS maps was one of the aims of the research presented in

this thesis. According to the quantum confinement of free electrons -

i.e. 2D electron gas in the surface state of Au(111) - by a potential well,

different quantized electronic states can form. With STS these states

can be mapped by acquiring LDOS maps at the energy of the quantized

levels. In Figure 1.5A the LDOS corresponding to electrons with 0.25

eV of binding energy is measured. The LDOS is greater inside the pores
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than on the bare surface due to quantum confinement effects.

1.2 Atomic force microscopy

Atomic Force Microscopy (AFM) belongs to the scanning probe mi-

croscopy family together with STM and it was invented and realized by

Binnig just after the advent of STM.1 The main difference is that AFM

does not measure necessarily a tunneling current. AFM instead mea-

sures the interaction force between the tip and the sample and in general

does not have any voltage applied to the tip. The force can be detected

indirectly by recording the deflection of a cantilever of known elastic

modulus on which a tip is mounted. This is performed by using a laser

beam that is reflected by the cantilever towards a 4-quadrant detector

that measures deflection and twisting of the cantilever. Similar to STM,

AFM operates with a feedback loop that keeps the deflection-setpoint

constant (contact mode AFM). With AFM it is then possible to acquire

constant force topographic images and non conducting samples can be

used. Schematic of an AFM apparatus is shown in Figure 1.6. AFM

usually operates in one of three possible modes: contact, tapping (AC-

AFM) and non-contact (NC-AFM) mode. In AC-AFM and NC-AFM

the cantilever is oscillated very close to or at its resonance frequency.

The two operating conditions differ by the amplitude of the oscillation

at the tip, in the case of AC-AFM the amplitude is larger (10-200) nm

than in the case of NC-AFM (< 10 nm). For this reason, the tapping

mode is also called intermittent contact mode because the tip is not

maintained inside the tip-sample interaction potential as it is the case

of NC-AFM. Two operation conditions of the electronic feedback can

be adopted: amplitude modulation (AM-AFM) or frequency modulation

(FM-AFM). The former mode detects changes in amplitude while the

latter detects changes in the resonance frequency of the cantilever due to

sample-tip interactions. As an example of AFM image, Figure 1.7 shows

a typical AFM micrograph displaying few layers of PTCDA molecules
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Figure 1.6: Schematic of the setup
for atomic force microscopy measure-
ments. A tip mounted on a cantilever
is rastering the surface by means of
piezo actuators. The deflection of a
laser beam by the cantilever gives in-
formation about the bending of the
cantilever and thus the tip-sample in-
teraction.

deposited on graphene on Cu(111). Several variations of AFM can be

implemented which are able to measure friction, magnetic anisotropies,

conductance, local potential, etc.

1.3 Tuning fork non-contact atomic force

microscopy

Tuning fork measurements (TF-AFM) with a “qPlus” sensor are re-

ported in Chapter 3 where non-contact tuning fork AFM (“qPlus” NC-

AFM) was used to study different intermolecular interactions within an

organic porous network. Tuning fork AFM is a scanning probe technique

that makes use of a quartz tuning fork as probing sensor. The most fa-

mous implementation is by the so called “qPlus” sensor introduced for

the first time by Gissibl.8,9 The “qPlus” sensor is made with a quartz

tuning fork (widely used in watches) and one of the two fork’s prongs

is fixed while the other is free to oscillate. A metallic tip is mounted

on the free prong as shown in Figure 1.8. The tip oscillation amplitude

can be controlled by an electronic feedback-loop that acts on the tuning

fork by piezoelectric effect. Moreover, the tip can be biased respect to
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Figure 1.7: Contact mode AFM mi-
crograph (5 x 5) μm2 of few layers
of PTCDA molecules on graphene on
Cu(111). Graphene wrinkles are visi-
ble as bright lines in the image. The
PTCDA early stage growth shows typ-
ical morphology of a layer plus island
growth (Stranski-Krastanov).

the sample through a dedicated electric connection and thus a “qPlus”

sensor can be used with STM feedback, (Zero-bias) AFM feedback or

a mixture of both. The ability to perform simultaneous measurements

of both tunneling current and frequency shift enlarge the capabilities of

TF-AFM respect to pure AFM and STM alone.

In working conditions the fork is excited to oscillate at a constant

amplitude and at its resonant frequency f0. The eigenfrequency of the

tuning fork changes with the action of force gradients due to tip-sample

interaction.9,10 The two main modes of TF-AFM operation are the con-

stant frequency shift and the constant height. In the former case, an

image is created by scanning the surface and keeping f = f0 +Δf con-

stant by controlling the tip-sample distance with a feedback-loop. The

latter case instead does not make use of an electronic feedback and Δf is

recorded while scanning at constant height (z = z0). “qPlus” NC-AFM

measurements perform best in UHV and at cryogenic temperatures (< 5

K) to avoid thermal drift and enhance the sensitivity of the quartz sen-

sor. In fact, the Q-factor (f0/Δf0) of a quartz tuning fork’s resonance

can reach very high values of > 10000 at liquid He temperature. The

high Q-factor makes it possible to very precisely measure the frequency

shifts of the TF’s resonance due to tip-sample interactions. A typical
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Figure 1.8: Left: Magnification of a “qPlus” sensor consisting of a quartz tuning fork mounted on a
tip holder (ref. Omicron, Oxford Instruments). Right: Image showing a quartz tuning fork resonator
implemented in Swatch watches.

frequency shift versus tip-surface separation curve acquired with a TF

is reported in Figure 1.9 and shows the tip-sample interaction in the

case of a homogeneous and atomically flat surface (a) and the case of a

heterogeneous surface (b), respectively.

In this thesis we used “qPlus” sensors to acquire images in Zero-bias

NC-AFM mode without a feedback-loop (constant height). This acqui-

sition mode is at the moment giving the best results in terms of spatial

resolution and scanning speed but has the disadvantage of losing depth

resolution fast. This is because of the short range interactions that give

rise to the sub-molecular resolution with TF-AFM. The best resolution is

indeed obtained when operating in the regime of Pauli repulsion.11 In this

condition, a displacement of the tip-sample distance of about 0.6−0.8 Å

is sufficient to exit the Pauli repulsive regime and enter the van der Waals

force regime which gives rise to featureless cloudy halos in the image. On

the other hand, the strong repulsive interactions between tip and sample

may lead to tip changes and surface modifications like molecule or atom
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Figure 1.9: Frequency shift vs distance curve measured with a tuning fork. From ref13. a) homoge-
neous surface. b) heterogeneous surface.

diffusion that make TF-AFM a very difficult technique to operate. A

very high level of instrument stability and user skills are needed with

respect to standard STM and AFM imaging, and the acquisition time

can be extremely long (about 5 hours for 1 image, about 1 day to get the

system in stable operating conditions).

One of the most impressive results of TF-AFM was the imaging of

molecules on surfaces with sub-molecular resolution. First reported at

IBM by Leo Gross12 this possibility enlarged the frontier of surface sci-

ence characterization. Astonishing sub-molecular resolution can be

achieved for example by the functionalization of the metallic tip apex

with a single CO molecule.12 An image of a pentacene molecule acquired

with a TF functionalized with CO is reported in Figure 1.10. Having a

CO molecule as scanning tip is a standard way to have a well-defined

tip geometry and electronic structure, this is important for the following

reasons. The sharp and directional orbitals of CO are known to greatly

improve the ability of the tip to resolve sub-molecular features both in

STM and TF-AFM.15–17 Moreover, a CO passivated tip improves the tip

apex stability against tip changes due to the lower reactivity of CO with

respect to a metallic tip when imaging molecules on surfaces. A standard

tip termination is also useful for comparing results in literature. On the

other hand, a disadvantage of a CO tip is its poor stiffness related to

the possible bending of the CO. This has been proven to induce artifacts
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Figure 1.10: Molecules imaged with sub-molecular resolution using TF-AFM. A) Constant-height
NC-AFM measurements using CO-functionalized tips. Model of a CO-functionalized tip above a
pentacene molecule. B) Frequency shift signal TF-AFM image of a pentacene molecule acquired
with a CO-functionalized tip apex. The dark halo from the van der Waals interaction is visible
surrounding the molecule. Bright contrast is obtained where tip-molecule interaction is repulsive.
C) and D) Cephalandole A molecule imaged in constant height by TF-AFM. Image size (1.6 nm x
1.9 nm) grey scale from −7 Hz (dark) to +2 Hz (bright). Images readapted from ref12,14

in some cases.18–20 A perfect tip for tuning fork imaging is still to be

discovered.

1.4 Angle resolved photoemission

spectroscopy

Angle resolved photoemission spectroscopy (ARPES) was used in this

thesis to get useful information about the band structure of graphene

(Chapter 4). ARPES experiments were also performed on graphene that
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Figure 1.11: Schematic of ARPES experimental setup.

was functionalized by molecular architectures (Chapter 5) but without

any conclusive result at the moment of writing this thesis.

ARPES is a surface sensitive technique, which operates in ultra-high

vacuum and conductive samples need to be used to avoid charging. In

ARPES valence electrons are photoexcited into vacuum by irradiating

the sample with a monochromatic photon beam (UV range). The emit-

ted electrons can travel unperturbed to an electron analyzer that counts

the number of electrons with respect to their specific kinetic energy and

emission-angle. The experiment relevant emission angles are indicated in

Figure 1.11 together with the basic setup for ARPES measurements.

With ARPES it is possible to map the sample electronic band struc-

ture (in the occupied states) and thus obtain the energy-momentum rela-

tions of the electrons. Measuring along different angular directions gives

information about the band structure along different reciprocal space

directions of the surface Brillouin zone. So called Fermi-maps can be

acquired by scanning along Φ and Θ angles.
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Figure 1.12: Left: Schematic of LEED. Right: Example of diffraction from a crystalline (top half)
and a polycrystalline (bottom half) sample.

1.5 Low energy electron diffraction

Low energy electron diffraction (LEED) is a powerful technique that

operates in UHV and measures the diffracted electrons from a surface

for the determination of the surface structure. With LEED it is thus

possible to measure very precisely crystal lattice constants and crystal

symmetry as well as the information about dimensions and rotations of

other unit cells present on the surface. In this thesis LEED was used to

study molecular architectures on surfaces as well as for the investigation

of the growth of graphene on different substrates.

The schematic of a LEED apparatus is depicted in Figure 1.12. Elec-

trons are generated by a cathode filament and are accelerated and fo-

cused on the sample by electromagnetic lenses. Electrons are diffracted

by structures at the surface and are backscattered toward a phospho-

rescent screen. Although disordered structures at the surface would not

give a clear diffraction pattern, the presence of periodicity would induce

the electrons to interfere due to their particle-wave duality according to

the Bragg diffraction theory. Information regarding the reciprocal space

is thus gained from the analysis of the diffraction pattern. LEED surface

sensitivity is related to the short inelastic mean free path of electrons

at the typical energy used (10-200 eV) that measures about 0.5-1.0 nm.

LEED operating at higher energy (1-2 KeV) can also be used to perform
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Figure 1.13: A) Vacuum quartz reactor used for the CVD growth of graphene on Cu(111) and
oxidized Cu(111). The system is pumped by membrane and turbomolecular pumps and is provided
with several gas input lines. A liquid nitrogen trap is also implemented to ensure a water-free gas
injection into the reactor. B) Enlarged view that displays the quartz tube surrounded by the oven
heater.

Auger spectroscopy.

1.6 Chemical vapor deposition

Chemical vapor deposition (CVD) is a widely used method to realize

high-quality materials in a controlled environment. Coatings (thin films)

as well as bulk materials can be prepared by CVD. General information

about the large variety of CVD methods can be found in the book of

Powell, Oxley and Blocher.21 However, we will here focus on CVD on

surfaces by heterogeneous catalysis.

Heterogeneous catalysis refers to that catalytic processes where the

phase of the catalyst differs from the phase of the reactants.22 Heteroge-

neous catalytic chemical reactions can take place at the interface between

two different media (solid, liquid, gas, immiscible liquids). Most often

solid surfaces are used as catalyst and a gas mixture provides the reac-

tants. The function of the catalyst is to reduce the activation barrier

needed to perform a chemical reaction and thus improve the reaction

kinetics.

A CVD reactor was used during the thesis work to grow graphene on

Cu(111) and oxidized Cu(111) by catalytic dehydrogenation of methane
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at the surface. A picture of the reactor is reported in Figure 1.13. This

reactor is a partially home-made CVD reactor consisting in a quartz vac-

uum tube surrounded by a commercial heater (Carbolite) that can reach

about 1500 K of maximum temperature. Gas injection lines are present

and they are provided with liquid nitrogen traps to condense possible

residual contaminant (mainly water). The growth of graphene by CVD

is obtained by inserting into the vacuum oven a substrate (i.e. Cu(111)

single crystal) and by performing high temperature treatments in pres-

ence of an opportune gas mixture. As an example, for the particular

case of graphene on Cu(111) a reduction step is performed to remove the

surface oxide that is present on the surface. This is done by annealing

the crystal for 4 hours in 0.5 mbar H2 + 0.1 mbar Ar at 1200 K. Subse-

quently the sample is exposed to CH4 by adding 0.5 mbar of CH4 to the

gas mixture. A post annealing treatment is also performed for 30 min

in 0.5 mbar H2 + 0.1 mbar Ar at 1200 K. More details on the specific

graphene growth on different substrates are described in Chapter 4.
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Chapter 2

Cyano-functionalized
triarylamines on Au(111):
Competing intermolecular
versus molecule/substrate
interactions

In this chapter the self-assembly of cyano-substituted triarylamine derivatives on
Au(111) is studied with scanning tunneling microscopy and density functional theory
calculations. Two different phases, each stabilized by at least two different cyano
bonding motifs are observed. In the first phase, each molecule is involved in dipolar
coupling and hydrogen bonding, while in the second phase, dipolar coupling, metal-
ligand interactions and hydrogen bonding are present. Interestingly, the metal-ligand
bond is already observed for deposition of the molecules with the sample kept at
room temperature leaving the herringbone reconstruction unaffected. It is proposed
that for establishing this bond, the Au atoms are slightly displaced out of the surface
to bind to the cyano ligands. Despite the intact herringbone reconstruction, the Au
substrate is found to considerably interact with the cyano ligands and this affects the
conformation and adsorption geometry, as well as leading to correlation effects in the
molecular orientation. The work presented in this chapter is published in Advanced
Materials Interfaces.∗

∗Cyano-Functionalized Triarylamines on Au(111): Competing Intermolecular ver-
sus Molecule-Substrate Interactions
Stefano Gottardi*, Kathrin Müller*, Juan Carlos Moreno-Lòpez, Handan Yildirim,
Ute Meinhardt, Milan Kivala, Abdelkader Kara, and Meike Stöhr, Advanced Materials
Interfaces (2014), 1, (1), 1300025, DOI: 10.1002/admi.201300025
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Cyano-functionalized triarylamines on Au(111): Competing
intermolecular versus molecule/substrate interactions

2.1 Introduction

Supramolecular structures on surfaces have been studied intensely

over the past decades to obtain fundamental insight into the mecha-

nisms governing molecular self-assembly. A detailed understanding of

the growth is of utmost importance to successfully implement such self-

assembled organic nanomaterials in devices for electronic, optoelectronic,

and sensor applications.1–3 It is well known that the subtle interplay

between intermolecular and adsorbate/surface interactions plays a cru-

cial role in the self-assembly process.4–6 The adsorbate/surface interac-

tion is influenced by the corrugation of the adsorption potential (i.e.

the variation of the adsorption energy for different adsorption positions

and molecular orientations), reactivity of the substrate, crystal struc-

ture and surface reconstructions. Intermolecular interactions on surfaces

are generally of non-covalent nature including hydrogen bonding,7–10

dipole-dipole interactions,11–13 metal coordination14–16 and van der Waals

(vdW) forces.17–19 With the help of specific functional groups, control

over the molecular self-assembly is obtained. Such ligand groups can

drive the assembly towards 0D clusters,20,21 1D chains22,23 or 2D ex-

tended networks.24,25 Due to self-recognition and error correction, which

are inherent for non-covalent bonding and which happen via bond forma-

tion and bond breaking until an equilibrium structure is reached, highly

organized, defect-free structures can develop.

Cyano-functionalized molecules have become of increasing interest

over the last years because the asymmetric charge distribution of cyano

ligands leads to the formation of an intrinsic dipole, which can be involved

in intermolecular dipolar coupling or hydrogen bonding.26 Additionally,

cyano groups (CN groups) can undergo metal-ligand interactions result-

ing in the formation of highly stable structures.20,27,28 In this respect, the

self-assembly of dicarbonitrile polyphenyl derivatives on Ag(111) was ex-

tensively studied.29–31 For room temperature deposition and coverages

below one monolayer, the observed structures are stabilized by hydrogen

bonding while co-deposition of metal atoms leads to formation of hexag-
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Figure 2.1: a) Chemical structure of 1. b) simulated STM image of 1. c) high-resolution STM
image for two molecules. The molecular structure is superimposed for the lower left molecule (2 x
2) nm2, (U = 3.0 V, I = 70 pA).

onal metal-coordinated porous networks, whose pore size can be steered

by the number of phenyl rings per molecule.32 Another well-studied ex-

ample are cyano-substituted porphyrins11–13,20 for which the number and

position of the cyano groups determine the adsorption geometry. Herein,

we report on the investigation of an achiral tricyano- substituted triary-

lamine derivative

(4, 4, 8, 8, 12, 12−hexamethyl−4H, 8H, 12H-benzo[1, 9] quinolizino[3, 4, 5, 6, 7−
defg] acridine−2, 6, 10−tricarbonitrile)

denoted as 1 (Figure 2.1a) in which the sp3 -hybridized dimethylmeth-

ylene tethers lead to a virtually planar conformation of the originally

propeller-shaped triarylamine moiety. These planarized triarylamines,

so-called heterotriangulenes,33–35 are currently experiencing a vigorous

renaissance as versatile building blocks for functional optoelectronic ma-

terials.36–39 In particular, various derivatives of dimethylmethylene brid-

ged triarylamines were shown to act as promising hole conductors with

superior stability in light-emitting devices40–42 or as efficient chromopho-

res for dye-sensitized solar cells.43,44 Compound 1 used in the present

study was synthesized by Ute Meinhardt and Milan Kivala and display a
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triangular shape with terminal CN-groups at each vertex (Figure 2.1a).

As substrate we chose Au(111), which is generally less reactive in com-

parison to other coinage metals like Ag and Cu, since we wanted to

minimize the influence of the substrate on the formation of molecular

overlayers. Although, it is known that the herringbone reconstruction of

Au(111) can influence the adsorption behavior, i.e., by leading to pref-

erential adsorption on elbows, hcp or fcc sites.45–48 The aim of this work

is to investigate the role of the geometrical arrangement of the cyano

functionalities on the self-assembly process. At first glance, antiparal-

lel dipolar coupling should be the dominant intermolecular interaction

motif26 resulting in the formation of porous networks. Instead we ob-

serve that the two-dimensional structures that form are simultaneously

stabilized by several types of interactions: dipolar coupling, H-bonding

and metal-ligand interactions. In general most of the reported molecular

structures formed by cyano-functionalized building blocks are based on

only one type of intermolecular interaction with few exception; Kühne et

al.30 also observed structures stabilized by hydrogen bonding and dipolar

coupling while Pawin et al.28 and Reichert et al.49 reported the presence

of metal coordination and hydrogen bonding at the same time. However,

the latter structures forms due to a metal deficiency and with the right

amount of metal ad-atoms only metal coordinated bonds are present.

In the following, we shall present the different adsorption structures ob-

served and discuss the delicate interplay of the various interactions. Con-

trary to our expectation, the Au substrate was found to be not as passive

as supposed. By analyzing the correlation probability, the influence of the

Au(111) substrate on the molecular orientation became evident. Our ex-

perimental observations are complemented by density functional theory

(DFT) calculations, which give further insight into the intricate bonding

scenario.
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Figure 2.2: Close-packed phase α : a) Overview STM image (40 x 40) nm2, (U = 1.8 V, I = 70
pA) with the herringbone reconstruction of the Au(111) surface visible through the molecular layer.
b) High-resolution STM image (7 x 7) nm2, (U = 1.2 V, I = 40 pA) with the unit cell marked in
green. c) Tentative model of the molecular arrangement, with the unit cell marked in green, while
the black arrow indicates the [110]-direction of the Au(111) surface. The differently colored ovals
indicate the different binding motifs. d) Correlation of the molecular orientation along direction 1
(blue) and along direction 2 (pink); the black rectangle in (a) indicates the area which was used to
calculate the correlation.

2.2 Experimental results

Individual molecules of 1 examined with scanning tunneling micro-

scopy (STM) exhibit a triangular shape. In high resolution STM images,

these triangles show three protrusions (Figure 2.1c). The bright contrast

results from the out of plane methyl groups50 as indicated by the overlaid

structure model of one molecule in Figure 2.1c. On the contrary, the CN-

groups are not imaged by STM, and extend perpendicularly to the edges

of the triangle. The simulated STM image agrees well with the assign-

ment of the bright contrast to the methyl groups (Figure 2.1b). Based on

this triangular contrast, the molecular orientation in the tentative struc-

ture models shown below for the different adsorption structures could be

assigned univocally. Figure 2.2 a shows an STM image obtained for the

Au(111) surface covered with one monolayer (ML) of 1 . At such a cov-

erage, the formation of a hexagonal close-packed arrangement is favored,
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Figure 2.3: Correlation of the mo-
lecular orientation along direction 3
(green). Absence of a clear correlation
is revealed in this direction.

denoted as close-packed phase α in the following. The Au(111) herring-

bone reconstruction51 is clearly visible through the molecular overlayer,

and seems not affected by adsorption of the molecules. From a detailed

analysis of the obtained STM images and low-energy electron diffraction

(LEED) data (see section 2.2.1), two domains of the close-packed phase

α can be identified, which differ by a rotation of the unit cell vectors of

± 11◦ with respect to the [110]-direction of the substrate, indicated by

the black arrow in Figure 2.2c. The tentative adsorption structure of one

domain is shown in Figure 2.2c. It can be described by the adsorption

matrix
(

5 1−1 4

)
, assuming a commensurate superstructure with respect to

the unreconstructed Au(111) surface. The unit cell contains one molecule

and its dimensions are a = b = 1.32 nm, and Θ = 120◦ resulting in a

molecular density of 0.66 molecules/nm2. The arrangement of the mo-

lecules within phase α clearly exhibits chirality (Figure 2.2c). This can

be recognized by the position of the CN-groups of one molecule with re-

spect to the neighboring molecules: for right handed chirality CN-groups

point to the left side of the neighboring molecule, while for the domains

exhibiting left handed chirality, the CN-groups always point to the right

side of the neighboring molecules. This type of chirality, which occurs

by the adsorption of achiral molecules on a surface due to the specific

alignment of neighboring molecules is called organizational chirality.52,53

(Left and right handed homochiral domains are reported in section 2.2.1
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Figure 2.8d). Due to the triangular shape of the molecule, two possible

molecular orientations characterized by a 60◦ rotation with respect to

each other can be distinguished. The two different orientations become

clearly visible in the tentative structure model (Figure 2.2c). These dif-

ferent molecular orientations lead to different intermolecular interactions:

(i) Dipolar coupling between CN-groups of two adjacent molecules (red

oval in Figure 2.2c) called CN-CN bond. This coupling is characterized

by an antiparallel orientation of the cyano ligands of neighboring molecu-

les. The distance between the center of the C-atom of the CN-group and

the N-atom of the neighboring molecule’s CN-group is approximately 3.3

Å, which agrees well with theoretical calculations for this binding mo-

tif.26 Note that this bond is additionally stabilized by hydrogen bond-

ing to the phenyl hydrogen of the neighboring molecule. (ii) Hydrogen

bonding (light blue oval in Figure 2.2c) between the nitrogen atom of

the CN-group and a hydrogen atom of the phenyl ring of a neighboring

molecule, called CN-HC in the following. The N· · ·H distance for this

bond is approximately 1.8 Å, as derived from the tentative adsorption

structure model. (iii) Trimeric motif (dark blue circle in Figure 2.2c); for

this configuration all three molecules are oriented in the same direction

leading to three CN-HC bonds similar to the one discussed previously.

The distance between the C-atom of one CN-group and the N-atom of

the neighboring CN-group is 3.5 Å, in agreement with the distances cal-

culated by Okuno et al.54 In the following, the relationship between the

two different orientations of the molecules, which are found in the close-

packed phase α , will be discussed in more detail. The rectangle in Figure

2.2a indicates the area of the STM image, which was used to analyze the

correlation between the different molecular orientations.† All three high

†The correlation function expresses the probability that after a certain number
of molecules (N) a molecule has the same orientation as the starting molecule. A
probability larger than 0.5 at position N means that after N molecules there is a
higher probability to find a molecule pointing in the same direction as the molecule
at the starting position. On the contrary, a probability less than 0.5 indicates anti-
correlation and thus, the preference that the molecule is rotated after N positions
with respect to the starting molecule.
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Figure 2.4: STM image (50 x 50) nm2,
(U = 1.4 V, I = 40 pA) for a coverage
of 0.65 ML of 1. Two different mole-
cular arrangements are visible: in the
lower part the molecules are arranged
in the close-packed phase α which ex-
hibits various vacancies, while in the
upper part phase β is present.

symmetry directions of the close-packed phase α were considered, which

are indicated by the colored arrows in Figure 2.2a. Figure 2.2d shows the

result for direction 1 (79◦ with respect to the herringbone reconstruction

lines) and direction 2 (41◦ with respect to the herringbone reconstruction

lines). The result for direction 3, (19◦ with respect to the herringbone

reconstruction), is reported in Figure 2.3.

A clear modulation in the correlation function is visible for directions

1 and 2, resembling the distance between the gold reconstruction lines

along these directions: about 5 molecular units for direction 1 and about

8 molecular units for direction 2. In contrast, direction 3 does not show

a periodicity in the correlation because it is nearly parallel to the her-

ringbone reconstruction. The noise for directions 2 and 3 is higher due

to a reduced statistics along these directions (in our analysis) because of

the frequent change of the orientation of the herringbone reconstruction

lines (see Figure 2.2a). The modulation in the correlation function with

a periodicity resembling the distance of the herringbone reconstruction

lines along the molecular rows is a clear indication that the substrate

has an influence on the orientation of the molecules in the close-packed

phase α. We believe that this correlation is the result of a competi-

tion between intermolecular interactions (the molecules tend to form the
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Figure 2.5: Porous phase α : a)
Overview STM image (25 x 25) nm2,
(U = 2.0 V, I = 70 pA) showing the
coexistence of porous and close-packed
areas. b) High-resolution STM image
of the porous phase α (7 x 7) nm2, (U
= 2.0 V, I = 70 pA), with the unit cell
marked in green. c) Tentative model
of the molecular arrangement with the
unit cell marked in green.

strongest possible bonds) and molecule/substrate interaction. In fact,

the observed behavior cannot be ascribed with a simple preferential ab-

sorption geometry in hcp/fcc sites because this would lead to a very high

correlation (close to 1.0) along direction 3, which is clearly not present.

Figure 2.4 shows an overview STM image obtained after sub-monolayer

deposition of 1. Here, besides the free metal, two different molecular

phases are present: phase α and a new phase that will be named phase

β in the following. The latter is visible in the top part of the figure and

will be described in detail later. For sub-monolayer coverage, phase α

shows the presence of numerous vacancies, which can result in the for-

mation of a porous network (Figure 2.5). The unit cell of the porous

phase α is rotated by 30◦ with respect to the unit cell of the close-packed

phase α , i.e., a rotation of ±41◦ with respect to the [110] direction of

Au(111). The adsorption structure can be described by a
(

9 6−6 3

)
matrix
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Figure 2.6: Phase β : a) Overview
STM image (25 x 25) nm2, (U = 2.0
V, I = 30 pA). b) High-resolution
STM image (7 x 7) nm2, (U = 3.0
V, I = 140 pA), with the unit cell
marked in green. Increased contrast
is observed at the places where three
pores meet. This is attributed to
metal-ligand bonding between three
CN-groups and one Au atom. c)
Tentative model of the molecular ar-
rangement with the unit cell marked
in green. The Au atoms, which are
involved in metal-ligand bonding, are
drawn in yellow. The blue circle high-
lits one of the metal-ligand binding
motif.

with respect to the unreconstructed Au(111) surface, with two molecules

per unit cell (see Figure 2.5c for a tentative adsorption structure model).

The unit cell vectors measure a = b = 2.29 nm, Θ = 120◦ and the den-

sity is 0.44 molecules/nm2, in contrast to 0.66 molecules/nm2 for the

close-packed phase α. The molecules forming a pore arrange in such a

way that neighboring molecules are rotated by 60◦ with respect to each

other. Thus, each pore is formed by six molecules arranged in a circular

motif. The molecules interact via antiparallel dipolar coupling as it is

the case in the binding motif shown by the red oval in Figure 2.2c; this

can be seen in the structure model displayed in Figure 2.5c. Also the

porous phase α exhibits chirality, which is expected as this phase de-

rives from the chiral close-packed phase α. Figure 2.6 shows the second

phase, which was observed for sub-monolayer coverage: phase β. The

Au(111) herringbone reconstruction remains intact underneath the mo-
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Figure 2.7: Organizational chirality
for the porous phase α and phase β.
Left panel: left handed chirality, right
panel: right handed chirality. a,b)
porous phase α , (8 x 8) nm2, a) U
= 1.2 V, I = 30 pA, b) U = 1.2 V, I =
20 pA; c,d) phase β ,(12 x 12) nm2, c)
U = 1.2 V, I = 30 pA, d) U = −1.2 V,
I = 30 pA. e,f) Molecular models for
individual pores.

lecular network and seems not affected by the molecular adlayer. Also

this phase shows areas with pores as well as filled areas similar to phase

α. The pores consist of six molecules aligned in the same circular mo-

tif as the one observed for the porous phase α. A detailed analysis of

the STM data and comparison with phase α shows that the unit cell of

phase β is rotated by ±23◦ with respect to the Au [110] direction with

the unit cell vectors measuring a = b = 3.77 nm and Θ = 120◦. The

unit cell contains six molecules in the case of the porous structure, which

is shown in Figure 2.6c and can be described by a
(

15 6−6 9

)
matrix with

respect to unreconstructed Au(111), assuming a commensurate super-

structure. The filled phase β has a density of 0.49 molecules/nm2 and

the porous phase β has a density of 0.42 molecules/nm2. The main dif-

ference between phase α and phase β is the connection of neighboring

pores. While for the porous phase α two neighboring pores share two
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molecules, the neighboring pores in phase β do not share any molecules,

that is, they are isolated from each other. For phase β, three adjacent

pores are connected via a threefold unit where each pore contributes with

one molecule. Within this threefold unit the partially negatively charged

N-atoms of the polar CN-groups point directly towards each other (blue

circle in Figure 2.6c). This configuration is energetically unfavorable due

to the electrostatic repulsion between the N-atoms. At first glance, the

trimeric motif observed for phase α would be expected. Such a trimeric

unit can be achieved by rotating each entire circular unit, containing six

molecules, by 6◦. However, this can be excluded due to two main reasons:

(i) The CH· · ·N distance for establishing hydrogen bonding between ad-

jacent molecules is much larger (3.7 Å) than for hydrogen bonds reported

in literature (2.7−2.9 Å).54,55 (ii) This structure model does not fit with

the STM images when superimposed. For these reasons we propose that

this threefold unit is stabilized by metal-ligand bonding. The alternative

structure where metal coordination is absent is discussed more in de-

tail in section 2.3.1. The coordination of CN-groups to transition metal

atoms is well-known from supramolecular chemistry56 and was reported

for two-dimensional surface supported networks.20,32,57,58 Moreover, 2D

Au metal coordinated molecular networks were recently fabricated.27,59

The distance of about 2 Å measured between the center of the N-atoms

of the CN-groups and the center of the threefold unit agrees well with

values reported for metal ligand interactions.27 Further support for the

proposed metal-ligand bond is found by looking at the edges of phase β

islands (Figure 2.4): They are terminated by threefold units indicating

that these units can only exist as a whole. Furthermore, the STM sig-

nal reveals brighter contrast at the center of the threefold units for high

positive tunneling biases (> 2.0 V) (Figure 2.6b). Such evidence is asso-

ciated to the presence of metal-coordinated structures.60 Two different

binding motifs, metal-ligand bonding (interaction between neighboring

pores) and dipolar coupling (interaction within the pores), stabilize the

porous phase β. A third binding motif is present for the filled phase β.
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The additional molecule in the pore interacts with three of the six mo-

lecules of the pore via hydrogen bonding. In addition, phase β is chiral,

because the antiparallel dipolar coupling between neighboring molecu-

les in the circular motifs leads to organizational chirality.52,53 Thereby,

homo-chiral domains, one with left-handed chirality and the other with

right-handed chirality, were observed for phase α and β (see Figure 2.7).

2.2.1 Determination of the superstructure unit cells

Figure 2.8a and b show low energy electron diffraction (LEED) pat-

terns taken for 1ML coverage of 1 where only the close-packed phase

α is present. Two domains, which are indicated by the green and blue

arrow in Figure 2.8a, are clearly visible. They are rotated by ±11◦ with

respect to the Au [110] direction. STM images confirm the angle of 22◦

between the two different chiral domains (c.f. green and blue arrows in

Figure 2.8d). Figure 2.8c shows the simulated LEED pattern for a super-

structure which is commensurate to the unreconstructed Au surface, and

which fits well with the measured LEED pattern shown in Figure 2.8a.

The matrix of this superstructure is
(

5 1−1 4

)
. The unit cell dimensions

measured in several STM images agree well with the ones obtained from

LEED.

Figure 2.8: LEED patterns taken at a) 26 eV and b) 35 eV. c) Simulated LEED pattern for close-
packed phase α, different domains are painted in different colors. d) STM image of two different
chiral domains of phase α which are indicated by the blue and green arrows (20 x 20) nm2, (U =
1.4 V, I = 20 pA).

For phase β we did not obtain LEED patterns due to the large unit-

cell dimension. Thus, we analyzed STM images which show phase α,
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phase β and the herringbone reconstruction at the same time. In this

way, the unit cell dimensions and the orientation of phase β could be

derived very accurately since the unit cell of phase α is known exactly.

For some islands we measured an angle of 12± 2◦ between phase α and

β, while for other islands an angle of 34 ± 2◦ was measured. The angle

between the herringbone reconstruction and phase β is 6±2◦. This results

in an angle of ±23◦ between the unit cell of phase β and the Au [110]-

direction. After determining the distances and angles of phase β with

respect to phase α and the herringbone reconstruction, a commensurate

superstructure is suggested, which can be described by a
(

15 6−6 9

)
matrix.

The size of the unit cell is 3.77 x 3.77 nm2 with an internal angle of 120◦.

2.3 Theoretical results and discussion

Density functional theory (DFT) calculations of the molecules in the

gas phase were performed by Abdelkader Kara using different functionals

(PBE, optB86b and optB88) to further investigate the relative stability

of the different binding motifs observed for the close-packed phase α. For

this analysis, two or three molecules were brought close together (about

3 Å distance) to form the desired motif, and then the system was al-

lowed to relax. The studied motifs were antiparallel dipolar coupling

between CN-groups (shown by the red oval in Figure 2.2c), hydrogen

bonding (shown by the light blue oval in Figure 2.2c), and the trimeric

motif (shown by the dark blue oval in Figure 2.2c). The DFT-optimized

structures of the binding motifs are presented in Figure 2.9 along with

the obtained intramolecular distances within one molecule (Figure 2.9a,

top). These intramolecular bonding distances are similar to those of the

single molecule, and do not change when the molecules are brought close

together. In Table 2.11, the results obtained for the binding energy as

well as the intermolecular bond lengths (see colored arrows in Figure

2.9), which are relevant for each of the binding motifs, are summarized.

Independent of the functional used, the CN-CN bond is found to be
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the energetically most favorable configuration with a N· · ·C distance of

approximately 3.5 Å (see blue arrow in Figure 2.9a); this distance is sim-

ilar to the earlier reported results for dipolar coupling of CN-groups.26,54

The CN-groups are almost parallel to each other (see Figure 2.9a). The

trimeric motif is the second most stable configuration with a slightly

lower binding energy per molecule-molecule bond (Figure 2.9c). The

CN-HC motif is the least stable motif of the three ones studied (see Fig-

ure 2.9b) with a N· · ·H distance of approximately 2.2 Å (shown by the

red arrow in Figure 2.9b). This distance is slightly smaller than the one

calculated for a benzonitrile dimer (ca. 2.7 Å)54 and also smaller than

the one reported for the Proton Acceptor Ring Interaction (PARI) (2.9

Å).55 However, for the configuration reported here the N-atom points

directly to the only available H-atom of the phenyl ring, while for PARI

the N-atom points in between two neighboring H-atoms of the phenyl

ring. Additional to the gas phase calculations, the adsorption of a sin-

gle molecule on the non-reconstructed Au(111) surface was studied using

the same functionals as for the gas phase calculations. The main interest

is to determine the adsorption geometry of the molecule. Our calcula-

tions show that the adsorption energies depend strongly on the functional

used. While the adsorption energy obtained using PBE is only 80 meV

and hence suggests weak adsorption, those calculated using the optB86b

and optB88 are 2.86 and 2.89 eV, respectively. The values obtained with

the vdW functionals indicate a high adsorption strength, while the stan-

dard PBE cannot capture the accurate binding nature.61–64 Despite the

high adsorption energy obtained using optB86b and optB88 functionals,

the energy landscape is very shallow, i.e., the binding energy between

the molecule and the Au(111) surface changes only slightly for different

adsorption positions. These results obtained using optB86b and optB88

functionals indicate that the molecule, adsorbed on the Au(111) surface,

undergoes arching in contrast to the gas phase, for which the structural

analysis suggests that the backbone of the molecule is flat (see Figure

2.9) regardless of the functional used. Upon adsorption, the DFT results
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(optB86b functional) show that the CN-groups arch towards the surface

with the N· · ·Au distance becoming 2.7 Å, while the central N-atom is

4 Å away from the Au(111) surface.

Figure 2.9: Optimized gas phase binding motifs calculated with optB86b and bond lengths for a)
CN-CN, b) CN-HC and c) trimeric unit motifs. The bond distances, which are marked with red
and blue arrows as well as intramolecular bond lengths, are given in Å.

Figure 2.10: Adsorption structure of 1 on Au(111) and charge density difference (Iso-surface =
0.6 · 103 eÅ3) obtained with optB86b; blue represents depletion and red accumulation of charge. a)
Top view, b) side view, seen from a CN-group and c) side view, seen from a methyl group.

The bending of the CN-groups towards the metal surface is consistent

with earlier reports54,65,66 and can be explained by the formation of a

mirror image charge in the Au substrate induced by the dipole of the

CN-group.54 The distance between the C-atoms of the CN-group and

the Au(111) surface is 3 Å. In contrast, the bridging dimethyl groups

are rotated away from the surface upon adsorption resulting in 3.7 Å
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Figure 2.11: Bond lengths (in Å) for the studied binding motifs in the gas phase and binding
energies per molecule-molecule bond (in meV). The first, second and third values in each column
are the results of PBE, optB86b, and optB88 functionals, respectively. a) Values measured from the
tentative structure models shown in Figure 2.2c.

distance between the C-atom of the lower methyl group and the Au(111)

surface. Consequently, all methyl groups are visible in the top view as

shown in Figure 2.10a. The results obtained using the optB88 functional

show very similar binding energy values and adsorption configuration,

while the PBE results show almost no arching upon adsorption of the

molecule. The top layer atoms of the substrate show no buckling when

the calculations were performed with PBE, while buckling of 0.08 Å was

encountered when the optB86b and optB88 functionals were used. In

Figure 2.10b,c, the side views of the adsorption geometry of the molecule

on Au(111) together with the charge density difference calculated using

the optB86b functional is shown, viewed either from the CN- or methyl-

groups. Here, the details of the adsorption geometry of the molecule

can be identified and both arching of the whole molecule and rotation of

the methyl groups becomes clearly visible. The charge density difference

shown in Figure 2.10 is calculated by subtracting the charge densities of
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the molecule and the substrate alone from that of the molecule adsorbed

on the Au(111) surface. The blue and red colors represent the regions

with depletion and accumulation of charge, respectively. The charge

density difference plots show that charge accumulation occurs in the CN-

groups, which is due to close proximity of the N-atoms to the surface

atoms. A slight change in the charge distribution is also visible in the

Au-atoms underneath the CN-groups. In contrast, almost no change in

the charge density of the central N atom was observed.

Previously, it has been reported that for large π-conjugated molecu-

les a simple discrimination of physisorption vs. chemisorption based on

the binding energy alone is not possible.61,67,68 The fact that the her-

ringbone reconstruction of the Au(111) surface remains intact under-

neath the adsorbed molecules is generally considered as a sign for a weak

molecule/substrate interaction69 suggesting a physisorption-type interac-

tion. However, in our case the following observations contradict a weak

molecule/substrate interaction: (i) The step edges show a rearrangement

when the molecules grow over them. (ii) The correlation of the molecular

orientation in the close-packed phase α with respect to the herringbone

reconstruction indicates a considerable influence of the substrate on the

molecular arrangement. (iii) DFT calculations with the inclusion of vdW

interactions show a large adsorption energy of 2.9 eV as well as arching

of the molecule when adsorbed on the Au(111) surface. Additionally,

an electronic redistribution occurs upon adsorption of the molecule on

the gold surface, as seen by the charge density difference plots in Fig-

ure 2.10b,c. This strong molecule/substrate interaction is mediated by

the cyano/gold interaction. The strong molecule/substrate interaction

and the observed arching of the molecule also support the formation of

the metal-ligand bond, which was observed for phase β. A threefold

unit, where the N-atoms of three neighboring molecules point towards

each other, would lead to an electrostatic repulsion between the mole-

cules as the N-atoms are partially negatively charged. Such a motif is

not possible in the gas phase. Consequently, the repulsion between the
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three N-atoms has to be screened by the surface. This can be done by

the formation of a metal-ligand bond. There are two different possibil-

ities for the formation of such a metal ligand bond: either by inclusion

of adatoms into the molecular structure or by the slight displacement

of a surface atom out of the surface. The creation of metal ad-atoms

on Au(111) surfaces was believed to result in the lifting of the herring-

bone reconstruction.27,70 However, this is not always the case, as shown

for another metal-coordinated network on Au(111) presented in Chapter

3 where both the coordination with native Au atoms from the surface

and coordination with post-deposited Cobalt atoms do not disturb the

surface reconstruction. For compound 1 on Au(111) we observe that

annealing of the sample brings about an increase of the amount of the

metal coordinated phase. Indeed, elevated sample temperatures lead to

a considerable increase of the number of ad-atoms resulting in an in-

creased amount of metal-ligand bonds.70 However, we propose here that

when dealing with cyano functional groups on Au(111) the metal-ligand

bond is formed by the displacement of Au-atoms from the surface and

not by interaction with free ad-atoms. This can be realized by the ac-

tion of the partially negatively charged N-atoms of the cyano groups. A

clear discrimination between these two conditions is not experimentally

straightforward, an attempt to do this is presented in Chapter 3 where

sub-molecular resolution tuning fork measurements are presented. So

far, such a displacement of substrate atoms by cyano groups has been

reported for tetracyanoquinodimethane (TCNQ) on Cu(100)65 and for

tetracyanoethyl ene (TCNE) on Ag(100)66 but has never been directly

measured. In general the displacement of an Au-atom is less energy

consuming than the creation of a free ad-atom. The displacement of the

Au-atom is supported by the strong CN/Au interaction expressed also by

the arching of the molecules. However, the displacement of the Au-atom

closest to the N-atom could not be modeled with the DFT calculations as

this would need three adjacent molecules pulling on the atom. Moreover,

it is assumed that the arching is not symmetric: The N-atom which forms

404040



Cyano-functionalized triarylamines on Au(111): Competing
intermolecular versus molecule/substrate interactions

the metal-ligand bond is probably closer to the surface than the N-atoms

that form the pores via antiparallel dipolar coupling, because this CN-

CN bond is presumably more stable when the CN-groups of neighboring

molecules are parallel to each other.

DFT calculations show a relatively shallow binding energy landscape

for different adsorption sites on the Au(111) surface. Additionally, the

geometrical structure of the molecules changes when they adsorb on the

surface, as seen by the arching of the molecule and upward rotation of

the methyl groups. This flexibility in both the adsorption position and in

the conformation of the molecules, can optimize the self-assembly toward

a lower energetic minimum. In this way, the molecules can also adjust

to the corrugation of the herringbone reconstruction underneath. This

could explain the preservation of the herringbone reconstruction upon

adsorption: It seems energetically more favorable to adjust adsorption

position and conformation than to lift the herringbone reconstruction.

Consequently, it is possible that the adsorption structures are commen-

surate with the reconstructed Au(111) surface.

In conclusion we investigated the self-assembly of a bridged tricyano-

substituted triarylamine derivative on Au(111). The two different ad-

sorption structures phase α and phase β were analyzed in detail. The

close-packed phase α is stabilized via dipolar coupling and hydrogen

bonding while (filled) unfilled porous phase β is stabilized by dipolar

coupling and metal-ligand bonding (and hydrogen bonding). This means

that all three known binding motifs for cyano ligands were observed.

Moreover and most remarkably, at least two cyano binding motifs are

needed for the formation of two of the three observed phases. This ob-

servation shows that for our case a delicate interplay between molecular

conformation, intermolecular interactions and molecule/substrate inter-

actions leads to such a behavior. In particular, the Au substrate is re-

sponsible for both the correlation of the molecular orientation in depen-

dence of the herringbone reconstruction and the arching of the molecules

as shown by DFT calculations; hence Au needs to be considered as an
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active surface for self-assembly of cyano-functionalized molecules. The

strong molecule/substrate interactions result in the observed arching,

which consequently leads to a large distance between the central N-atom

and the Au substrate (4 Å). Hence, the interaction between this atom and

the substrate is weak. It has been shown recently that a covalently bound

two dimensional porous sheet containing similar triarylamine derivatives

is a ferromagnetic half-metal and as such potentially very interesting for

spintronics.71

2.3.1 Discussing an alternative structure model for

phase β

We show that phase β is promoted by the formation of metal-ligand

interactions with the Au native atoms from the surface. An alternative

structure model for phase β can be developed on the assumption that

no metal-ligand bonding take place. This model is shown in Figure 2.12.

Here, the neighboring pores are rotated by 6◦ compared to the structure

model shown in Figure 2.6c. However, we shall see that this assumption

does not fit the data. In fact, this adsorption structure can be excluded

Figure 2.12: Alternative structure model for phase β where no metal-coordination bond is present.
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for the following reasons. (i) The orientation of the pores in the model

deviates from the orientation of the pores in the STM image (see Figure

2.13). (ii) The C· · ·N distance (4.3 Å) and the N· · ·H distance (3.7 Å)

in this adsorption structure are larger than the ones reported in litera-

ture.26,54 They are too large to establish hydrogen bonding interactions.

(iii) This arrangement cannot explain the increased contrast in the STM

images in-between the three molecules. Another interesting fact that

Figure 2.13: STM image of phase β overlaid with two possible structure models: a) structure model
without metal-ligand bonding; b) structure model with metal-ligand bonding. It is clearly visible
that the latter agrees better with the underlying STM image.

supports the metal coordination binding motif hypothesis is related to

the island terminations. Looking in detail at the island edges of the

two phases it is clear that the island edges of phase α are terminated by

the pores’circular motif (blue dotted circles in Figure 2.14) while phase β

island edges are terminated by an additional line of molecules (black dot-

ted line). The self-assembly of the latter phase can be then rationalized

by considering two steps of assembly. One step involves the formation

of 3-fold super units (purple triangles in Figure 2.14) and in a second

step these super units self-assemble in a porous network structure. The

fact that the 3-fold super units always terminate the edges of phase β

strongly suggest the presence of such hierarchical self-assembly. Finally,

very large islands of not filled porous network of phase β can be ob-
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Figure 2.14: a) STM image (30 x 30) nm2, (U = 1.4 V, I = 50 pA) Phase α island edges are
terminated by the pores’ circular motive (blue dotted circles). b) STM image (30 x 30) nm2, (U
= 1.2 V, I = 60 pA) Phase β island edges are terminated by an additional line of molecules (black
dotted line) that saturates the binding motif that forms the 3-fold super units (purple triangles).
These super units are always terminating the island edges of phase β. This evidence suggests that the
super units binding motif is stronger than the cyano antiparallel dipolar coupling and thus supports
the metal coordinated bond hypothesis.

tained by annealing the surface to 175◦ C as shown in Figure 2.15. This

network is an interesting support network to hosting new molecules in-

side the pores. For this reason, it might have interesting applications for

catalysis and guest molecules storage (i.e. H2).

2.4 Experimental and theoretical details

Experimental Details : The experiments were performed in a two

chamber ultra-high vacuum system with a base pressure < 5·10−10 mbar.

The Au(111) single crystal was prepared by several cycles of Ar+ sputter-

ing and subsequent annealing at 350◦ C. The molecules (achiral tricyano-

substituted triarylamine derivative)

4, 4, 8, 8, 12, 12−hexamethyl−4H, 8H, 12H-benzo[1, 9] quinolizino[3, 4, 5, 6, 7−
defg] acridine−2, 6, 10−tricarbonitrile

were sublimed in situ at a temperature of about 160◦ C from a homebuilt
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Figure 2.15: STM image (100 x 100) nm2, (U = 1.4 V, I = 15 pA) of phase β after post deposition
annealing at 175◦ C. Nearly all the pores are empty (> 92%). The contrast was adjusted that the
underlying herringbone reconstruction is visible.

evaporator while the sample was kept at room temperature during the

molecule deposition. A quartz-crystal microbalance was used to moni-

tor the deposition rate, which was kept constant at around 0.2 ML/min.

STM images were acquired at 77 K using a platinum-iridium tip in con-

stant current mode. All bias voltages are with respect to the sample.

The STM images were analyzed using the WSxM software,72 while the

correlation analysis was done using Python and Qti-plot. LEED patterns

were recorded using an Omicron multichannel plate LEED. LEEDPAT

was used to simulate the LEED patterns. Density Functional Theory Cal-

culations carried out by Abdelkader Kara: All calculations were carried

out within the framework of density functional theory (DFT), as em-

bedded into the Vienna ab initio Simulation Package (VASP)73 version

5.2.12. The calculations were performed using the generalized gradient

approximation (GGA) in the form of Perdew-Burke-Ernzerhof (PBE) as

well as by including the non-local interactions through the self-consistent

van der Waals density functional theory (optB8861 and optB86b74 func-

tionals) as implemented in the VASP package.73 The interaction between
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the valence electrons and ionic cores is described by the projector aug-

mented wave (PAW) method.75,76 A kinetic-energy cutoff of 400 eV was

used for the wave functions. The molecules were introduced in a 25 Å

- 35 Å - 10 Å box for the dimers, and in a 35 Å - 35 Å - 10 Å for the

trimeric configuration. The k-points sampling used for the calculations

was 1 - 1 - 1. An additional calculation was performed using a 3 - 3

- 1 k-point sampling, and the change in the binding energy was found

to be negligible, 8 meV for the trimetric case using the optB86b func-

tional. The adsorption on the Au(111) surface was simulated by placing

the molecule on one side of a (6 - 6) slab containing three layers of Au

with 19 Å of vacuum separating the two surfaces. The k-point mesh of

3 - 3 - 1 is used for this calculation. During the structural relaxation,

the atoms of the molecule as well as those of the first layer atoms of the

substrate were allowed to relax. The bottom two layers of the substrate

are kept fixed. The relaxation was done with a 0.01 eV/Å force criterion.
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Chapter 3

Assembly of
cyano-functionalized
sexiphenyl molecules on
Au(111)

In this chapter, we report a study of the self-assembly of parahexaphenyldicar-
bonitrile on Au(111) studied by means of scanning tunneling microscopy (STM) and
“qPlus” non-contact atomic force microscopy (NC-AFM) with sub-molecular resolu-
tion. Imaging of molecular networks in real space with sub-molecular resolution is
able to give insight into the forces that govern molecular self-assembly on surfaces. A
rhombic nanoporous network stabilized by a non-planar binding motif with C-N· · ·H
bonds is found after molecule deposition on Au(111) at room temperature. Thermal
annealing at 575 K induces an irreversible change of the molecular arrangement to
a hexagonal nanoporous network stabilized by metal-ligand interactions with native
gold atoms. A similar nanoporous network is obtained at room temperature upon
deposition of cobalt atoms. Based on sub-molecularly resolved STM and NC-AFM
images, the different binding motifs are analyzed and compared to literature results.
The work presented in this chapter is based on the manuscript Intermolecular inter-
actions of parahexaphenyldicarbonitrile on Au(111): A combined STM and NC-AFM
study.∗ The molecules were synthesized by Leticia Monjas in the group of Anna
Hirsch.

∗Intermolecular interactions of parahexaphenyldicarbonitrile on Au(111): A com-
bined STM and NC-AFM study.
Juan Carlos Moreno-López*, Stefano Gottardi*, Leticia Monjas, Leonid Solianyk, Jun
Li, Kathrin Müller, Fei Song, Tuan A. Pham, Anna K. H. Hirsch and Meike Stöhr,
(to be submitted).
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3.1 Introduction

A promising strategy for building functional molecular assemblies is

based on the autonomous organization of molecules without human in-

tervention. This strategy is better known as molecular self-assembly.1,2

Such an approach opens up opportunities to fulfill the actual require-

ments of cheaper, more flexible and sustainable materials.1–3 However,

the design of molecular 2D architectures demands a clear understanding

of several processes that take place when the molecules are deposited on

a surface.4,5 Given that the adsorption geometry of the molecules de-

pends on their interaction with the surface,5 a real-space observation of

the molecules with sub-molecular resolution is a desirable prerequisite to

obtain insight into the forces that govern molecular self-assembly.

A key step towards sub-molecular resolution imaging in real-space was

achieved by Giessibl in 1998 with the development of a new sensor for

non-contact atomic force microscopy (NC-AFM), the “qPlus” sensor.6

Eleven years later, Gross et al. reported unprecedented high-resolution

images of individual pentacene molecules using a “qPlus” NC-AFM and

a tip functionalized with a CO molecule.7 The “qPlus” sensor has re-

cently enabled: bond-order discrimination due to enhanced Pauli repul-

sion in bonds of higher order,8 direct imaging of intramolecular structural

changes for surface-supported chemical reactions9 and the imaging of co-

valently linked oligomer chains.10 The operating principles of NC-AFM

and the “qPlus” sensor were presented in Chapter 1.

Whereas NC-AFM has been established as an invaluable tool for

imaging and determining covalent bonds within molecules and on-surface

polymers, the possibility to directly image non-covalent intermolecular

bonds is a controversial topic recently receiving considerable attention.

Zhang et al.11 and Sweetman et al.12 claimed to be able to image inter-

molecular hydrogen bonding with NC-AFM. Sweetman et al.12 support

the idea that intermolecular contrast due to Pauli repulsion13 occurring

at the tip-sample junction can lead to imaging of non-covalent inter-

molecular hydrogen bonds. On the other hand, Hapala et al.14 showed

545454



Assembly of cyano-functionalized sexiphenyl molecules on Au(111)

Figure 3.1: Chemical structure of parahexaphenyldicarbonitrile (P6).

that intermolecular bonding-like features should not be directly inter-

preted as hydrogen bonds. They explained how the relaxation (bending

and flipping) of the CO molecule at the STM tip apex can create ar-

tifacts similar to what was observed in NC-AFM images of hydrogen

bonds. Moreover, Pavliček et al.15 and Hämäläinen et al.16 reported

examples of NC-AFM images displaying bonding-like features between

two atoms where no bond is present. In the following, we report experi-

mental evidence supporting the idea that bonding-like features observed

for intermolecular non-covalent interactions should not be directly inter-

preted as intermolecular bonds. Furthermore, we show for the first time

the imaging of self-assembled nano-porous networks with sub-molecular

resolution. In particular, by means of Scanning Tunneling Microscopy

(STM) and “qPlus” NC-AFM, we study the self-assembly of parahexa-

phenyldicarbonitrile (P6) on Au(111). The molecule, whose structure is

depicted in Figure 3.1, features terminal cyano groups connected to six

phenyl groups, which can twist with respect to each other due to steric

hindrance and are thus not lying flat on the surface.

3.2 STM and NC-AFM measurements of

the different molecular networks

Two nanoporous networks are observed upon deposition of P6 on

the Au(111) surface; one before and one after annealing at about 575

K. Whereas for as-deposited P6 on Au(111) held at room temperature

hydrogen-bonding interactions stabilize a rhombic network, a hexagonal

network forms after annealing at 575 K, which can be explained by the

presence of metal-ligand interactions between the molecules and native
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gold atoms of the substrate. “qPlus” NC-AFM images allow us to clearly

identify the geometry adopted by the molecules and therefore determine

the bonds involved in the stabilization of both nanoporous networks. We

compare our findings with previously reported results that were obtained

for P6 on Ag(111).17,18

The experiments were performed in an ultra-high vacuum system with

a base pressure ≤ 1 x 10−10 mbar. Au(111) single crystals were prepared

by several cycles of Ar+ sputtering and subsequent annealing at 700 K.

The P6 molecules were sublimed in situ at a temperature of about 600 K

while the sample was kept at room temperature during molecule deposi-

tion. A quartz-crystal microbalance was used to monitor the deposition

rate and a constant rate of about 0.1 ML/min was used during each de-

position. STM images were acquired at 77 K using a platinum-iridium

tip. NC-AFM images were acquired at 5 K with a tungsten-etched tip

mounted on a tuning fork in a “qPlus” sensor geometry. All bias voltages

are reported with respect to the sample.

Since the molecules are mobile on the Au(111) surface at room tem-

perature, the samples were cooled to 77 K for imaging. Figure 3.2A

shows an STM image acquired at 77 K after deposition of 0.15 monolay-

ers (ML) of P6 on Au(111). Based upon statistical analysis, we found

that 90% of the molecules are arranged in a rhombic porous network

geometry, while the remaining 10% do not show long-range order and

are usually found surrounding the rhombic networks (bottom-left part

in Figure 3.2A). In these disordered areas, different intermolecular inter-

actions are observed including metal-coordination that will be discussed

later. Remarkably, P6 adsorbed on Au(111) self-assembles in just one

nanoporous network for sub-monolayer deposition up to the maximum

coverage possible to have the surface completely covered by rhombic net-

work. This behavior is in contrast with what observed on Ag(111), where

several nanoporous networks of P6 molecules coexist on the surface at the

same time, including the rhombic network observed here.17 It is worth

noting that in contrast to Ag(111), the rhombic network on Au(111) is
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Figure 3.2: STM images of sub-
monolayer coverage of P6 on Au(111).
A) (24 nm)2, (V=−1.0 V, I=20 pA,
TSTM = 77 K). The white arrows in-
dicate the quasi-hexagonal rows that
perturb the rhombic network. Three-
fold and 4-fold metal-ligand motifs
are highlighted with full and dashed
rectangles, respectively. B) High-
resolution STM image of the rhom-
bic network (12 x 4) nm2, (V=0.1 V,
I=150 pA, TSTM = 77 K). The semi-
transparent rectangle shows the unit
cell of the porous network. The prin-
cipal substrate directions are indicated
by white arrows on the right.

perturbed every 4-10 rows by a linear row of quasi-hexagonal pores (white

arrows in Figure 3.2A). A careful inspection of the STM images reveals

that the rhombic network is mainly interrupted at the elbow sites of the

Au herringbone reconstruction. Figure 3.2B shows a close-up view of the

rhombic network in which the principal Au(111) directions are indicated.

Single molecules are easily identified by their rod-like shape (� 30 Å in

length) in very good agreement with the reports for P6 on Ag(111).17,18

The unit cell of the rhombic network is marked by the semi-transparent

rectangle in Figure 3.2B. It contains four molecules: two of them with

their long axis pointing along the [11-2] direction and the other two are

oriented along the [1-21] direction (± 2◦). The unit cell vectors are a =

4.7 nm, b = 3.7 nm and φ = 90◦, and are in agreement with the rhombic

network reported on Ag(111).18

Figure 3.3A shows a “qPlus” NC-AFM image (frequency shift map)

acquired in constant-height mode on a 4-fold connection of the rhom-

bic network. Both the six phenyl rings and the cyano groups of the

P6 molecule can be clearly identified. The molecular features are sur-

rounded by a dark halo due to van der Waals forces between tip and
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Figure 3.3: A) Constant-height NC-
AFM image (4 nm)2, (V=0.0 V,
TSTM = 5 K) of the 4-fold binding
motif of the rhombic network acquired
with a CO-terminated tip. B) Super-
position of the molecules onto the 4-
fold binding motif. The red dashed line
marks the bonding-like feature that
largely exceeds the typical length for
hydrogen bonding.

molecules. The bright signal is related to covalent intramolecular bonds

and originates from Pauli repulsion between the electrons in the p or-

bitals of the CO at the tip apex and the electrons in the orbitals of the

P6 molecule.7,10,13 We can easily conclude from NC-AFM images that

the C-N· · ·H-C hydrogen bond is the main interaction that stabilizes the

P6 rhombic network.

A closer inspection of Figure 3.3A reveals the presence of bonding-

like features between neighboring molecules. However, these features

should not be directly interpreted as intermolecular bonds.14–16 In order

to get a deeper insight into the intermolecular interactions stabilizing the

rhombic network, we performed a geometrical analysis for the molecular

adsorption model. Figure 3.3B shows the schematic model of the mole-
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cular arrangement overlaid on the NC-AFM image. With this model the

possible intermolecular binding motifs (in this case hydrogen bonds) can

be rationalized. Theoretical and experimental studies show that the (C-

N· · ·H-C) hydrogen bond lengths are in the range of 2.0−3.2 Å.11,17,19–22

Comparing these values to our measured values we can conclude that the

lengths of some of the imaged bonding-like features exceed the expected

values for hydrogen bonding. In particular the feature marked in red in

Figure 3.3B is clearly too long (4.1 Å) to be described as a hydrogen

bond. Moreover, as will be shown below, the molecules do not lie within

the same plane parallel to the substrate surface and thus, the real bond-

ing distances are even longer. With this we can conclude that at least

the observed bonding-like feature measuring > 4.1 Å is not a true hydro-

gen bond. Our results thus corroborate the findings that not all features

visible in NC-AFM frequency shift images belong to true bonds, which is

especially true for the case of non-covalent interactions. The explanation

of these imaging artifacts can be ascribed to the bending and flipping

of CO at the tip apex because of the presence of a saddle region in the

surface potential landscape.14–16

A closer inspection of the STM image in Figure 3.2B reveals a differ-

ence in the STM contrast of the molecules depending on their orientation.

Higher contrast is observed for the molecules oriented in the [11-2] di-

rection whereas lower contrast is observed for the molecules in the [1-21]

direction. In order to discard imaging artifacts caused by the tip status

and/or the STM feedback, we imaged the sample with different tips and

additionally in constant-height mode (without feedback). All these mea-

surements gave the same result, i.e., a difference in the STM signal for

the differently aligned molecules. Similar behavior was observed for the

rhombic network of P6 on Ag(111) and was attributed to the different

adsorption sites of the molecules.17 However, since the current signal in

STM depends on a convolution of geometric and electronic contributions,

the STM image does not directly display topographic differences.23,24

To obtain deeper insight into the adsorption geometry of the mole-
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cules of the rhombic network, we performed constant-height NC-AFM

measurements at different tip-sample distances. First, we chose a dis-

tance for which the molecules oriented in the [11-2] direction were clearly

resolved (Figure 3.4A red arrows). For this position, the molecules ori-

ented in the [1-21] direction are barely discernible from the dark halo

surrounding them (Figure 3.4A blue arrows). Approaching the tip closer

to the surface, the molecules oriented along the [1-21] as well as the [11-2]

direction could be resolved. However, the molecules oriented in the [1-21]

direction still appear darker (Figure 3.4B) than the molecules oriented

along the [11-2] direction. Approaching the tip even closer, the molecu-

les oriented along the [11-2] direction are now imaged in a distorted way

due to the very repulsive interaction felt by the CO molecule on the tip

apex, whereas the molecules oriented in the [1-21] direction are still well-

resolved (Figure 3.4C). To interpret these results, we review the image

contrast formation of NC-AFM when using tips functionalized with CO.

For an optimum tip-sample distance in high-resolution constant height

NC-AFM, the internal molecular structure appears as a bright protru-

sion surrounded by a dark halo. The bright protrusion arises from the

repulsive Pauli forces between the tip and the molecule,13 whereas the

dark featureless halo is mostly due to attractive van der Waals (vdW)

forces.7,10,13 On the other hand, when the tip-sample distance is either

larger or smaller than the optimum one, the NC-AFM image exhibits

different characteristics. For an increased tip-sample distance, the Pauli

contribution starts to decrease, making the image a featureless dark halo

for adsorbed molecules. On the contrary, when the tip-sample distance is

excessively reduced, the repulsive Pauli forces can easily induce a lateral

displacement of the CO molecule attached to the tip apex, resulting in a

distortion or even inversion of the image contrast (i.e. positions on the

molecule between atoms can be imaged brighter than positions where

atoms are present).14 We conclude that the molecules oriented in the

[11-2] direction have a larger molecule-substrate distance than the ones

oriented in the [1-21] direction. Our combined STM and NC-AFM data
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Figure 3.4: Constant-height
AFM images of the rhombic
network acquired at different
tip-sample distances. The tip-
sample distance decreases from
A) to C). (8 x 2) nm2, (V=0.0
V, TSTM = 5 K). Red and blue
arrows in A distinguish be-
tween well-resolved molecules
versus barely discernible mole-
cules. Yellow and green arrows
in B mark the extremities of
the molecules evidencing their
different contrast in NC-AFM
that reflects a different height
of the molecular groups. This
can be explained by the pres-
ence of tilting of the molecu-
les. Black arrows in B point
out that also at the 4-fold bind-
ing region the molecular gro-
ups do not lie exactly at the
same height.

allow the assignment of the contrast difference observed in the STM im-

ages (Figure 3.2B), at least partly, to a real height difference in molecular

adsorption.

In addition to the different adsorption height, we also observe tilting

of the molecules. This is visible by looking at the two extremities of

each molecule that display different NC-AFM contrast (see yellow and

green arrows in Fig. 3.2B). It becomes even more evident when com-

paring the ending groups of the two, equally oriented, molecules at the

binding region as indicated by the black arrows in Fig. 3.2B. The mole-

cular groups of the different molecules do not display the same height at

the binding region. These observations are consistent with the presence

of tilting of the molecules around their short axis. The tilt and the dif-

ferent adsorption height reflects a not exactly planar 4-fold binding motif.
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3.2.1 Three-fold Au-coordinated honeycomb network

After annealing the samples at 575 K, we observed an irreversible

change of the rhombic nanoporous network. Figure 3.5A shows a STM

image of the surface after annealing in which the molecules are now ar-

ranged in a hexagonal network. The herringbone reconstruction is not

lifted and remains visible in the STM images. The long axis of the mole-

cules is now oriented along the three-fold symmetric <1-10> directions

of the Au(111) surface. Unlike the quasi-hexagonal rows perturbing the

rhombic porous networks shown in Figure 3.2A, here the cyano groups

of the molecules point directly toward each other. A similar binding mo-

tif was observed for few isolated molecules around the rhombic network

before annealing but without any long-range ordering (see superimposed

rectangles in Figure 3.2A). This arrangement of the cyano functionalities

is energetically unfavorable due to the electrostatic repulsion between

the (partially) negatively charged N atoms. Thus it is assumed that this

interaction is stabilized by surface-mediated metal-ligand interactions.21

On Ag(111) a similar metal-coordinated hexagonal network was reported,

but only after deposition of cobalt atoms on the P6 overlayer.17 Figure

3.5B shows a hexagonal pore in detail. Inside the pore, atomic resolution

of the Au substrate was achieved, while at the same time the six phenyl

rings of the P6 were resolved. Using the gold atoms as a ruler, we could

precisely determine a distance of 2.04 nm between the centers of the out-

ermost 2 phenyl rings of the P6 molecule (Figure 3.5B). This distance

is in very good agreement with the one calculated in the semi-empirical

AM1 framework.17,18 In this respect, the distance between the terminal

nitrogen atoms and the expected coordinating gold atoms involved in

the metal-ligand interaction is just 0.10 nm, about half the value usually

expected for metal-ligand interactions.17,22,25,26

To determine the geometric arrangement of the molecules within the

hexagonal network, as well as to shed light on the metal-ligand interac-

tion, we performed “qPlus” NC-AFM measurements at 5 K. Figure 3.6

shows a detailed NC-AFM image of the 3-fold binding motif of the hexag-
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Assembly of cyano-functionalized sexiphenyl molecules on Au(111)

Figure 3.5: STM images of P6 molecules on Au(111) after a post-deposition thermal annealing at 575
K. A) Honeycomb network stabilized by metal-coordination between cyano groups of the molecules
and Au surface atoms. (45 x 35) nm2, (V=2.0 V, I=20 pA, TSTM=77 K). B) High-resolution STM
image (7.5 x 6.0) nm2, (V=0.01 V, I=40 pA, TSTM=77 K) of a pore where atomic resolution inside
the pore is visible. The model of the network is also reported. C) Schematic representation of the
molecular binding motif. The distance between the nitrogen atoms and the expected gold atoms
involved in the metal-ligand interaction is 0.1 nm, about half the expected value for such bonds.
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onal network. Terminal cyano groups point towards a common center.

However, the center of the binding motif is featureless and does not show

any signal coming from the expected gold atoms that are supposed to

be coordinated to the cyano groups. Reports on similar metal-organic

frameworks (MOFs) can help to explain this observation.27–29 The metal

center of MOFs exhibit a smaller adsorption height than the molecules.

Physisorbed π-conjugated planar molecules on metals lie at a distance

of about 2.7 − 3.1 Å from the surface.25,28–31 A much different signal in

NC-AFM is thus expected if the molecule and the coordinated atom are

not at the same height. In fact, a height difference of 0.6−0.8 Å between

tip and atom has been reported to be sufficient to totally suppress the

signal of “qPlus” NC-AFM.7 Therefore, if the gold atoms involved in the

metal-coordination with the P6 molecules are placed more than ∼ 0.6 Å

closer to the surface than the P6 molecules, no signal would be obtained

for the Au atoms when the molecules are well-resolved. For this rea-

son, from these measurements we cannot exclude the possibility of one

or more atoms present at the bonding site lying at a lower adsorption

height than the molecular functional groups.

In any case, the presence of metal-ligand bonding that points towards

the surface could also induce a bending of the P6’s cyano groups. Bend-

ing of the functional groups toward the surface is indeed expected from

DFT calculations in molecules featuring cyano groups.21,25 Moreover, it

is observed with NEXAFS experiments.28 An indication of the bending

of the cyano groups can be also concluded from our measurements. In

fact, from the STM measurements, a bond distance of 0.1 nm could be

determined for the metal-ligand bond between the Au atoms and the

cyano groups, which well agrees with the presence of a bending of the

cyano groups toward the surface. In fact, the projection of the bonds on

the 2D imaging plane would lead to a shorter bond length appearance in

STM when bending of the cyano groups happens.

To further corroborate our evidence of the bending of the cyano gro-

ups, we imaged by NC-AFM an area without long-range order where
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Assembly of cyano-functionalized sexiphenyl molecules on Au(111)

Figure 3.6: Constant-height NC-AFM
image (2.5 nm)2 of the 3-fold bind-
ing motif. Twisting between consec-
utive phenyl rings is clearly visible.
The image was acquired with a CO-
terminated tip. (V = 0.0 V; TSTM = 5
K). The Au atoms that are believed to
be involved in the metal-coordination
are not resolved in NC-AFM due to a
lower adsorption height.

molecules are involved in both metal-ligand and hydrogen-bonding in-

teractions (Figure 3.7). In this way, the apparent length of the cyano

groups involved in the different binding motifs (metal-coordination ver-

sus H-bonding) can be directly compared. This direct comparison should

not be affected by artifacts due to the bending of the CO molecule at the

tip apex that are known to lead to slight modifications of the size of the

molecular features in NC-AFM imaging. Following statistical analysis of

the two different binding motifs, we find that the molecules involved in

metal-ligand interactions (i.e. dashed red rectangle in Fig. 3.7) display

shorter cyano groups (9% ± 6% shorter) than the molecules involved in

hydrogen bonding (i.e. dashed red oval in Fig. 3.7). This observation

leads to a bending angle in the range of 13◦ − 31◦ between the plane

parallel to the surface and the cyano groups. Despite the large error due

to the very slight modifications of the cyano groups length for such small

bending angles, the measured value is in the typical range reported by

DFT for the bending of cyano groups on coinage metals surfaces.21,28,29

This observation gives further support to the STM results.

The fact that molecules involved in both metal-ligand and hydrogen-

bonding interactions can be resolved at the same time with NC-AFM (in

constant height mode), is also a clear indication of a similar adsorption
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Figure 3.7: A) Constant-height AFM image of a disordered area acquired with a CO terminated
tip, (9.0 nm)2 (V = 0.0 V; TSTM = 5 K). The presence of a CO molecule is indicated by the blue
arrow. A square and an oval highlight a metal-ligand and a hydrogen binding motif respectively.
B) High resolution STM image of the same area (V = −0.28 V, I = 20 pA, TSTM = 5 K). Here,
no information can be extracted regarding the twisting of the phenyls of the molecules. The cyano
groups are also not imaged by STM.

height of the molecular backbone for the two cases. Moreover, it is worth

noting that the phenyl rings of the molecules show two different geometric

arrangements. On the one hand, some molecules have their phenyl rings

twisted with respect to each other as predicted for paraphenyl molecules

(without cyano groups) in the gas phase32 and observed by STM in a

second layer of P6 absorbed on Ag(111).33 On the other hand, other mo-

lecules exhibit a more planar adsorption configuration with their phenyl

groups parallel to one another. This difference seems to be related to

the adsorption position of the molecules with respect to the underlying

substrate and was also observed in the rhombic network (Figure 3.4).

3.2.2 Three-fold Co-coordinated honeycomb network

Addition of cobalt atoms to P6 molecules adsorbed on Ag(111) is

known to lead to the formation of metal-ligand interactions between the

cyano groups and the cobalt atoms resulting in a porous network.18,33

Here we report a similar behavior observed for the case of P6 mole-

cules adsorbed on Au(111). The experiments were performed in UHV
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Assembly of cyano-functionalized sexiphenyl molecules on Au(111)

Figure 3.8: STM images (taken at 77 K) of P6 molecules on Au(111) after deposition of cobalt atoms
at room temperature. A) Overview STM image (240 nm)2 (V = −2.0 V, I = 20 pA) showing a large
island of metal-organic framework. B) STM image (120 nm)2 (V = −2.0 V, I = 20 pA) displaying
defects in the network near the step edges of the Au(111) surface.

with a base pressure ≤ 1 x 10−10 mbar. Au(111) single crystals were pre-

pared by several cycles of Ar+ sputtering and subsequent annealing at

700 K. The P6 molecules were sublimed in situ at a temperature of about

600 K while the sample was kept at room temperature during molecule

deposition. A quartz-crystal microbalance was used to monitor the de-

position rate and a constant rate of about 0.1 ML/min was used. Cobalt

atoms were added using an e-beam evaporator provided with a cobalt rod

while the substrate was kept at room temperature. STM images were

acquired at 77 K using a platinum-iridium tip. NC-AFM images were

acquired at 5 K with a tungsten-etched tip mounted on a tuning fork in

a “qPlus” sensor geometry. All bias voltages are reported with respect

to the sample.

Figure 3.8 reports STM images of P6 molecules on Au(111) after the

addition of cobalt atoms. The rhombic network discussed previously is

converted to a honeycomb network. Metal-ligand bonds are now energet-

ically favored between the cobalt atoms and the cyano groups of the mo-

lecules even at room temperature. The binding motif is realized among

three molecules similar to the case discussed previously involving cyano

groups and Au atoms of the surface. Large and highly-ordered islands of
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this network form and, importantly, no other phases are observed. The

samples are thus very homogeneous all over the surface except for the

presence of defect areas at the step edges of the Au(111) surface.

Low energy electron diffraction (not shown here) did not give a clear

enough diffraction pattern to enable us to measure the unit cell dimen-

sion of the network. This is due to the very large periodicity of this

network that leads to a very small periodicity in the reciprocal space.

However, a rotation of about 30◦ of the unit cell vectors with respect to

the Au(111) main crystallographic directions could be observed in agree-

ment with what appears after a statistical analysis of the STM images.

The unit cell vectors can be obtained from the STM images and measure

a = b = 5.7 ± 0.2 nm with a 60◦ internal angle. In this regard, the

P6 honeycomb network that forms on Au(111) after addition of cobalt

atoms is very similar to what was observed on Ag(111) where the same

experiment was performed.18,33 The surface reconstruction is a major dif-

ference between Ag(111) and Au(111) considering that the lattice con-

stants are nearly identical. Thus we can conclude that this network is

robust against the presence of the herringbone reconstruction of Au(111)

that is preserved underneath the network. This hexagonal network is

also similar to what was observed on Au(111) without addition of cobalt

but after thermal annealing (see section 3.2). The similarity of the latter

makes it interesting to investigate what differentiates these two binding

motifs. Sub-molecular resolution tuning-fork (NC-AFM) could help to

answer this question.

As described in section 3.2, P6 molecules adsorbed on Au(111) form

a honeycomb network after thermal annealing at 575 K, which is most

probably stabilized by metal-ligand interactions with native Au atoms.

“qPlus” NC-AFM measurements strongly supported this substrate medi-

ated interaction by showing that the 3 cyano groups of the P6 molecules

are pointing exactly towards each other, a configuration that would be

otherwise energetically expensive. On the other hand, NC-AFM did not

show any signal related to the metal atoms at the center of the binding
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Assembly of cyano-functionalized sexiphenyl molecules on Au(111)

Figure 3.9: STM/AFM acquired at 5 K. A) STM image (10 nm)2, (V = −1.0 V, I = 10 pA) of the
honeycomb Co-coordinated network. B) Same region as A but showing sub-molecular resolution by
NC-AFM. The twisted phenyls rings as well as the cyano functional groups of the P6 molecules are
now resolved. CO molecules adsorbed inside the network are imaged as bright spots surrounded by
dark halos. C) NC-AFM image enlarged (10 x 3.8) nm2 in which the cyano groups are well resolved.

motif. This, however, is not surprising since NC-AFM is only sensitive to

a small height range as discussed previously. Is this also the case for the

metal-ligand bond with cobalt atoms? Can we observe changes with NC-

AFM for the metal-ligand binding motif depending on the preparation

of the P6 honeycomb network?

Figure 3.9 reports an STM image of the Co-coordinated honeycomb

network together with the NC-AFM frequency shift images showing sub-

molecular resolution. The 3-fold binding motif is clearly visible with

the cyano groups of the P6 molecules pointing towards each other. The

phenyls rings of the P6 molecules display an alternating twisting as in

the case of the Au-coordinated network. Already from Figures 3.9B and

C, one can notice that the centers of the 3-fold binding motif do not show
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Figure 3.10: Comparison of NC-AFM images acquired at 5 K showing the 3-fold metal-coordinated
binding motif in detail. A, B) 3-fold Co-coordinated bond. A (2.0 nm)2 and B is an enlarged view
taken from Figure 3.9B where the contrast has been enhanced. C) 3-fold Au-coordinated bond.
The two cases give the same results indicating that the metal atoms involved in the coordination
reside much closer to the surface than the cyano groups of the molecules. CO molecules (used to
functionalize the tip) are adsorbed inside the network and appear as big bright spots in the image.

Figure 3.11: Illustrative model for the 3-fold binding motif between the functional cyano groups and
either Au or Co. In both cases the coordinated atoms lie lower than the cyano groups. For clarity,
the twisting of the phenyls is neglected in the model. The bending of the cyano is qualitative as well
as the number and location of the coordinated atoms. In fact, in the case of Au-coordination the
experiments suggest a binding motif that involves atoms from the surface instead of ad-atoms.

any feature that could be attributed to the presence of a cobalt atom. For

a better comparison with the case of the Au-coordinated network, Figure

3.10 shows the 3-fold binding motif for both cases in detail: with cobalt

(A,B) and without cobalt (C). It is clear that there is no difference in

the appearance of these two binding motifs as imaged by NC-AFM. We

can thus conclude that the cobalt atoms (if present) have a much lower

adsorption height than the functional cyano groups. Thus the bonds

form pointing down towards the surface. Figure 3.11 shows a qualitative

model for this bonding scenario that can also apply to the case discussed

in the previous section for metal coordination with Au surface atoms.

The comparison between these two similar networks proves that the

metal atoms involved in the metal-coordination bonds are much lower
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Assembly of cyano-functionalized sexiphenyl molecules on Au(111)

Figure 3.12: Operation principle of NC-AFM with chemical sensitivity. Reprinted by permission from
Macmillan Publishers Ltd: [Nature] (34), copyright (2007). A) The force acting on the tip apex
depends on the chemical species of the tip and the sample. B) Topographic image of a surface alloy
composed of Si, Sn and Pb atoms blended in equal proportions on a Si(111) substrate. Colors are
used to assign the chemical species present on the surface. C) Statistics of the maximum attractive
force measured over different atoms. Colors are assigned to different chemical species.

than the cyano groups of the molecules and that the bonding points

towards the surface. On the other hand, these experiments did not visu-

alize the metal-ligand bond and we cannot clearly define how many metal

atoms are involved in the bonding. To address this question a constant

force image would be needed. However, it is known that in this imag-

ing mode the feedback-loop is very unstable and minimum movements of

the CO molecule at the tip apex can cause a tip crash. A more feasible

approach would be to perform a Z spectroscopy mapping of the binding

motif. Z spectroscopy measures the frequency shift of the tuning fork’s

resonance during a very controlled approach of the tip to the surface. By

performing the measurement on a grid of points over the desired region,

it is possible to obtain a set of sample-tip force curves that depend on the

atomic corrugation as well as on the chemical species present.34 Figure

3.12 shows the working principle of such a measurement.

3.2.3 Investigation of four-, five-, and six-fold bind-

ing motifs

Not only 3-fold but also 4-,5- and 6-fold binding motifs were observed

for P6 on Au(111) after annealing at > 575 K. Figure 3.13 shows an

example of 3-, 4-, 5- and 6-fold interactions observed by STM after an-

nealing P6 molecules on Au(111) at 600 K. These binding motifs are
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Figure 3.13: STM images taken at 5 K of P6 molecules involved in 3-, 4-, 5- and 6-fold metal-
coordination bonds on Au(111) after annealing to 600 K. A) STM image (100 nm)2, (V = −0.8 V,
I=20 pA, TSTM = 77 K) showing a honeycomb network in the center (3-fold binding motif) that
is surrounded by regions displaying 4-, 5- and 6-fold binding motifs. B) Enlarged view image of A
(40 nm)2, (V = −0.8 V, I=20 pA, TSTM = 77 K) showing the creation of a peculiar short-range
ordered phase displaying alternating 3- and 6-fold coordination.

most likely due to the presence of metal-ligand bonds with Au atoms.

The ability of the Au atoms to support such a variety of different binding

motifs with cyano groups indicates a quite flexible behavior of Au toward

metal-coordination. However, the reality might be more complex, for ex-

ample other kinds of substrate mediated bonding could be realized i.e.

the image dipole induced on the surface by the cyano groups’ dipoles

might lead to complex multipole interactions at the bonding sites. More-

over, polymerization reactions might be catalyzed during the annealing

treatment at > 575 K and covalent bonds might form. Thus we can-

not draw robust conclusions about the nature of these N-fold (N> 3)

binding motifs from the STM characterization alone. However, we could

resolve in detail the 4-fold binding motif with NC-AFM. We will thus

focus in the following on the difference between the 4-fold bond and the

above discussed 3-fold binding motifs as they form on Au(111) without

providing additional metal atoms on the surface.

4-fold binding motifs coexist with the 3-fold metal ligand interaction.

The 4-fold binding motifs can even be observed at room temperature but

become less frequent with the annealing treatment replaced by 5- and 6-
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Assembly of cyano-functionalized sexiphenyl molecules on Au(111)

fold binding motifs. Compared with the 3-fold metal-coordination, the

4-fold do not stabilize the formation of any ordered superstructure on

Au(111). Instead, it is in general observed in areas of disordered P6

molecules. Figure 3.14 shows an example of such an area with a disor-

dered assembly. Different binding motifs can be identified in the same

image and thus the different intermolecular interactions can be compared

directly. Figure 3.14A reports the STM image acquired in constant cur-

rent STM mode. The same area was imaged with “qPlus” NC-AFM at

zero bias voltage. Panel B displays the residual tunneling current dur-

ing the NC-AFM measurement while panel C reports the frequency shift

signal. The NC-AFM sub-molecular resolution image allows the visual-

ization of the details of the intermolecular binding motifs in which the

cyano functionalities are involved. Hydrogen bonds, 3-fold and 4-fold

metal-coordination can be clearly distinguished. A remarkable difference

among the two binding motifs is visible with NC-AFM. In particular, a

bonding feature interconnecting the cyano groups is present in the case

of 4-fold coordination. This suggests that a quite different mechanism is

involved in the 4-fold bonds with respect to the 3-fold metal coordinated

motifs. In an attempt to look in more detail, Figure 3.15 shows a zoom

of the 3-fold metal coordinated bond together with that of the unknown

4-fold interaction. The NC-AFM image in Figure 3.15B suggests the pres-

ence of covalent bonds between the cyano groups. The distance is 4.0 Å:

about twice the size of a covalent bond. One possibility is, thus, that the

cyano bonds are linked through the interaction with 4 Au ad-atoms that

would be present in the middle of the interconnecting lines. Considering

the intensity of the NC-AFM signal, the atoms would reside at about

the same height as the molecules. Thus, in contrast to the 3-fold metal

coordination, they would be lifted away from the surface. This would

be similar to the behavior reported by Faraggi et al. for tetrafluoro-

tetracyanoquinodimethane (F4-TCNQ) molecules on Au(111) where Au

ad-atoms were lifted from the surface and incorporated in the MOF.27

Another possibility is that the bond observed by NC-AFM is not real
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Figure 3.14: STM and NC-AFM images (5 K) of P6 on Au(111). All the 3 images show the same area.
A) STM image (13 nm)2, (V = −0.28 V, I=20 pA, TSTM = 5 K) acquired with a tip functionalized
with CO. B) Residual tunneling current acquired simultaneously to the NC-AFM frequency shift
image (V=0.0 V). The sub-molecular features are not visible in the current image that looks very
similar to the Z image acquired by STM in A. C) “qPlus” NC-AFM frequency shift image showing
sub-molecular resolution of different binding motifs stabilized by the functional cyano groups. A
remarkable difference is visible in the case of 4-fold binding motifs where interconnected cyano
groups are observed. The bright dots are adsorbed CO molecules that were used to functionalize the
tip.
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Figure 3.15: Comparison between 3-fold and 4-fold binding motifs. A) “qPlus” NC-AFM frequency
shift signal for the 3-fold motif (2.5 nm)2 . The center of the motif does not display any feature that
can be ascribed to the presence of a bond. B) “qPlus” NC-AFM frequency shift signal for the 4-fold
motif (2.5 nm)2. The cyano groups appear to be connected to one another.

but is again an artifact generated by the bending and flipping of the CO

molecule at the tip apex. The possibility of imaging virtual bonds by

NC-AFM is a topic of much interest and recent discussion11,12,14–16 that

was also considered in the previous section regarding the formation of ap-

parent hydrogen bonds. Thus we consider this possibility as an equally

probable explanation of our results. However, it does not explain why we

do not experience the same effect in the case of the 3-fold binding motif: a

line interconnecting two cyano groups should be observed. We do not yet

have a clear explanation of the origin and structure of the observed 4-fold

bonds and additional experiments are planned to understand this system.

To summarize, we have studied the adsorption of parahexaphenyl-

dicarbonitrile (P6) for coverages of less than 1 ML on Au(111) by means

of STM and “qPlus” NC-AFM. The ultrahigh spatial resolution of NC-

AFM allowed us to clearly identify the molecular adsorption geometries

on the Au(111) surface as well as the different intermolecular interactions

stabilizing the porous networks. A rhombic porous network is stabilized

by C-N· · ·H hydrogen bonds forming a binding motif with a non-planar

arrangement of the molecules, whereas the hexagonal network obtained
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upon annealing is stabilized by 3-fold metal-ligand interactions between

the cyano groups and native gold atoms.

Our STM analysis and constant height “qPlus” NC-AFM images in-

dicate the presence of bending of the cyano groups to engage in the metal-

ligand interactions. However, the metal atoms involved in the bonding

are not resolved by NC-AFM due to their smaller adsorption height with

respect to the surface. The same behavior was observed in the case of

a very similar hexagonal network stabilized by metal-coordination with

cobalt atoms that were provided on the surface. Moreover, upon de-

tailed analysis of the NC-AFM images, we show that the non-covalent

intermolecular bonding-like features observed with NC-AFM should not

always be interpreted as real bonds.
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[16] Hämäläinen, S. K., van der Heijden, N., van der Lit, J., den Hartog, S., Liljeroth,
P., and Swart, I. Physical Review Letters 113(18), 186102 (2014).

777777



[17] Kühne, D., Klappenberger, F., Decker, R., Schlickum, U., Brune, H., Klyatskaya,
S., Ruben, M., and Barth, J. V. The Journal of Physical Chemistry C 113(41),
17851–17859 (2009).

[18] Kühne, D., Klappenberger, F., Decker, R., Schlickum, U., Brune, H., Klyatskaya,
S., Ruben, M., and Barth, J. V. Journal of the American Chemical Society
131(11), 3881–3 (2009).

[19] Steiner, T. New Journal of Chemistry 22(10), 1099–1103 (1998).

[20] Arras, E., Seitsonen, A. P., Klappenberger, F., and Barth, J. V. Physical Chem-
istry Chemical Physics : PCCP 14(46), 15995–6001 (2012).

[21] Gottardi, S., Müller, K., Moreno-López, J. C., Yildirim, H., Meinhardt, U.,
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Chapter 4

CVD growth of graphene on
Cu(111) and oxidized
Cu(111)

The epitaxial growth of graphene on catalytically active metallic surfaces via
chemical vapor deposition (CVD) is known to be one of the most reliable routes
towards high-quality large-area graphene. This CVD-grown graphene is generally
coupled to its metallic support resulting in a modification of its intrinsic properties.
Growth on oxides is a promising alternative that might lead to a decoupled graphene
layer. In this chapter, we compare graphene on pristine copper to graphene on an
oxidized copper surface, in both cases grown by a single step CVD process under
similar conditions. Remarkably, the growth on copper oxide - a high-k dielectric
material - preserves the intrinsic properties of graphene; it is not doped and a linear
dispersion is observed close to the Fermi energy. Density functional theory calculations
give additional insight into the reaction processes and help explaining the catalytic
activity of the copper oxide surface. The work presented in this chapter is published
in Nano Letters.∗

∗Comparing Graphene Growth on Cu(111) versus Oxidized Cu(111)
Stefano Gottardi, Kathrin Müller, Luca Bignardi, Juan Carlos Moreno-López, Tuan
Anh Pham, Oleksii Ivashenko, Mikhail Yablonskikh, Alexei Barinov, Jonas Björk,
Petra Rudolf, and Meike Stöhr, Nano Letters (2015), 15, (2), 917-922, DOI:
10.1021/nl5036463
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4.1 Introduction

Graphene - a single layer of carbon atoms - is supposed to transcend

conventional silicon-based electronics, because of its overwhelming elec-

tronic properties.1–4 However, a scalable and versatile route to obtain

high quality graphene on non-interacting substrates that also preserves

graphene’s intrinsic properties - a prerequisite for graphene electronic

devices3,4 - has not been developed yet. In comparison to the estab-

lished chemical vapor deposition (CVD) growth on metals,5–7 the epi-

taxial growth of graphene on both non-interacting and high-k dielectric

substrates like oxides, is a significant challenge that is gaining increas-

ing interest.8–12 Direct growth on a dielectric material will eliminate the

transfer step otherwise required to obtain freestanding-like graphene2 on

a (nearly) non-interacting substrate. The transfer step is not easily scal-

able and often reduces the graphene quality by introducing defects and

contaminations. For this reason, various alternative routes have been de-

veloped.13–19 However, the desired but still most challenging fabrication

route is a single-step and self-limiting growth process directly on high-k

dielectric substrates that preserves the intrinsic properties of graphene.

Metal oxides are promising candidates in this respect due to their good

dielectric and catalytic properties.20 In general, graphene grown on non-

metallic surfaces like oxides exhibits reduced quality in comparison to

graphene grown on metals8 and, in some cases, graphene was even found

to be either p- or n-doped.9,21 Only very recently, high quality graphene

growth on SrTiO3 was achieved
10 demonstrating that this is a viable and

promising alternative. Moreover, evidence of graphene growth on the

oxygen-induced reconstructed copper surface was reported in the case

of copper films.11 Here we compare the growth of graphene on a high

purity oxide-free Cu(111) single crystal with the growth on a Cu(111)

single crystal after the creation of a thin oxide layer. We also performed

density functional theory (DFT) calculations to get insight into the reac-

tion processes and help explaining the catalytic activity of copper oxide.

Our results demonstrate the feasibility of growing high-quality mono-
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layer graphene by a one-step growth process on a pre-oxidized Cu(111)

surface. In contrast to graphene on Cu(111), where a weak interaction

and doping are found,22 graphene grown on the oxidized Cu surface is

effectively decoupled from its substrate and thereby its intrinsic proper-

ties are preserved. Importantly, this implies that the band structure of

freestanding graphene is retained, where doping is absent. Since copper

oxide is a high-k dielectric material, these findings constitute an impor-

tant contribution towards the realization of graphene-based electronic

devices. Moreover, we provide crucial information for the clarification of

the role of oxygen and of the surface oxide for CVD growth of graphene

on copper - a topic recently subject to much discussion.23,23–27 Since

the (111)-oriented facets of polycrystalline Cu substrates are known to

promote fast, high-quality monolayer graphene growth,28 our results for

single crystal Cu(111) surfaces will be also relevant for polycrystalline

substrates.

4.2 Experimental results

For graphene growth on Cu(111), the Cu single crystal was pre-

annealed in a hydrogen atmosphere to guarantee an oxide-free metal-

lic surface. For graphene growth on oxidized Cu(111), the clean copper

single crystal was exposed to air for approximately 12 h to obtain an

oxidized surface onto which graphene was grown subsequently without

any hydrogen treatment. More details on the growth are reported in

section 4.3. The structural properties of graphene were characterized by

scanning tunneling microscopy (STM) as well as by low energy electron

diffraction (LEED). In Figure 4.1, STM images and LEED patterns of

graphene on pristine Cu(111) are shown. On Cu(111), graphene grows

over the Cu step edges, which is confirmed by the absence of changes

in the Moiré patterns29 originating from the lattice mismatch between

graphene and Cu(111) (Figure 4.1a). A close-up view of graphene on

Cu(111) is reported in Figure 4.1b, where in addition to the Moiré pat-
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Figure 4.1: a) STM image (170 nm x 170 nm) for graphene grown on Cu(111). A Moiré pattern
arising due to the lattice mismatch between graphene and Cu(111) is visible which continues over
the step edges. b) STM image (6.8 nm x 6.8 nm) showing atomic resolution with the Moiré pattern
present in the background. c) LEED pattern of graphene grown on Cu(111) taken at a primary
energy of 150 eV. In addition to the Cu(111) diffraction spots (lattice vectors in light blue), a ring
surrounding these spots is visible which is related to the presence of graphene.

tern the graphene lattice is visible. In different areas of the sample diverse

periodicities for the Moiré patterns were observed depending on the spe-

cific angles between the principal directions of graphene and Cu(111).

In the LEED pattern (Figure 4.1c) this polycrystalline character of gra-

phene is mirrored in a circle around the 1st order Cu(111) diffraction

spots.

For graphene grown on oxidized Cu(111), in addition to the clearly

visible atomic honeycomb lattice of graphene, a background due to the

thin oxide layer is observed (Figure 4.2a-b). A change of the tunneling or

tip conditions sometimes results in contrast variations. The discussion of

these structures is reported in section 4.2.3. Importantly, the STM im-

ages show that high quality (defect-free) graphene can be grown on the

oxidized copper surface. As compared to graphene on the pure metal sur-

face, the LEED pattern of graphene on oxidized Cu(111) (Figure 4.2c and
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Figure 4.2: a) STM image (17 nm x 17 nm) of graphene grown on oxidized Cu(111). A diffuse
background coming from the oxide is visible. b) STM image for graphene grown on oxidized Cu(111)
(4.3 nm x 4.3 nm) showing atomic resolution. c) LEED pattern of graphene grown on oxidized
Cu(111) taken at a primary energy of 61 eV. The high intensity diffraction spots arise from the
oxidized Cu(111) (lattice vectors in red) while the spots marked in orange indicate the presence of
graphene.

Figure 4.3a,b) shows additional diffraction spots (marked in red) due to

the presence of the Cu surface oxide. Analysis of the LEED pattern yields

that the surface oxide is mainly arranged in a Cu2O lattice30,31 which is

known to reconstruct by removing the under-coordinated Cu atoms of

the top atomic layer30 (see Figure 4.3c). The Cu(111) 1st order diffrac-

tion spots are barely visible because of the presence of the oxide layer.

A LEED pattern where the Cu(111) diffraction spots become visible is

shown in section 4.2.2. The circular feature observed in LEED patterns

for graphene on metallic Cu(111) is replaced by individual diffraction

spots, mainly located along the principal Cu directions and next to the

Cu diffraction spots (orange ovals in Figure 4.2c, orange markers in Fig-

ure 4.3a,b). This indicates a substantial decrease of rotational disorder

of the graphene domains. There is also evidence for a long-range ordered

structure with a periodicity of about 3.1 nm (indicated in violet in Figure
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Figure 4.3: a) LEED pattern of graphene grown on oxidized Cu(111), incident electron energy E
= 61 eV. The oxide diffraction spots are much more intense than the Cu(111) spots, which are at
this particular energy not visible. The Cu2O reciprocal unit cell vectors are marked in red. Pink
square: close-up view of a second order Cu2O spot enhanced with a derivative algorithm for better
visibility. The spots arising from Cu2O (red arrow), graphene (orange arrow) and the Cu2O surface
reconstruction (violet arrow) are marked. The blue dashed arrow points to the position where the
Cu(111) diffraction spot would be expected. b) Simulated LEED pattern of Cu2O on Cu(111), in
bold (black) the strongest diffraction spots of the oxide are marked. The Cu(111) diffraction spots
are indicated with blue circles. The expected location of the graphene diffraction spot is marked by
an orange circle. c) Model of the Cu2O(111) surface. Red: oxygen atoms, brown: Cu atoms. The
top layer Cu atoms are represented by darker colors. top: Top view. Unit cell marked in red, p(2x2)
superstructure used for DFT calculations indicated by black lines. bottom: Side view.

4.3a), which is attributed to a reconstruction due to the lattice mismatch

of the oxide layer with the Cu(111) surface and with graphene. Among

the ordered oxide structures observed in LEED and STM, Cu2O was by

far the most abundant; for this reason we performed density functional

theory (DFT) calculations using this Cu oxide as a model surface. How-

ever, a second ordered oxide was in rare cases found to coexist on the

surface. A detailed discussion on the oxide thickness and structures is

presented in section 4.2.2.

Before going into the details of how graphene grows on the oxidized Cu

surface, we recall that dehydrogenation of the carbon precursor (in our

case methane) is the rate limiting step for graphene growth by CVD,32

and that it was recently shown that small amounts of oxygen on the

copper surface can enhance the dehydrogenation.27 To understand how

the dehydrogenation proceeds on the copper oxide surface compared to

metallic Cu(111), we calculated the energy barrier for methane dehydro-
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Figure 4.4: Mechanism of methane dissociation on Cu(111) a) and Cu2O(111) b) from DFT-based
transition state calculations. The energies are given with respect to the reference system of the free
surface and methane in gas phase, in units of eV. Furthermore, the barrier heights, for overcoming the
different transition states, are indicated. For both surfaces, the first step, with transition state TS1,
is associated with dehydrogenation, while the second step, with transition state TS2, is associated
with CH3 diffusion.

genation on both Cu(111) and Cu2O(111) within the framework of DFT

including van der Waals interactions (refer to section 4.3 for more details).

The reaction energy profiles, along with side- and top-views of the opti-

mized adsorption geometries, are reported in Figure 4.4. Surprisingly, the

energy barrier for methane dehydrogenation on the Cu2O(111) surface is

only slightly higher (1.53 eV) than on a metallic Cu(111) surface (1.44

eV). Furthermore, as methane binds slightly stronger to Cu2O(111) than

to Cu(111) by 0.10 eV, the relative ratio between methane dissociation

and desorption (given by the Boltzmann factor) becomes very similar on

both surfaces. This elucidates why graphene can form on both surfaces

under similar growth conditions. Previous studies showed that the top

atomic layer of the Cu2O(111) surface spontaneously forms a network of

vacancies30 (Figure 4.3c) resulting in a reconstruction, which, according

to our DFT calculations, act as catalytic centers for dehydrogenation.

Methane is trapped at a Cu vacancy on top of an under-coordinated

oxygen atom, which catalyzes the dehydrogenation to form an -OH and

a CH3 group. The CH3 then diffuses to a free oxygen atom in the top

layer or reacts with other molecules forming graphene. Notably, the DFT

results indicate that CH3 diffusion is considerably slower on Cu2O(111)

than on Cu(111). This may be the rate-limiting factor for the growth
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on the oxidized surface. Assuming that the same growth conditions are

used, fewer graphene domains should be obtained on Cu2O(111) as com-

pared to Cu(111). These results are consistent with recent studies, which

have shown that small amounts of oxygen on a copper surface alter the

growth from an edge-attachment-limited to a diffusion-limited process,

reducing the graphene nucleation density.23,27 Our DFT calculations give

an overview of the main steps involved in the methane dehydrogenation

process. However, to fully model the complex kinetics of graphene growth

at high temperatures a more comprehensive theoretical study would be

required, taking into account many other processes, such as the recombi-

nation of two CH3 molecules and the attachment of CH3 to the graphene

domains at elevated temperatures. However, this would require a sig-

nificant additional computational effort, clearly beyond the scope of this

study. Since local defects and vacancies are expected to only enhance the

surface reactivity with respect to the model presented here, this will not

change our main conclusion. Indeed, due to the relatively high oxygen

mobility in copper oxides, especially at the high growth temperatures

(> 1200 K), vacancies can be easily created and may act as additional

catalytic centers. At the same time, oxygen ions from deeper layers can

migrate to the surface and compensate for the surface reduction that

might happen during graphene growth. We speculate that this remark-

able flexibility of the oxide layer may be the key factor for obtaining

high quality (defect-free) graphene on copper oxide. Although the high

oxygen mobility on the copper oxide layer plays an important role in

vacancy creation and annihilation, the oxide layer itself is quite stable.

Indeed the oxide layer is easily preserved upon annealing to 1200 K in

ultra-high vacuum (UHV) and can be removed only by several cycles of

sputtering and annealing. Moreover our experiments exclude the pos-

sibility of oxygen migration from the bulk that is instead observed for

low purity copper foil. The oxide layer has a dramatic effect on the

electronic coupling between graphene and the substrate as revealed by

angle resolved photoemission spectroscopy (ARPES) measurements, per-
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formed to investigate the electronic structure of graphene grown on both

metallic and oxidized Cu(111). ARPES spectra were acquired along the

ΓK direction of the graphene Brillouin zone with a photon energy of 27

eV. Figure 4.5 shows the comparison of the ARPES measurements for

graphene grown on metallic (a, c) and on oxidized (b, d) Cu(111). The

3d-bands of copper are visible between 2 eV and 4 eV below the Fermi

energy, EF, while the π band of graphene is present between EF and

∼ 8.5 eV below EF (Figure 4.5a, b). Graphene grown on metallic copper

is n-type doped, with the Dirac energy residing at about 0.38 eV below

EF (Figure 4.5c). The π− π* and σ bands are shifted accordingly. Such

n-type doping is in agreement with theoretical predictions and previous

experimental reports.5,22,33,34 On the other hand, for graphene grown on

oxidized Cu(111), the σ and π bands are located closer to EF than for

graphene on metallic Cu(111) (Figure 4.5b). This becomes more evident

when inspecting the Dirac cone (Figure 4.5d). Notably, within the limit

of our experimental resolution (∼ 25 meV), the Dirac points reside at

EF, which means that graphene grown on oxidized Cu(111) is not doped

and the oxide effectively decouples graphene from its metallic support.

For weakly interacting graphene, the Fermi velocity can be approximated

by fitting the dispersion of the π band close to the Dirac points with a

Dirac-like linear dispersion.1 Graphene grown on copper oxide is found

to have a Fermi velocity of ∼ 1.4 · 106 m/s, which is in agreement with

the theoretically predicted value of freestanding graphene.1 For graphene

grown on metallic Cu(111), a nearly three times smaller Fermi velocity

of ∼ 0.5 · 106 m/s is obtained. The presence of electronic coupling for

graphene on Cu(111) is also evidenced by a shift of the Shockley surface

state of Cu(111) towards the Fermi energy (Figure 4.5e). The bottom

of the parabolic dispersion of the surface state is shifted from its usual

value of 0.4 eV below EF for Cu(111) to about 0.23 eV below EF in

the presence of graphene. This is in agreement with previous studies22,33

for graphene on Cu(111) and can be explained by charge transfer from

the Cu surface state to graphene contributing to the observed n-type

898989



Figure 4.5: Comparison of the electronic properties of graphene grown on Cu(111) and on oxidized
Cu(111). Energy distribution maps along the ΓK direction of the graphene Brillouin zone (inset)
for graphene grown on Cu(111) a) and oxidized Cu(111) b), respectively. The Cu 3d as well as the
σ and π bands of graphene are labelled in yellow. Detail of the Dirac cone at the K point of the
graphene Brillouin zone for graphene grown on Cu(111) c) and on oxidized Cu(111) d), respectively.
The white dashed line (guide to the eye) indicates the linear dispersion of the Dirac cone. e) Normal
emission spectra measured at the Γ point of the graphene Brillouin zone for graphene on Cu(111)
(blue) and on oxidized Cu(111) (pink), respectively. The Cu(111) surface state (SS) is shifted towards
the Fermi energy for graphene grown on Cu(111) while it is not present anymore for graphene grown
on oxidized Cu(111).

doping. Instead, for graphene on oxidized Cu(111), the surface state is

absent due to the presence of the surface oxide layer on top of Cu(111).

The ARPES measurements therefore demonstrate that graphene grown

directly on copper oxide is electronically decoupled from the substrate

and exhibits comparable properties as freestanding graphene.

Our results show that the commonly held belief that the catalytic

activity of the copper oxide for graphene growth is low needs to be re-

considered. In fact, high-quality freestanding graphene can be grown

directly on an oxidized copper surface thus establishing CVD growth on
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metal oxides surfaces as a promising route for the fabrication of graphene,

as well as of graphene nanostructures, on high-k dielectric substrates via

industrially scalable and versatile methods. The possibility of graphene

growth on a high k-dielectric copper oxide surface, while preserving a

freestanding-like graphene band structure, has great implications for the

development of graphene-based electronics.

4.2.1 Additional information about ARPES charac-

terization

The beam at the Spectromicroscopy beamline at the Elettra syn-

chrotron is highly focused (diameter approx. 1μm) and different sample

areas can be easily studied. In this way variations of the graphene band

structure can be detected if present. Despite potential variations in the

oxide layer thickness and oxide composition as indicated by STM and

LEED measurements reported in Figures 4.7 - 4.10, we neither observed

any modification of the graphene band structure nor doping of the gra-

phene. From this we conclude that the presence of the oxide decouples

graphene from its substrate and leads to freestanding-like graphene in-

dependently of the exact composition and thickness of the oxide layer.

Figure 4.6b and c report angular ARPES maps along a circular seg-

ment of the graphene Brillouin zone passing through the K point(s) for

graphene on Cu(111) and on oxidized Cu(111), respectively. While for

graphene grown on Cu(111) the signal from many rotated domains is

visible (many Dirac cones present), graphene grown on oxidized Cu(111)

shows only one domain present in the range of the ARPES beam size.

This indicates that single crystalline domains of graphene with a diame-

ter > 1μm are present, in line with preliminary results from atomic force

microscopy. ARPES results also confirm both the observations by STM

where no grain boundaries were found and the observations by LEED

where mainly one orientation of the graphene domains was found. Fig-

ure 4.6 a shows the energy distribution map of the Cu(111) surface state
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in the presence of graphene. The zero on the momentum scale corre-

sponds to the Γ point of the Cu(111) Brillouin zone. The bottom of

the parabolic dispersion moves towards the Fermi energy when graphene

is adsorbed on the Cu(111) surface. The parabolic fit gives a value of

about −230 meV (compared to ∼ −400 meV for metallic Cu(111))35,36

for the bottom of the dispersion curve and an electron effective mass of

(0.5± 0.1) me that is compatible with the value of metallic Cu(111). On

the oxidized Cu surface, the surface state is quenched due to the presence

of the oxide layer.

Figure 4.6: Surface state of gra-
phene/Cu(111). a) Energy distribu-
tion map for graphene on Cu(111)
showing that the surface state disper-
sion is modified by the presence of gra-
phene. The black dotted line denotes
the Fermi energy and the yellow dot-
ted line the parabolic fit to the dis-
persion. The ARPES data were pro-
cessed by applying a 2D second deriva-
tive algorithm. b) and c) Angular
ARPES maps along a circular segment
of the graphene Brillouin zone (Red
line in the Brillouin zone inset) passing
through the K point(s) for graphene on
Cu(111) and on oxidized Cu(111), re-
spectively. For graphene on Cu(111)
many Dirac cones are visible due to the
polycrystalline aspect of this sample.

4.2.2 Oxide thickness and LEED measurements

When a clean Cu(111) single crystal is exposed to air for about 12h,

a thin oxide layer grows. In general, the copper oxide layer is amorphous

and composed of a mixture37 of Cu(OH), CuO and Cu2O. Upon anneal-

ing at 520 K under UHV conditions, an ordered oxide layer is obtained,

as observed in LEED patterns. Cu(OH) is the most unstable species
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on the surface and rapidly converts37 to CuOx. Annealing at temper-

atures above 520 K in UHV leads to the formation of mainly a Cu2O

layer which is observed even after 30 min annealing at 1200 K in UHV.

After graphene growth, the oxide layer is detected in LEED and STM

measurements. The average thickness of the oxide layer underneath gra-

phene is estimated to be 2-4 ML. This estimation is based on LEED data

where the intensity of the Cu substrate spots is almost quenched due to

the very small inelastic mean free path (approx. 5 Å) of electrons with

a kinetic energy of 50-100 eV. This estimate is in line with x-ray pho-

toelectron spectroscopy measurements (data not shown here) and with

ARPES measurements where the attenuation of the Cu substrate bands

is observed (here the mean free path is slightly longer, namely approx.

8 Å, due to the smaller kinetic energy of the photoelectrons). Two main

surface oxide configurations were observed, which can also coexist. Fig-

ure 4.7 shows the analysis of these two structures. The Cu2O structure

is the most often observed oxide superstructure (Figure 4.7a, 4.3c for the

real space model). It has a hexagonal unit cell rotated by 30◦ with respect

to the principal Cu directions and unit cell vectors measuring 5.1 Å. The

oxide layer is not commensurate with the underlying Cu(111) lattice. In

addition, the surface undergoes a reconstruction with a periodicity of 3.1

nm, which is evident from the LEED data (Figure 4.7a, top). Figure 4.7b

shows the LEED analysis for the second observed oxide structure that

can be described by a
(

3 2−1 2

)
matrix with unit cell vectors that measure

a = b = 6.6 Å, Θ = 98◦. This structure was observed previously and

explained by the formation of a distorted Cu(100)-(
√
2 x

√
2)R45◦ oxide

layer on top of the Cu(111) surface.38,39 Figure 4.7c shows the LEED

pattern of a sample where both oxide structures were present.

The LEED pattern of graphene grown on clean Cu(111) is shown in

Figure 4.8a. The Cu(111) reciprocal unit cell vectors are marked by blue

lines. The reciprocal unit cell vectors of graphene are slightly bigger,

giving rise to a ring-like feature around the 1st order Cu(111) diffrac-

tion spots. Such a pattern has been reported before and assigned to
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Figure 4.7: LEED measurements of
copper oxide on Cu(111) and corre-
sponding simulations. a) LEED pat-
tern that was observed in most cases;
a Cu2O layer is present. From top to
bottom: LEED measurement taken at
incident electron energy of 136 eV, sim-
ulated LEED pattern and real space
unit cell obtained from the simulation.
The unit cell vectors (in red) of the
hexagonal Cu2O superstructure are ro-
tated by 30◦ with respect to the prin-
cipal Cu directions and the length of
the unit cell vectors is 5.1 Å. Few
1st order Cu(111) diffraction spots are
marked in blue while the black (en-
circled) spots in the simulation indi-
cate the most intense spots visible in
the LEED pattern at that specific elec-
tron energy. The additional diffraction
spots between the 1st and 2nd order
oxide spots are due to a reconstruc-
tion of the oxide layer having a pe-
riodicity of 3.1 nm. b) LEED pat-
tern taken at an incident electron en-
ergy of 105 eV. The oxide is arranged
in a distorted Cu(100)-(

√
2 x

√
2)R45◦

superstructure. As for (a), the simu-
lated pattern and real space unit cell
are shown below. c) LEED pattern
taken at an incident electron energy of
110 eV. The oxide superstructures de-
scribed in (a) and (b) coexist on the
surface. In red, the unit cell vectors of
the superstructure observed in (a) and,
in orange, the unit cell vectors of one
of the 3 domains of the superstructure
observed in (b) are indicated.

the presence of multiple rotational graphene domains, a general feature

for graphene grown on copper. This is also in line with our STM ob-

servations of different Moiré patterns. In LEED, no sign of Cu oxide

formation for graphene grown on pristine Cu(111) was observed. LEED

patterns of graphene grown on oxidized Cu(111) are reported in Fig-

ure 4.8b,c. The diffraction spots resulting from the oxide layer are the

most intense spots and correspond to the Cu2O oxide structure discussed

above (Figure 4.7a). The unit cell vectors for the oxide are marked in

red. The additional spots arising due to the oxide reconstruction are

visible around the main oxide spots. Spots resulting from graphene are
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Figure 4.8: LEED patterns for graphene grown on Cu(111) and graphene grown on oxidized Cu(111).
a) LEED pattern of graphene grown on Cu(111), E = 150 eV. Bottom: close-up view of a first order
diffraction spot. The ring around the 1st order Cu(111) diffraction spots indicates the presence of
polycrystalline graphene. The Cu(111) reciprocal unit cell vectors are marked in blue. b) LEED
pattern of graphene grown on oxidized Cu(111), incident electron energy E = 61 eV. The oxide
diffraction spots are much more intense than the Cu(111) spots. The Cu2O reciprocal unit cell
vectors are marked in red (see also Figure 4.7a). Bottom: close-up view of a second order Cu2O
spot. The Cu2O surface reconstruction is indicated by violet markers. The parallel color lines
indicate the different periodicities present. The Cu spot is not visible in the LEED pattern at this
particular electron energy. c) LEED pattern of graphene grown on oxidized Cu(111), E = 69 eV.
At this energy the Cu 1st order spot is visible while the graphene diffraction spots are less clear.
Bottom: close-up view of a second order Cu2O spot. The Cu 1st order spot is visible. Orange:
graphene, blue: Cu, red: Cu2O, violet: Cu2O reconstruction.

visible next to the second order Cu2O spots and first order Cu(111) spots

which are strongly attenuated by the oxide layer and thus, barely visible.

Apparently, the graphene layer has mostly one orientation.

4.2.3 STM measurements of graphene on oxidized

Cu(111)

Depending on the tunneling conditions and the status of the tip, dif-

ferent STM contrasts were observed for the graphene - copper oxide -

Cu(111) system. In the first case, graphene is imaged and we obtain

atomic resolution while the oxide layer appears as a diffuse background.

The other two cases are shown in Figure 4.9 and 4.10. In all cases, the

indicated bias voltage refers to the sample with a grounded tip. In Fig-
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ure 4.9 STM images are reported for graphene on a thin Cu2O layer.

Few defects in the graphene layer are present which can be identified

by a brighter contrast in the STM images. Figure 4.9a is an overview

showing graphene that grows over a step edge. No domain boundaries

are visible. The detailed STM images in Figure 4.9b and c show atomic

resolution of graphene. Due to the lattice mismatch between the Cu2O

layer and the Cu(111) surface a Moiré pattern (∼ 1.9 nm periodicity) is

visible. From the simulation reported in Figure 4.9d, graphene seems not

to contribute to the formation of the Moiré pattern. The simulation was

performed by considering the results from LEED that shows the presence

of a 30◦-rotated Cu2O layer on top of Cu(111) and graphene that is pref-

erentially aligned along the Cu[1-10] direction. The fact that graphene

does not contribute to the Moiré pattern fits well with the finding that

graphene on Cu2O is freestanding and thus, not electronically coupled

to the underlying substrate. Oxygen vacancies in the oxide layer appear

as depressions in the Moiré signal (arrows in Figure 4.7b, c). STM im-

ages where the Cu2O reconstruction is visible are shown in Figure 4.10.

Here the oxide layer is resolved in detail while the graphene layer is not

imaged. The 3.1 nm surface reconstruction observed in LEED is clearly

visible (Figure 4.10b, blue unit cell) and gives rise to a hexagonal super-

structure made of 3-fold quasi-symmetric units. The atomic resolution

image reported in Figure 4.10b resembles that of a Cu2O top-layer where

the under-coordinated Cu atoms are removed. Additionally, there is indi-

cation for a rearrangement of the atoms in the oxide layer leading to the

formation of a distorted structure. Figure 4.10c reports the STM image

of the same area as in (b) but imaged at positive bias. The (5.1 Å) pe-

riodicity in the Cu2O lattice is clearly distinguishable in this conditions,

in agreement with the LEED pattern of the oxide. At the same time, a

Moiré pattern showing the same 1.9 nm periodicity discussed previously

can be seen but seems here slightly distorted. Figure 4.10d reports the

2D Fourier transform of the image in (b). The reciprocal space image is

in remarkable good agreement with the LEED measurements.
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Figure 4.9: STM images of graphene grown on oxidized Cu(111). a) (200 nm x 200 nm, V = −0.05
V, I = 1 nA) Overview STM image. b) (17 nm x 17 nm, V = 0.1 V, I = 200 pA) A Moiré pattern
with a periodicity of 1.9 nm is visible. The black dots (marked by blue and white arrows) are
attributed to oxygen vacancies in the oxide layer underneath the graphene layer. A defect in the
graphene layer is also present (brightest contrast). c) Atomic resolution of the graphene layer around
the defect shown in (b) (8.5 nm x 8.5 nm, V = −0.1 V, I = 200 pA). d) Simulation of the observed
Moiré pattern (17 nm x 17 nm): a Cu2O layer is placed at an angle of 30◦ on top of a Cu(111)
surface. This results in the formation of a Moiré pattern with a periodicity of ∼ 1.9 nm in very good
agreement with the STM measurements, i.e. the graphene layer does not contribute to the observed
Moiré pattern.

4.3 Experimental methods

Graphene Growth: Cu(111) single crystals (MaTecK GmbH) were

cleaned in UHV by repeated cycles of Ar+ sputtering and annealing at

about 650 K before graphene deposition. The cleanliness of the surface

was checked by low-energy electron diffraction (LEED) and scanning

tunneling microscopy (STM). Cu(111) oxidized surfaces were prepared

by exposing the clean single crystal to air for approx. 12 hours and by

annealing them subsequently in a separate vacuum oven (0.1 mbar Ar

atmosphere Messer 5.0 purity) for 30 min at 1200 K. Afterwards gra-

phene was grown with a gas mixture of 0.5 mbar of methane (Messer
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Figure 4.10: STM images of graphene grown on oxidized Cu(111) (acquired at 77 K). a) (24 nm x 24
nm, V = −0.2 V, I = 10 pA) The superstructure of the reconstructed Cu2O surface is visible with
3.1 nm periodicity (blue in b) what is in very good agreement with the LEED results. b) Detailed
STM image (12 nm x 12 nm, V = −0.2 V, I = 50 pA) showing atomic resolution of the oxide. A
non-trivial superstructure is present. This atomic configuration resembles a Cu2O layer which is
slightly distorted. c) The same area as in (b), but taken at positive sample bias (18 nm x 18 nm,
V = 0.35 V, I = 50 pA). The periodicity of the Cu2O layer (5.1 Å) is visible and again a Moiré
pattern with a periodicity of ∼ 1.9 nm appears. d) 2D Fourier transform of (b) showing remarkable
good agreement with the LEED pattern (Figure 4.4a and 4.5b,c) of the Cu2O(111) structure. The
Cu2O(111) unit cell is marked in red.

4.5) and 0.1 mbar of Ar for 2 min at 1200 K, followed by 30 min post

deposition annealing in 0.1 mbar of Ar. The cooling rate was approx.

5 K/min. The oxide layer was completely removed by several sputter-

ing annealing cycles prior every new oxidized sample preparation. To

prepare graphene on a pristine Cu(111) surface, the copper single crys-

tal was transferred to the vacuum oven immediately after the cleaning

procedure and annealed in 0.5 mbar of H2 (Messer 5.0) and 0.1 mbar of

Ar for 4 hours at 1200 K to remove any surface oxide. Graphene was

grown exposing to 0.5 mbar of methane, 0.1 mbar of Ar and 0.5 mbar

H2, for 2 min at 1200 K, followed by 30 min post deposition annealing
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in 0.1 mbar of Ar and 0.5 mbar of H2. The cooling rate was approx.

5 K/min. The gas lines were equipped with liquid nitrogen traps to

avoid potential water contamination. After graphene growth, all sam-

ples were transferred immediately into the UHV chamber and annealed

at T > 520 K. STM measurements were performed at room temperature

(unless otherwise stated) with a commercial STM (Omicron NanoTech-

nology GmbH) and LEED measurements (MCP LEED from Omicron

NanoTechnology GmbH and ErLEED from SPECS GmbH) were per-

formed for the superstructure determination. The freeware LEEDpat

3.0 (http://www.fhi-berlin.mpg.de/KHsoftware/LEEDpat/) was used to

simulate the LEED patterns and the WSxM (www.nanotec.es) software

was employed for STM images analysis.

Angle-resolved photoelectron spectroscopy: ARPES measure-

ments were performed at the Spectromicroscopy beamline at the Elettra

synchrotron in Trieste, Italy.40 The samples were transported to the syn-

chrotron using a UHV sample carrier. The measurements were done with

the sample kept at room temperature and in UHV with a base pressure

of 10−10 mbar after an annealing step at T � 520 K. The spectra were

acquired with a photon energy of 27 eV and a spot size of approx. 1 μm.

The energy and angular resolution were 25 meV and 1◦, respectively.

Theoretical calculations: Periodic density functional theory cal-

culations were performed using the VASP code41 with the projector-

augmented wave method describing ion-core electron interactions.42 Van

der Waals interactions were included using the van der Waals density

function (vdW-DF),43 while local correlation was described by LDA.

The exchange was described on the GGA-level using an optimized form

of the Becke 86 functional.44 Four layered slabs separated by at least

15 Å of vacuum were used to model the Cu(111) surface, with a p(5 x

5) surface super cell, and using the calculated lattice constant of 3.598

Å. The oxidized Cu(111) surface was modelled by the Cu2O(111) sur-

face, using a five-layered slab, represented by 5 copper sub-layers and

10 oxygen sub-layers, and using the calculated lattice constant of 4.273
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Å. The under-coordinated Cu-atoms were removed from the outermost

layer, while an extra layer was included in the slab compared to Cu(111).

This was shown to be the most favorable termination of the Cu2O(111)

surface.30 A p(2 x 2) super cell was used for Cu2O(111), which gives a

length of the super cell vectors of 12.08 Å, close to the length of the super

cell vectors of 12.72 Å for Cu(111). The model of the Cu2O(111) surface

used in the calculation is illustrated in Figure 4.3c. In all calculations

the plane waves were expanded to a kinetic energy cut-off of 500 eV and

a 3 x 3 k-point sampling was used. All structures were optimized until

the residual forces of all atoms were smaller than 0.01 eV/Å, except for

the bottom two layers of the slab that were kept fixed. Transition state

calculations were performed using a combination of the climbing image

nudged elastic band45,46 (CI-NEB) and Dimer methods.47,48 CI-NEB was

used to find an initial estimate of the transition state. This estimate was

then used to setup the starting configuration (central image and dimer)

entering the Dimer method. The structural optimizations of the transi-

tion states were performed until the forces acting on the central images

(constraining the bottom-two layers as mentioned above) were smaller

than 0.01 eV/Å.
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Chapter 5

Self-assembly of molecules on
graphene

This chapter discusses the adsortpion of organic molecules on graphene. The re-
alization of molecular nano-architectures on graphene by self-assembly is a promising
route towards novel electronic and opto-electronic devices. We focus our study on lin-
ear molecules having terminal cyano functionalities and compare the results to their
behavior on coinage metal surfaces. The effect of thermal annealing and deposition
of metal ad-atoms on the assembly was investigated. Templating effects are observed
due to the substrate underneath the graphene layer. Moreover, modified chemical
reactivity of the functional cyano groups for the formation of metal-coordination was
found on graphene compared to pristine metal surfaces. The reactivity is found to de-
pend on the substrate underneath the graphene due to the modification of graphene’s
doping and thus charge transfer with the molecular adsorbates. This is shown to have
a strong impact on the final assembly. The realization of molecular honeycomb net-
works based on hydrogen-bonding was achieved with molecules featuring carboxylic
groups. The possibility to open a band gap in graphene by quantum confinement of
electrons was investigated. The work presented in this chapter was performed in col-
laboration with Juan Carlos Moreno-Lòpez, Jun Li, Leonid Solianyk, Leticia Monjas
(molecules synthesis), Anna K. H. Hirsch, and Meike Stöhr.

105



5.1 Introduction

The functionalization of graphene with organic molecules has great

potential for the development of novel organic electronics and opto-

electronics. Electric, magnetic as well as optical properties of graphene

can be manipulated by the addition of opportunely engineered mole-

cules.1,2 A very promising approach consists in the creation of highly-

ordered molecular assemblies.1,3–5 Nano-architectures featuring zero-, one-

and two-dimensional structures could in principle be tailored on graphene

by self-assembling molecular building blocks. Intermolecular interactions

and molecule-substrate interactions are both critical in this process. The

former can be tuned by the selection of specific functional end groups,

while the latter is mainly related to the chemical reactivity and the po-

tential landscape of the substrate. In this respect, one might think that

self-assembly on graphene would differ from the case of a metal substrate

mainly by a modified molecule-substrate interaction and with little influ-

ence on the molecule’s functionality. However, the different interactions

with the substrate lead to strong changes in the chemical reactivity of

the functional molecular groups and subsequently, to modifications of

the intermolecular interactions. For example upon adsorption of TCNQ

and F4TCNQ on graphene on Ruthenium(0001), a modification of the

molecular states was shown resulting in the formation of either a close-

packed assembly or isolated molecules due repulsive intermolecular inter-

actions.6 Thus, it is of utmost importance, for a deeper understanding

and for future device applications, to study the relevant factors that in-

fluence self-assembly as well as the electronic and magnetic properties

of individual molecules on graphene. Spin-lattices, topological insulators

and superconductors are among the potential applications that might

be achieved by an improved control over the self-organization of mole-

cules on graphene.7–9 In this respect, the realization of a highly-regular

two-dimensional (2D) porous network of molecules on graphene is chal-

lenging. 2D porous networks of molecules can be readily prepared on

metal surfaces as described in the previous chapters. However, it will be
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shown that the same molecules on graphene, do not easily lead to the

creation of non-trivial architectures. Indeed most of the reports in liter-

ature show indeed the formation of a simple close-packed assembly.3,4,10

Only a few exceptions are present that are obtained at the liquid-solid

interface.11 The realization of non-trivial metal-coordinated molecular

assembly structures on graphene has been predicted to lead to a new

class of organic topological insulators.7,8 For this reason, the quest for

controlled nano-architectures on graphene is an appealing research chal-

lenge. Two-dimensional periodic superstructures, also called superlat-

tices, are believed to lead to the opening of a band gap in graphene by

symmetry breaking.12 Moreover, such superlattices were shown to be able

to tailor new dispersive bands by the quantum confinement of electrons

of the surface state of Cu(111).13 The possibility of quantum confinement

of electrons in graphene by molecular superlattices is a very interesting

possibility that is still lacking experimental evidence. In section 5.6, work

in this direction is reported.

Opening of a band-gap in graphene is a fundamental step towards

the realization of graphene-based organic transistors and sensors. For

this reason, one of the main goals of this thesis work was to investigate

nano-architectures on graphene with particular focus on the formation

of highly-ordered 2D networks. At the same time, we aimed to obtain

deeper insight into the fundamental parameters that govern the inter-

molecular as well as the graphene-molecule interactions. It will be shown

in this chapter that the substrate underneath the graphene plays a role

in the molecular self-assembly and, in particular, in the reactivity of

the functional molecular groups. In this regard, molecules on graphene

can behave quite differently than on highly ordered pyrolitic graphite

(HOPG). While in general it can be said that graphene electronically de-

couples the molecules from the surface minimizing the hybridization of

the molecular orbitals with the metal substrate, the substrate still plays

a critical role in determining the charge transfer between graphene and

the molecular species adsorbed.
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We focus our study on the self-assembly of linear cyano-functionalized

sexiphenyl (P6) and terphenyl (P3) molecules on epitaxial graphene on

Cu(111). The modification of the assembly by the addition of different

metal atoms (Au, Co, Ni and Fe) aimed at the realization of poten-

tially interesting metal-organic frameworks is discussed in section 5.4.

However, the addition of metal atoms did not result in the formation of

networks typically observed on metal surfaces. A modified chemical re-

activity of the cyano groups toward the formation of metal-coordination

bonds is revealed and depends on the substrate underneath the graphene

layer. We believe this behavior to be connected with the doping level

of graphene that affects the molecule-graphene charge transfer. As a re-

sult, a modification of the self-assembly as well as the final electronic and

magnetic properties of the formed nano-architecture should in general be

expected. Finally, for comparison and completeness, we present the case

of a 2D porous network on graphene based on hydrogen bonding. This is

the case for 1,3,5-benzenetribenzoic acid (T4) and is reported in section

5.6. This system is a representative example to discuss the possibility

of quantum confinement of electrons in graphene and the possibility of

band gap opening by means of molecular networks.

5.2 Self-assembly of cyano-functionalized

sexiphenyl molecules on graphene on

Cu(111)

Graphene on Cu(111) is a weakly interacting system in comparison to

epitaxial graphene grown on other transition metals;14–17 the graphene

layer is n-type doped by 380 meV. These extra electrons are (at least par-

tially) transferred to the graphene from the surface state of Cu(111) that

consequently shifts towards the Fermi energy by 170 meV (see Chapter

4). However, the weak coupling with the substrate makes graphene on

Cu(111) a good playground for the study of molecular self-assembly. Gra-
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phene on Cu(111) was prepared and characterized as shown in Chapter

4. P6 molecules were deposited on graphene on Cu(111) in UHV with the

sample kept at room temperature. Prior to molecule deposition, thermal

annealing of the graphene sample at about 520 K was performed. The

thermal annealing is necessary to remove water and other volatile mole-

cules that might adsorb on the graphene surface during the transfer of

graphene through air. The molecules were sublimated from a Knudsen

cell and the rate and coverage were calibrated with a quartz microbalance

to have sub-monolayer coverages (0.1 − 0.5 ML) at a rate of about 0.2

Å/min. Figure 5.1 shows typical STM images of the self-assembly of P6

molecules on graphene acquired at 77 K. At sub-monolayer coverage, P6

molecules form large islands with a close-packed arrangement. The P6

islands nucleate mainly around graphene wrinkles. The Moiré pattern

of graphene on Cu(111) is visible in the background and seems not to

affect the assembly (Fig. 5.1A), in contrast to what was observed for

example upon the adsorption of C60 on graphene on Ru(0001) where the

valley regions of the Moiré were found to be favored adsorption sites.1

These sites are created by the Moiré modulation of the potential land-

scape of graphene. In the case of metals that interact strongly with

graphene, like Ru and Ni, the Moiré pattern induces both potential and

topographic modulations in the graphene layer. In contrast, graphene

on Cu(111) interacts weakly, thus, a less pronounced effect of the Moiré

structure is expected. A closer inspection of the self-assembly reveals

a side to side packing of the P6 molecules. This arrangement is very

different compared with the behavior of P6 molecules on metals at low

coverages (see for example on Au(111) in Chapter 3 or on Ag(111)19,20),

but quite common for the case of long rod-like molecules on graphene1 or

HOPG.21–23 The phenyl rings of the P6 molecules are imaged very clearly

by STM revealing the presence of an alternating twisting of the phenyl

rings. This points towards an electronic decoupling of the P6 molecules

and (almost) no hybridization with the substrate. A decoupling effect

of graphene was also reported in the case of other molecular systems
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Figure 5.1: STM characterization of P6 molecules on graphene on Cu(111) at 77 K. A) Overview
STM image (180 nm)2, (V=−1.0 V, I=120 pA) showing an island of P6 molecules (on the right) that
self-assembles in a close-packed phase. The Moiré pattern is visible as a modulation in the STM signal
on the molecular island as well as on the pristine graphene (left side). The black dotted line marks a
change of the tip termination. B) Detailed STM image (24 nm)2, (V=−0.6 V, I=320 pA) of the P6
packing. Every 3 molecules a shift is present. C) High-resolution STM image (12 nm)2, (V=−2.1
V, I=120 pA) showing sub-molecular features. The phenyl rings are visible displaying an alternating
twisting of the phenyl rings. The inset shows a different color scale for comparison. D) STM image
(12 nm)2, (V=2.2 V, I=520 pA) acquired at positive bias. A zig-zag shape of the molecules is imaged
in agreement with what was observed on Ag(111) for second layer P6 molecules.18
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Self-assembly of molecules on graphene

Figure 5.2: A) Preliminary model of the P6 self-assembly on graphene on Cu(111). B) Improved
model of the P6 self-assembly on graphene on Cu(111) with P6 in a twisted configuration. The
amount of twisting is only indicative. The unit cell is marked in green. Blue circles indicate a few of
the locations where the molecules display an upward shift leading to a three-unit periodicity. Red
arrows mark few of the P6 hydrogen and dipolar coupling interactions. Orange and blue dotted-
arrows highlight the twisting direction of the phenyl rings.

adsorbed on graphene on metals6,24–26 and thus, seems to be a general

characteristic of these systems. However, by decoupling, the very weak

or absent hybridization of the molecular states with the underlying metal

is intended. Charge transfer can be present instead.4,6,26 A peculiar fea-

ture of this self-assembly is the presence of a regular shift of one phenyl

unit about every three molecules (Fig. 5.1). In principle, the observed

behavior could be related to a preferential alignment of the molecules

with respect to the Cu(111) or to the graphene lattice. Instead, the pres-

ence of a Moiré templating effect can be excluded by noticing that the

three-unit periodicity in the P6 self-assembly is unaltered in all islands

and for all samples prepared (with few exceptions showing four molecu-

les). Considering the polycrystalline aspect of graphene on Cu(111) and

the consequent variations in the Moiré periodicity, the Moiré structure

cannot be the cause of the formation of this regular periodicity. A ten-

tative model of the assembly is reported in Figure 5.2A. The unit cell
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is reported in green and by analysis of the STM images we can extract

the unit cell parameters that are (a = 21 ± 2) Å, (b = 26 ± 2) Å, with

an internal angle of 82◦ ± 3◦. From the model it is clear that there are

many unfavorable (quadrupole) π−π and steric hydrogen repulsive inter-

actions between adjacent phenyl aromatic rings, if they would adsorb in

such a flat configuration. This structure, if in gas-phase, would rearrange

towards a more energetically favorable one by introducing an alternating

twisting of the phenyl rings of the molecule. Looking in more detail at

the STM images, one can notice that this indeed happens also for P6 on

graphene. Figure 5.1C shows a high resolution image of the P6 assembly

where the presence of twisted phenyl rings is clearly visible. A zig-zag

shape of the molecules appears (Figure 5.1D) when scanning at a positive

bias (unoccupied states). A more realistic model of the self-assembly is

reported in Figure 5.2B. Herein, the tilting of the phenyl rings is qualita-

tively represented. Phenyls from adjacent molecules seem to interact by

parallel-displaced π − π interactions creating rows with phenyls twisted

in the same direction. Alternating rows are thus formed. This is clearly

visible from the STM images and is represented by light blue and orange

arrows in the model. The P6 molecular axis is tilted (purple dotted line)

by about 7◦ with respect to the b vector of the unit cell.

In general, π-conjugated molecules are known to interact by π − π

interactions with graphene27 and thus, they can be expected to lie flat

with the phenyl rings parallel to the surface. On the other hand, as de-

scribed above this would lead to unfavorable inter- and intra-molecular

interactions between the aromatic rings. Having the freedom of rings

twisting, the P6 molecules optimize their intra- and inter-molecular in-

teractions. This also happens on metal surfaces as discussed in previous

chapters. Can something be said on the amount of ring twisting? It is

difficult to determine the value for the twisting angle without performing

DFT calculations. However, it is possible to make some considerations.

In Chapter 3, tuning fork measurements clearly visualize the presence of

twisting of the phenyl rings for P6 adsorbed on Au(111). Importantly,
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Self-assembly of molecules on graphene

this twisting is not easily revealed by STM. In the case of Ag(111), the

twisting was observed by STM for P6 molecules adsorbed in the second

layer while it was not visible for molecules in the first layer.18 Surpris-

ingly, NEXAFS measurements revealed the presence of an equal amount

of twisting in both layers of about 40◦ − 50◦.18 The fact that STM is

sensitive to the twisting of the rings exclusively in the second layer is

thus only an electronic effect caused by the weakened hybridization of

the molecular orbitals with the metal. Graphene, like the first layer of

molecules on a metallic surface, acts as a decoupling buffer layer and

prevents strong hybridization of the molecular orbitals with the metal.

Besides parallel-displaced π − π interactions, the functional cyano

groups of P6 can undergo hydrogen bonding and dipolar coupling in-

teractions. These interactions are represented in the model by the red

arrows (Fig. 5.2B). Blue circles evidence the positions of the rigid shifts

of the molecular arrangement that lead to the formation of a three-unit

periodicity. At the center of the blue circles, the model reveals the pres-

ence of small regions of “free-space” in agreement with what is observed

in the STM images (Fig. 5.1C).

In conclusion cyano dipolar coupling, hydrogen bonding and parallel-

displaced π− π interactions are found to determine the formation of the

close-packed arrangement of P6 on graphene at sub-monolayer coverages.

The intermolecular parallel-displaced π−π interactions seem to be dom-

inant driving the self-assembly to a parallel arrangement of the P6 mo-

lecules even for sub-monolayer coverage. The same parallel arrangement

is observed for P6 molecules adsorbed on Ag(111) but at coverages close

to 1 ML and in the second layer.18 The molecular orbitals are imaged

very clearly with STM, which indicates a weak or absent hybridization

of the molecular orbitals with the substrate. A templating effect caused

by the Moiré superstructure is not observed while the underling atomic

lattice from the Cu(111) substrate seems to be responsible for the in-

troduction of a periodic (three-unit) shift in the molecular arrangement.

This finding shows that graphene is not a perfect decoupling layer, even
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Figure 5.3: STM characterization of P3 molecules on graphene on Cu(111) at 77 K. A) Overview
STM image (39 nm)2, (V=−1.0 V, I=20 pA) showing an island of P3 molecules that self-assemble
in a close-packed phase. The P3 molecules display a herringbone packing based on the formation of
hydrogen bonds between phenyl H atoms and the N atoms of the cyano groups. B) Detailed STM
image (9.6 nm)2, (V=−1.6 V, I=10 pA) of the P3 packing.

for a weakly interacting system like graphene on Cu(111).

5.3 Self-assembly of cyano-functionalized

terphenyl molecules on graphene on

Cu(111)

Another possibility to investigate the role of the different intermolecu-

lar and molecule-substrate interactions in determining the self-assembled

structures is to slightly modify the molecule and see how the assem-

bled structure is impacted. One way is to reduce the amount of pos-

sible π − π interactions by reducing the number of aromatic rings of

the molecule from six to three. Thus, Leticia Monjas in the group of

Anna Hirsch (RUG) synthesized terphenyldicarbonitril (P3) molecules

(see Figure 5.4). We deposited P3 on graphene on Cu(111) under the

same conditions as previously described for P6. Figure 5.3 shows STM

images of the P3 self-assembly acquired at 77 K. The molecular orbitals

are again imaged very clearly by STM, an indication that graphene pre-
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Self-assembly of molecules on graphene

Figure 5.4: Model of the P3 self-assembly on graphene on Cu(111) assuming a planar configuration.
The unit cell is reported in green.

vents hybridization of the molecular orbitals with the metallic substrate.

As in the case of P6, very large islands are formed but P3 shows a dif-

ferent packing. As expected, by lowering the number of phenyl rings in

the molecule the intermolecular π − π interaction became less dominant

compared to interactions of the cyano groups. P3 self-assembles in a

herringbone packing in which the functional cyano groups form hydro-

gen bonds with the hydrogen atoms of the phenyl rings of neighboring

molecules. A weak antiparallel dipolar coupling among the functional

cyano groups can also be present despite the quite large distance (of

4-5 Å) between the cyano groups of neighboring molecules. A model

for the self-assembled structure is reported in Figure 5.4. The unit cell

is indicated in green and measures (a = 16 ± 1) Å, (b = 13 ± 1) Å,

with an internal angle of 96◦ ± 3◦ as extracted from STM images. The

comparison between P6 and P3 self-assembly on graphene shows that

parallel-displaced π− π interactions are the dominant intermolecular in-

teractions in the case of long molecules like P6 while for shorter molecules

like P3 the functional cyano groups play a key role in the stabilization of

the assembled structure. This is important to keep in mind if one wants

to tune the functionality of organic molecules adsorbed on graphene. In

the next sections the focus is on the influence of the underlying substrate
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and in particular on the doping level of graphene for self-assembly and

chemical reactivity of organic species on graphene.

5.4 Metal-ligand bond formation on gra-

phene

As seen previously, linear cyano-functionalized molecules behave quite

different when adsorbed on graphene in comparison to metal substrates.

What about the cyano functionality: is the reactivity of these functional

groups modified when adsorbed on graphene? If that is the case, can

it be understood why and how this happens? In the following we will

try to answer these questions. By adsorbing different metallic ad-atoms

on the surface we investigated the chemical reactivity and the resulting

assembly of P6 and P3 molecules on graphene on Cu(111) in conditions

where metal-ligand interactions could be formed. The purpose was the

formation of 2D metal-organic architectures on graphene as obtained for

such functionalized molecules on various metals.

Figure 5.5 reports an overview displaying the behavior of P6 molecules

on graphene when Ni, Au, Co and Fe atoms are co-adsorbed on the

surface. The surface with the molecules adsorbed was exposed for about

10 seconds to a beam of metal atoms generated by an e-beam evaporator

(metal rods were used except for Au where a crucible was used). The

surface was kept at room temperature during deposition. Moreover, to

reduce surface heating due to the thermal radiation from the e-beam

evaporator, the deposition was performed by opening and closing the

shutter with a period of about 2 seconds to obtain an effective exposure

of 10 seconds at about 4 nA of ion current.

In contrast with Au(111), and despite the most-likely higher mobility

of the P6 molecules on graphene, P6 does not show highly ordered as-

semblies after metal atoms deposition. The case that most resembles an

ordered structure is that of cobalt, where small islands with molecules
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Self-assembly of molecules on graphene

Figure 5.5: STM characterization of P6 molecules on graphene on Cu(111) at 77 K after deposition
of (Co, Au, Fe, Ni) atoms. A) P6 with Co: STM image (24 nm)2, (V=−0.1 V, I=20 pA) showing
an island of P6 molecules that assemble in a square porous network. Formation of 4-fold molecular
super-units made of four P6 molecules is observed upon addition of Co atoms. These units assemble
into a network. The Co atom is imaged as a bright spot at the center of the units indicating a metal-
ligand interaction. B) P6 with Au: STM image (36 nm)2, (V=−1.9 V, I=20 pA) showing an island
of P6 molecules perturbed by Au clusters. The addition of Au neither changes the assembly nor
forms metal-coordinated bonds with P6. C) P6 with Fe: STM image (36 nm)2, (V=−2.0 V, I=10
pA) showing P6 molecules interacting with Fe. Metal-coordination is present but no clear ordering.
D) P6 with Ni: STM image (48 nm)2, (V=−1.5 V, I=10 pA) showing P6 molecules interacting with
Ni. Metal-coordination is present but no clear ordering.
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displaying a square pattern could be observed. However, many defects

are still present in this structure as visible in Figure 5.5A and the mo-

lecular island size is less than 100 nm. With all the other investigated

metals no molecular ordering was observed, which is quite surprising con-

sidering that the same deposition conditions that produce very ordered

assembled structures of P6 on metals were used. While in the case of

Co, mainly 4-fold coordination is observed, Ni and Fe seem not to have

clear preferences for a distinct number of coordination partners. For this

reason, while Co has some potential to lead to an improved assembly

through parameter optimization, Ni and Fe will never lead to a homoge-

neous ordering. On the other hand, Au seems to be ineffective towards

the formation of metal-coordination binding motifs among cyano groups

on graphene. Most of these observations contrast with the behavior of

P6 molecules on Au(111).

The case of Gold:

Coordination of cyano groups with native Au atoms from the surface

was suggested to explain the behavior of MK7 molecules on the Au(111)

surface (see Chapter 2), leading to the formation of 3-fold coordinated

units. P6 molecules on Au(111) displayed a similar 3-fold coordination

(see Chapter 3). The metal coordination with Au seems to be favored by

annealing while providing extra Au atoms appears not to be effective. In

fact, deposition of additional Au did not show a clear enhancement of the

number of coordinated centers in the case of P6 molecules on Au(111).

P6 molecules that lie on graphene also show the presence of very weak

or no interaction with the co-deposited Au atoms. Clusters of Au are

observed while the P6 assembly is not appreciably affected by their pres-

ence. This behavior suggests that the metal-ligand interaction observed

for P6 molecules with the Au(111) surface cannot be accomplished nei-

ther by single ad-atoms nor by Au atoms on graphene. The fact that

annealing does not favor any metal-ligand bond for P6 on graphene (see

annealing in section 5.5) and the results for 3- and 4-fold bond formation

on Au(111) (presented in Chapter 3) both support this point of view.
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Self-assembly of molecules on graphene

The study of the self-assembly of cyano-functionalized molecules on a

different Au surface, like i.e. Au(100), might be useful to obtain more

insight into the subtle cyano-Au interaction.

The case of cobalt:

Deposition of Co on P6 adsorbed on Au(111) shows a well-defined order-

ing of the P6 molecules as reported in Chapter 3. 3-fold metal coordina-

tion develops with the cyano groups of P6 and leads to the formation of

a honeycomb superlattice. Considering that the Co atoms are also inter-

acting with the Au(111) surface, a (3+1)-fold coordination is plausible.

This agrees with what is reported for the case of Ag(111).28,29 Thus, the

4-fold coordination observed on graphene suggests that the Co atom is

coordinated to 4-cyano groups leading to a 2D square planar geometry

while hybridization with the substrate is weak or absent. These find-

ings agree with previous DFT studies29 where it was shown that 3-fold

metal-coordination of functional cyano groups is energetically favored in

the presence of a metallic surface, while a 4-fold binding motif is instead

the energetic minimum in the gas phase. The weakened interaction with

the substrate due to the presence of the graphene layer induces a change

from a 3-fold to a 4-fold binding motif. This is due to the decoupling

ability of graphene and the fact that graphene does not take the role of

a coordination partner.

A close inspection of the assembly shows that the islands are com-

posed of molecules that are involved in only 1 metal-ligand bond while the

second cyano group remains uncoordinated. Super units comprising of

four molecules are formed. The STM images show the formation of small

porous networks made from the 4-fold super units that self-assembly in

a square network by parallel-displaced π − π interactions and hydrogen

bonding. A model for this architecture is shown in Figure 5.6. The π−π

interactions are among phenyl rings of the P6 molecules while hydrogen

bonding forms between the cyano groups and the H atoms of the phenyl

groups. There is apparently no reason why only one of the two functional

cyano groups should participate in the formation of metal-ligand bonds.
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Figure 5.6: Left: Scheme showing P6 with a passivized functionality toward metal-coordination after
metal-coordination with Co at the opposite side. Right: Tentative model of the 2D square network
observed for P6 after deposition of Co atoms. Co-coordination, H-bonding and parallel-displaced
π − π interactions stabilize this architecture.

Apparently, the cyano coordination with Co atoms proceeds selectively,

introducing a sort of passivation effect on the opposite cyano functional

group. This behavior is sketched in Figure 5.6 and it is independent

of the amount of Co deposited on the surface. In other words, the P6

molecules never coordinate with Co on both sides i.e. forming a fully

metal-coordinated network or forming 1D chains. This is a quite un-

usual behavior that will be discussed later in comparison to the case of

P3 molecules.

5.5 The effect of thermal annealing on the

assembly structure

To form metal-coordination binding motifs, higher activation energies

are often necessary with respect to the activation energies needed for the

formation of H bonding and thus, annealing might help to increase the

number of metal-coordinated centers. For this reason, the effect of a

progressive thermal annealing (from about 100 ◦C to about 300 ◦C) for
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Self-assembly of molecules on graphene

Figure 5.7: Typical behavior of the assembly of P6 molecules and metal atoms on graphene on
Cu(111) after annealing at about 130 ◦C. The case of cobalt is reported as an example. A) Overview
STM image (240 nm)2, (V=−2.0 V, I=10 pA) showing cluster formation and metal migration to
the grain boundaries of graphene. B) STM image (72 nm)2, (V=−2.0 V, I=10 pA) showing the
disruption of the 4-fold P6 super units as well as the 2D square network observed before annealing.

the systems discussed above was studied. P6 molecules were deposited

on graphene at room temperature followed by metal deposition and by

annealing. Figure 5.7 shows the typical effect of thermal annealing on

the molecular assembly (the case of cobalt is shown). In all cases, anneal-

ing does not produce an improvement in the metal-coordinated network.

Contrary, there is the tendency to recover the self-assembled molecular

arrangement observed before metal deposition. It seems that the molecu-

les prefer to rearrange in a close-packed phase. This is observed with all

of the four metals studied. Large metal clusters are formed around the

grain boundaries of the graphene layer where the metal atoms start to

intercalate. The intercalation of metal underneath graphene with ther-

mal annealing is a well-known fact reported in the literature.30,31 Only

a few molecules remain metal-coordinated and are located around the

metal clusters at the graphene grain boundaries. The majority forms

islands with a stripe structure which was discussed in the previous sec-

tion. At about 300 ◦C the P6 molecules completely desorb from the

graphene layer. Thus, annealing above room temperature does not seem

to be a viable route to favor metal-coordinated molecular architectures
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Figure 5.8: STM characterization at 77 K of a mixture of P3 and P6 molecules on graphene on
Cu(111) after deposition of Co atoms. A) STM image (31 nm)2, (V=−1.5 V, I=10 pA) showing
an island of H-bonded P3 molecules surrounded by metal-coordinated P3 and P6 molecules. Coor-
dinating metal atoms are imaged with a bright spot. B) STM image (24 nm)2, (V=−1.5 V, I=10
pA) displaying a similar island where the different behavior of P3 and P6 is highlighted. P3 likes to
form 4-fold coordination with Co on both cyano group terminations and mainly promotes 1D chains.
P6(CN)-Co ligands seem instead to hinder the functionality of the opposite cyano group stopping
the reaction as visible on the left. A small 2D square network of P3 is also present (top).

on graphene.

Metal-coordination of P6 and P3 molecules with Co

Deposition of Co atoms showed the most promising results toward

the formation of ordered molecular architectures on graphene. For this

reason, we studied the cyano-Co interaction by investigating the case of

P3 molecules on graphene on Cu(111) in more detail. To compare di-

rectly the behavior of P3 and P6 a sample with both molecules mixed

was prepared. Thus, Co atoms were deposited under the same condi-

tions discussed above onto a sub-monolayer coverage of P3 mixed with

P6. As visible from the STM images in Figure 5.8 the P3 molecules in-

teract differently with Co compared to P6. In particular, the formation

of 1D chains is favored. The 1D chains seem to be the starting point

for the creation of a metal-coordinated 2D-network (Fig. 5.8A,B top).

The 1D chains form around islands of P3 molecules that interact by hy-

drogen bonding. The presence of metal coordination with Co atoms is
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evidenced by bright spots. As in the case of P6, the Co favor 4-fold

cyano metal-coordination, but this time the passivation effect observed

for P6 is absent and 1D chains can easily form. Few P6 molecules are

visible in Figure 5.8B on the left, again showing the passivation effect.

P3 molecules are thus more efficient than P6 in forming metal-organic

structures on graphene on Cu(111). However, 2D networks are not so fa-

vored by P3 as can be seen in Figure 5.9 where STM images of a sample

with only P3 molecules and Co are shown. 1D chains are marked by blue

arrows and are observed much more often than 2D networks. On the

contrary, in a few special regions this trend is reversed and a 2D square

network is always observed. Such special regions appear as small brighter

islands in the STM images. Figure 5.10 reports the high resolution STM

image of one of these islands together with the model of the observed

molecular architecture. Here the assembly is clearly driven towards the

formation of 2D metal-coordinated networks. A remarkable difference

in the STM signal for the molecules and the Co atoms is also visible.

For such islands the molecular orbitals are imaged very clearly. In the

STM image a sudden change is observed for the molecular contrast as

soon as the molecules cross the island edge. What happens here? The

explanation of this observation is connected with the results reported in

Chapter 4 and is related with the modified graphene-substrate interac-

tion in the special islands. To explain this behavior we need to recall that

graphene on Cu(111) is n-doped while graphene on oxidized Cu(111) has

freestanding-like properties.32 Islands of oxide underneath the graphene

layer would locally decouple the graphene from the substrate thus lead-

ing to an improved molecular decoupling. This is in agreement with the

enhanced molecular orbitals resolution observed in our STM images of

the molecules on top of these islands. Moreover, the darker appearance

of these islands, when not covered with molecules (not shown), indicates

a lower density of states near Fermi energy and thus a more insulating

behavior. This observation together with the featured imaging of the

molecular orbitals in these regions strongly suggests that the observed
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Figure 5.9: STM characterization at 77 K of sub-monolayer of P3 molecules on graphene on Cu(111)
after deposition of Co atoms. A) STM image (120 nm)2, (V=−1.6 V, I=10 pA) showing an island
of P3 molecules after the deposition of Co. Prevalence of 1D metal-coordinated chains is observed
(blue arrows). B) Detailed STM image (12 nm)2, (V=−1.6 V, I=10 pA) showing the molecular
arrangement and the 1D chains.

islands are indeed due to the presence of a copper oxide layer. Moreover,

we know from our previous studies on graphene on Cu(111) that it is

very difficult to remove all of the oxide from the copper surface prior

graphene growth.

The oxide layer underneath the graphene seems to have a large ef-

fect on the reactivity of the functional cyano groups for the formation

of metal-coordination binding motifs. The absence of doping of the gra-

phene layer affects the charge transfer between graphene and the P3 mo-

lecules with a large impact on their reactivity toward metal-coordination.

Experiments are planned to study the same system of P3 molecules but

on graphene that is prepared on a completely oxidized Cu(111) surface.

In this way, the formation of a metal-coordinated molecular network on

graphene that displays a long-range ordering is expected.
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Figure 5.10: A) STM image (14.5 nm)2, (V=−1.4 V, I=50 pA) showing the 2D Co-coordinated
square network that forms in small regions where the graphene is supported by a copper oxide
island. The presence of the oxide has a strong effect on the molecular assembly and the reactivity
of the cyano groups. The molecular orbitals are imaged clearer inside the island than outside it. B)
Model for the 2D Co-coordinated square network of P3 on graphene. This network differs from the
network observed for P6 where the Co-coordination was not involving all the cyano groups. Some of
the pores are filled with P3 molecules.

5.6 Two-dimensional porous networks on

graphene stabilized by hydrogen bond-

ing

As described in the previous sections, molecules featuring functional

cyano groups do not form robust architectures on graphene and the re-

activity of the cyano groups is quite sensitive to the substrate below the

graphene layer. As an alternative, we decided to use non-covalent hy-

drogen bonding interactions for tailoring more stable and well-ordered

structures.

Non-covalent hydrogen bonding is a very active interaction that drives

the self-assembly and, in particular, the self-recognition of molecules on

surfaces. A functional group that strongly promotes hydrogen bonding

is the carboxylic group, which has the possibility to interact by double

hydrogen bonding with another carboxylic group. This makes carboxylic

groups useful for tuning the formation of molecular architectures. For
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Figure 5.11: Structure of 1,3,5-Tris(4-carboxyphenyl) benzene (C27H18O6). Carbon atoms are gray,
oxygen atoms red and hydrogen atoms white, respectively.

this reason, we studied the self-assembly of 1,3,5-Tris(4-carboxyphenyl)

benzene (T4) on graphene. The molecular structure of T4 is reported

in Figure 5.11. The molecule has a triangular shape and features three

carboxylic groups at the vertexes. In this respect, T4 is very similar to

trimesic acid (TMA) that is known to favor the formation of honeycomb

networks on various surfaces by hydrogen bonding.33–35

The T4 molecules were sublimated in UHV from a Knudsen cell evap-

orator onto the substrate that was kept at room temperature during de-

position. The substrate used was graphene on Cu(111) that was grown

according to the previously described procedure (see Chapter 4). The

substrate was annealed in UHV at T=520 K prior to deposition of mole-

cules. After deposition of 0.3 − 0.7 ML of T4, the sample was annealed

to T=400 K for 1h. The post-deposition annealing was found to improve

the molecular assembly of T4 on graphene. Without an annealing step

many disordered areas can be imaged by STM because the system is

trapped in a kinetically-controlled metastable phase. A much improved

self-assembled structure was observed after the thermal treatment. STM

characterization was performed at 77 K while LEED was acquired with

the sample at room temperature. The possibility to measure LEED at

room temperature indicates that the double hydrogen bonding motifs

and thus the T4 final self-assembled structures on graphene are stable at

room temperature.
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Figure 5.12: STM characterization of sub-monolayer coverage of T4 on graphene on Cu(111). A
thermal annealing treatment at about 400 K for 1 h is performed to activate the self-assembly
process. A) Overview STM image (190 nm)2, (V=−2.3 V, I=10 pA) displaying a honeycomb
supramolecular network of T4 stabilized by hydrogen bonding motifs between carboxylic groups.
Defects and dislocations are present as well as few areas of close-packed arrangement of the molecules.
B) STM image (100 nm)2, (V=−2.3 V, I=10 pA) showing a close-up view of the porous network with
few pores that are filled by other molecules. Regions displaying a darker background and brighter
molecules are due to the presence of residual oxide underneath the graphene layer.

STM characterization of the self-assembled T4 network that forms

on graphene after thermal annealing is reported in Figure 5.12. Large

islands displaying a honeycomb network are observed. However, even

after annealing, the molecular network still exhibits dislocations, defects

and regions of close-packed arrangement. A better ordering of T4 on

graphene is expected by performing longer annealing and slower cooling.

The not optimum quality of the network observed on graphene could

also be due to the presence of few residual impurities on the graphene

due to the ex-situ preparation of the samples. Graphene manufactured

in-situ should in principle allow the creation of higher quality molecular

structures. However, we clearly saw that the annealing process that did

not improve the assembly of P6 molecules on graphene is very effective in

the case of T4. We attribute this different behavior to the fact that in the

former case of P6, the metal-coordination binding motif has to compete

with both formation of metal clusters and intercalation of metal below

the graphene layer that seems to be energetically more favored.
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Figure 5.13: Structural model of the T4 honeycomb network formed on graphene on Cu(111). Dou-
ble hydrogen bonding motifs drive the self-assembly to form a structure that is stable at room
temperature. This hydrogen-bonded network seems to be robust enough to form on various different
substrates. The unit cell vectors are indicated in green.

The model of the supramolecular network of T4 on graphene on

Cu(111) is reported in Figure 5.13. The unit cell measures a = b =

3.1±0.1 nm with an internal angle of about 60◦. This network is very sim-

ilar to the hexagonal chicken-wire network that T4 can form on HOPG

at the liquid-solid interface36 and on Ag(111).37 LEED measurements

reported in Figure 5.14 show that the T4 network on graphene has a

preferential orientation of the unit cell with respect to the underlying

substrate as evidenced by the presence of stronger diffraction spots on

top of a circular diffraction pattern in Figure5.14. The circular ring is due

to the presence of many different rotational domains of the T4 network

while the six strong spots indicate a preferential orientation with respect

to the substrate main crystallographic direction. The observed align-
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Figure 5.14: LEED measurements of the
porous T4 network on graphene on Cu(111).
The LEED images are processed with (gaus-
sian difference) derivative algorithm to en-
hance the diffraction features. A) LEED pat-
tern (E=36 eV) of the T4 network. Stronger
diffraction spots are present on top of a circu-
lar background, which indicate the presence of
a prevalent orientation of the T4 unit cell. B)
LEED pattern (E=70 eV) of the T4 network
where the Cu(111) and the graphene diffrac-
tion are visible. The graphene is mainly poly-
crystalline (circular diffraction) and the T4
unit cell is aligned along the Cu(111) main
directions. However, this could also be due
to a preferential alignment of the graphene
as visible by the stronger signal of the gra-
phene diffraction around the Cu(111) 1st order
diffraction spots.

ment of the network’s unit cell along a preferential direction is probably

related to the influence of the Cu(111) substrate on the T4 molecules

as was observed for P6 molecules on graphene. This corroborates the

presence of a templating effect of Cu(111) that is not removed by the

decoupling effect of the graphene layer. This is in agreement with what

was found with the P6 molecules. Unfortunately with LEED, we cannot

completely exclude that the observed templating effect could be caused

by the graphene layer itself due to the fact that the graphene domains

are not evenly distributed among all possible rotations but show a pref-

erential alignment along the Cu(111) symmetry direction. This is visible

in the LEED pattern (Figure 5.14B top) from the stronger signal in the
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graphene diffraction near the Cu(111) spots. For this reason, it is de-

sirable to study the T4 network on a evenly polycrystalline graphene

(represented by a homogeneous circular diffraction pattern in LEED). In

this way, it is possible to verify this assumption.

5.7 Quantum confinement of electrons in

graphene by a H-bonded porous net-

work

The H-bonded network formed by the self-assembly of T4 is very inter-

esting to study the modification of the electronic properties of graphene

due to patterning with a molecular superstructure. A band-gap open-

ing is predicted due to symmetry breaking of the graphene sub-lattices12

and might be obtained by quantum confinement of electrons in graphene.

However, the latter approach has a fundamental problem.

The formation of quantized energy levels inside a potential well is

a basic feature of systems governed by the Schrödinger equation. The

situation is completely different in the case of electrons in graphene. Un-

like normal electrons, electrons in graphene are Dirac fermions that are

described by the Dirac equation for massless particles. The possibility

to belong to either one or the other sub-lattice gives a pseudospin de-

gree of freedom to the graphene electrons (see Appendix) and thus, a

two-component description is needed that is very similar to the spinor

wavefunctions in quantum electron dynamics (QED).38 The pseudospin

results in a chiral nature (helicity) of the electrons in graphene and has

dramatic consequences for the electron tunneling processes in graphene.

In fact, electrons in graphene cannot be easily confined by electrostatic

potentials.38–40 Such relativistic quasiparticles can penetrate through al-

most any barrier. Even in the case of high and wide barriers (i.e. > 100

nm) the transmission coefficient is 1. This result is directly related to

the so-called Klein paradox38,41,42 and it is due to the presence of an-
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Figure 5.15: Diagram illustrating Dirac fermion scattering from a potential barrier. a) The dispersion
near the K points is linear. Red and green lines indicate electrons in the A and B crystal sub-lattices,
respectively. The pseudospin is indicated by σ. σ keeps a fixed direction along the red and green
branches of the electronic spectrum. Because of pseudospin conservation, an electron traveling to
the right can be scattered only to a right-moving electron or left-moving hole. b) Representation of
the potential barrier of height V0 and width D. The dotted line indicates the position of the Fermi
energy that crosses the conduction band outside the barrier and the valence band inside it. Blue
region marks the occupied electronic states. Images are taken from ref.38

tiparticle (hole, positron in QED) states inside the potential barriers.

Hence, normal incident electrons can thus propagate through the barrier

as holes. The principle of the process is reported in figure 5.15. More-

over, the potential barriers are not only ideally transparent for normal

incident electrons but also for electrons impinging onto the barrier at

various other angles as well as for special resonant conditions that de-

pends on the electron momentum.38 Thus, in general, graphene shows

anti-localization effects in contrast to the Anderson localization.40

For the reasons discussed above, it is not possible to directly transfer

the knowledge of quantum dot fabrication to the graphene case because

the transmission probability of electrons in graphene through a poten-
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tial barrier is almost always 1. However, the above results are under the

assumption of a perfectly sharp potential well that is flat over the length-

scale of the lattice constant of graphene. Thus the above results better

applies to mesoscopiccally extended barriers. Moreover, the transmis-

sion coefficient can deviate from 1 for specific electron incidence angles,

as well as for non-sharp onsets of the scattering potential. Thus, res-

onances due to electron confinement effects could be anyway expected

in graphene existing inside the potential barrier as quasi-bound states

due to confinement of electrons with momentum quasi-parallel to the

barrier.40,43

5.7.1 Estimation of the size of the band-gap

In the following we try to estimate the size of the expected band-gap

opening by patterning graphene with a molecular nano-porous network.

A basic treatment of the particle in a box principle is implemented to

calculate the quantum confined energy levels expected by the T4 network.

Quantum confinement by nano-architectures has been studied mostly

for the specific case of molecular and atomic architectures on metallic

surfaces (quantum corrals)12,44,45. In this case the quantum particle in

a box problem applies quite well because the surface state electrons of

many metals, like Cu(111), Au(111) or Ag(111), can be treated as a 2D

free-electron gas having a parabolic energy dispersion. The energy of

electrons in a (parabolic) surface state can be expressed as:

E =
p2

2m∗ =
�
2k2

2m∗ (5.1)

where � is the reduced Planck’s constant, k =
√

k2
x + k2

y the electron mo-

mentum vector and m∗ the effective electron mass that is characteristic

of the specific metal. However, the case of graphene is different, because

the electrons in graphene do not follow the standard free-electron dis-

persion. For our purpose, we can consider only the energy-momentum

relation of electrons in graphene near the Fermi energy. Electrons close
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to the Fermi energy are massless Dirac electrons that are described by a

linear dispersion:

E = vF�k (5.2)

where vF is the Fermi velocity of electrons in graphene that was mea-

sured to be about 0.5 · 106 for graphene/Cu(111) and about 1.4 · 106 for

graphene/oxidized Cu(111) system (see Chapter 4).

We can roughly approximate the molecules by an infinite potential

well and the pores of the network to be circular. Moreover, the system

is considered to be one dimensional. In this way we cannot account for

states with non-zero angular momentum. A more sophisticated treat-

ment can be done using the Bessel function.44 Free parameters are the

pore diameter and the effective electron mass in the surface state or the

Fermi velocity in the case of graphene, which are all available from the

experiments. For the case of T4 on graphene, the inner pore diameter

measures about d = 2.5 nm considering the van der Waals radius of the

molecules. Infinite potential wells boundary conditions give wave func-

tions with nodes at the potential onset. With this condition the possible

quantum particle in a box states are defined by:

k =
2π

λ
=

πn

d
(5.3)

with n being an integer > 0. This gives an energy spectrum close to the

Fermi energy approximated by

E = E0 +
vF�πn

d
(5.4)

where E0 accounts for the doping energy. The calculated quantized spec-

trum around the Fermi energy is plotted in Figure 5.16 for the case

of freestanding-like graphene as it is the case for graphene on oxidized

Cu(111).

A gap of about 1.2 V results from the calculation. However, this value

strongly depends on the pore size as becomes clear from the calculation

133133133



Figure 5.16: First order approximation for the quantum confined energy levels expected at the
graphene Dirac points due to the presence of the T4 molecular network. Dots indicate the positions
of the confined states on the π and π∗ graphene bands. Left: Calculation with 2.5 nm pore inner
diameter, which results in a gap opening at the Fermi energy of about 1.2 V. Right: Calculation
with 3.0 nm pore inner diameter, which results in a gap opening at the Fermi energy of about 0.45
V. The gap is strongly dependent on the pore diameter and the graphene Fermi velocity.

with a slightly bigger pore (Figure 5.16 left). By this simple approx-

imation one can already see that this system is very sensitive to the

pore dimensions and geometry as well as to the graphene Fermi velocity.

Moreover, quantum tunneling between adjacent pores is possible due to

the non infinite potential wells of the molecular network and it is not con-

sidered in this very basic approximation. Coupling between quantum-dot

like states is expected to lead to dispersive bands, as observed on metallic

surfaces.13 The dispersion renormalization would depend on the specific

coupling mechanism. As a general trend, a lower value for the estimated

gap can be expected due to less strict boundary conditions on the k vector

of the electrons. Other effects can also be expected due to the presence

of a superlattice potential,46 anisotropic scattering38 and the so called

Zitterbewegung, or jittery motion of the wave function.40

5.7.2 Preliminary experimental results

Preliminary scanning tunneling spectroscopy (STS) measurements

were performed to search for signs of quantum confinement effects and

band opening for T4 on graphene. Unfortunately, up until now we have
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not observed such effects. One possible reason is that the electrons in gra-

phene feel the molecular superstructure as very weak scattering barriers

as was also discussed above with regard to the Klein paradox. How-

ever, many studies predict measurable effects for the electronic prop-

erties of graphene due to surface modifications.12,40,46 Another possible

reason that could explain our negative preliminary results is that STS

cannot discriminate univocally between electrons with different momen-

tum. STS spectra are integrated over the ”complete” Brillouin zone and

are also integrated with the Cu(111) electronic bands that do not have

a gap. Moreover, STS is not homogeneously sensitive to different region

of the Brillouin zone, i.e. STM tips are in general more sensitive to elec-

trons at the gamma point, and their sensitivity depends strongly on the

tip apex. For these reasons, ARPES measurements are a better tool to

study the modifications of the graphene band structure upon adsorption

of T4 molecules.

To summarize: The realization of molecular self-assembled archi-

tectures on graphene was presented. Stick-like cyano-functionalized mo-

lecules (P6) showed the formation of a close-packed assembly mainly

stabilized by parallel-displaced electrostatic π − π interactions. Shorter

P3 molecules showed a self-assembled herringbone packing where hydro-

gen bonding between cyano groups and phenyl H atoms was the domi-

nant interaction. The addition of metal atoms (Au, Co, Ni, Fe) did not

show a straightforward modification of the assembly towards the creation

of metal-organic frameworks. Moreover, thermal annealing above room

temperature is shown to deteriorate the assembly leading to the forma-

tion of metal clusters. Importantly, the chemical reactivity of the cyano

functionalities toward the formation of metal-coordination bonding is

found to strongly depend on the local level of graphene doping. This is

a problem if one wants to realize metal-organic frameworks on graphene

that lies on various substrates. Promising results in this direction are

found in the case of cobalt and P3 molecules on (locally) freestanding-

like graphene. However, further investigations are needed to confirm
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these first results by the realization of (freestanding-like) graphene on a

completely oxidized Cu(111) surface.

The realization of a molecular honeycomb network on graphene with

T4 molecules featuring carboxylic groups was successfully achieved. This

self-assembled network stabilized by hydrogen bonding seems more ro-

bust against differences in the amount of doping in graphene. A band-

gap opening by quantum confinement of electrons in graphene by the T4

superlattice is a possibility that ask for further investigation. While pre-

liminary results did not yet give a clear answer to this question, ARPES

measurements are expected to bring more insight into this prospect.
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[30] Grüneis, A. and Vyalikh, D. Physical Review B 77(19), 193401 (2008).

[31] Decker, R., Brede, J., Atodiresei, N., Caciuc, V., Blügel, S., and Wiesendanger,
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Chapter 6

Valorization chapter

The work presented in this thesis was supported by the Dutch Foundation for
Fundamental Research on Matter (FOM, Fundamenteel Onderzoek der Materie). One
of the missions of FOM is to stimulate transfer of knowledge to other sectors with the
aim to tackle societal issues. This final chapter is thus dedicated to the discussion of
valorization opportunities of the research presented in this thesis.
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Two-dimensional materials such as graphene or supramolecular ar-

chitectures on surfaces are the central topic of this thesis. Scanning

tunneling microscopy and nc-AFM have been used to study the funda-

mental aspects of molecular self-assembly on surfaces pushing the real

space resolution to the current achievable limit. With the help of sub-

molecular resolution imaging, for the first time molecular porous net-

works on Au(111) based either on metal-coordination or H-bonding were

investigated unraveling in great detail the geometrical adsorption struc-

ture of the molecular building blocks (see Chapter 3). Supramolecular

architectures are not only interesting from a fundamental point of view

but are believed to be very relevant for many future applications.1 Novel

and tunable surface functionalities are among the most exciting oppor-

tunities connected with the nano-engineering of molecular 2D materials.

It was recently shown that periodic superlattices made from molecular

porous networks can modify the electronic properties of a surface.2 This

is a very interesting aspect especially in connection with graphene.

Nowadays 2D materials are the subject of intense research because of

their peculiar properties that can be used in fundamental research as well

as to realize the next generation of nanoelectronic devices. In particular,

novel devices that take advantage of quantum effects for their operation

demand the highest levels of sophistication and design at scales where

quantum effects become important. Among the 2D materials of interest,

definitely the most famous is graphene, a single layer of carbon atoms.

The Nobel prize in Physics was awarded in 2010 to Geim and Novoselov

“for groundbreaking experiments regarding the two-dimensional material

graphene”. Graphene has great mechanical properties and unprecedented

electronic properties: strong mechanical stiffness, high temperature sta-

bility and flexibility, very high carrier mobility (about 100 times greater

than that of silicon), long spin coherence and ballistic electron transport

just to mention a few. These properties make graphene a very promising

material for future devices. Ultra-low-power electronics could be realized

to compute at Terahertz frequencies (instead of Gigahertz which is used
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in current silicon technology), but also spintronic and quantum devices

that might operate at room temperature.3–5 Moreover, due to its high

transparency, graphene is also the perfect electrode material for solar cell

and touch screen applications.

So, why is this material not yet in our mobile phones? How long do

we still have to wait? Many companies are now investing in research on

graphene to bring it to the market. Also fundamental research is strongly

pushed for example through the European commission funded Graphene

Flagship.6 The reason why it takes more time than expected to realize

graphene electronics is that fundamental steps need to be overcome before

the implementation of graphene can occur in operative devices. The first

breakthrough needed is to manufacture graphene by a cheap and scalable

route on a substrate that preserves graphene’s pristine properties. The

second breakthrough is to open a band-gap in graphene in order to realize

graphene-based transistor elements.

The cheapest route to manufacture large-area and high-quality gra-

phene is by Chemical Vapor Deposition (CVD) on metallic surfaces. This

route is discussed in Chapter 4. On the other hand, when in contact with

a metallic substrate, graphene is electronically coupled. Thus, it can-

not express its full potential. Many different routes have been explored

to decouple graphene from its substrate.7–18 Generally, they involve the

transfer of the graphene layer onto a dielectric material (usually silicon

oxide). A roll-to-roll route to transfer graphene on a flexible polymer foil

has already been realized19,20 and a new generation of flexible screens

made with graphene electrodes is expected in a few years. Unfortu-

nately, the transfer step introduces defects and contaminations in the

graphene layer that exclude its use in more complicated devices that de-

mand higher levels of quality. To harvest the full potential of graphene,

a clean production process that avoids the transfer step is needed. For

this reason, the use of CVD to grow graphene on metal-oxide surfaces

is of great interest. A metal oxide is a good compromise between the

high catalytic activity of metals and the insulating properties of dielec-
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tric materials. Part of the work of this thesis has been devoted to the

development of such a CVD route on metal-oxides.

In Chapter 4 the CVD growth of graphene on pristine metallic copper

versus the growth onto an oxidized copper surface was presented. It was

shown that while graphene on copper is doped and electronically coupled

with the substrate, graphene on oxidized copper preserves its pristine

properties and thus is non-doped and freestanding-like. These results

show that not only graphene can be grown by CVD on oxidized copper,

contrary to what was commonly believed, but also that this production

route has the potential to overcome one of the fundamental problems

that now hinder the industrial production of high-quality graphene.

Growing graphene on oxidized surfaces has been always a challenge.

This is partially due to the lower catalytic activity of oxidized surfaces

relative to metallic surfaces. However, it is not true that oxides are

poorly catalytically active. For example, TiO2 is used to catalyze water

splitting to produce hydrogen21 and, in particular, copper oxides are

widely used in industry as chemical catalysts.22,23 Why is copper oxide

so special for graphene growth? We attribute the enhanced catalytic

activity of copper oxide in respect to other oxides to the high mobility of

oxygen atoms and vacancies at the surface during the graphene growth

at elevated temperatures. In fact, various surface reconstructions can

form on oxidized copper surfaces,24–29 which can feature catalytic centers

for the dehydrogenation of the carbon precursors. This might be the

reason for the enhanced catalytic activity of copper oxide. It remains

to be seen whether other metal-oxides show similar characteristics and

affinity for graphene growth. For example, only recently, high-quality

graphene has been obtained by CVD on SrTiO3.
30 In this respect, the

CVD growth of graphene on metal-oxides has the potential to become the

main production route of graphene-based electronic devices. However,

there is still a critical problem remaining, a band-gap in graphene is

indeed needed in most electronic applications.

One route to open a band-gap in graphene involves the realization
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of graphene nanoribbons31–33 that can be achieved by a bottom-up ap-

proach based on on-surface polymerization.34,35 Another possible route is

the patterning of graphene with 2D molecular nano-architectures aimed

at modifying its electronic properties. According to theory it should be

possible to open a band-gap in graphene by symmetry breaking or by

quantum confinement of graphene’s electrons that scatter from a mole-

cular superlattice.36 The work reported in Chapter 5, while still a fun-

damental study, is dedicated to pursue this goal. The self-assembly of

cyano-functionalized molecules on graphene on Cu(111) was studied by

scanning tunneling microscopy and compared with their self-assembly on

metals. The possibility to realize metal-organic networks from the same

molecules on graphene was also investigated. It is shown that graphene

acts as a buffer layer electronically decoupling the molecules from the

Cu(111) substrate and thus preventing orbital hybridization. However,

substrate templating effects were observed indicating that the influence

of the underlying substrate on the self-assembly on graphene cannot be

neglected. Our work shows that metal-organic networks are not easily

achieved on graphene as is the case for a metallic surface with the same

molecules. Moreover, we observed that the presence of islands of copper

oxide underneath the graphene layer (that locally decouple the graphene

from the substrate) strongly modify the reactivity of the molecular func-

tional groups towards metal-coordination binding motifs. This indicates

that the charge transfer between the molecules and the graphene has

a relevant impact on the chemical reactivity of the molecules adsorbed

and thus the amount of doping in graphene is fundamental for deter-

mining the molecular assembly and, in particular, for the formation of

metal-organic networks.

Porous hydrogen-bonded networks could instead be realized on gra-

phene and the further experimental characterization of this system’s band

structure should reveal if the expected band-gap opening is achieved or

not. The results reported in Chapter 5 provide additional insight that is

relevant for the engineering of assembled nano-architectures on graphene.
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A successful implementation of such hybrid systems would enlarge the

already astonishing potential of the so-called “dream material” graphene.

Possible applications range from very low-power and high-frequency mi-

crochips to new optical devices that use molecules’ chirality and gra-

phene’s transparency to polarize light. Considering surface/molecule in-

teractions, one can consider tuning phonons and electron-phonon inter-

actions by designing proper molecular nano-architectures on graphene or

other two-dimensional materials. Such structures belong to the field of

study of phononic materials.37,38 Phonons, quanta of crystal-lattice vi-

brations, as well as localized vibrational excitations, have critical impact

on electrical, optical and thermal properties of these novel systems. For

example, the heat transport in phononic materials can be hindered or

enhanced by controlling the phonon spectrum though a precise nano-

structuring of the material.37,38 Ultimately, the control over phonons in

materials may also lead to room temperature superconductivity.39 How-

ever, these potential achievements require more fundamental research

investigations before being ready for application in operating devices.

In the following I will focus on one particular application that could be

realized by a spin-off company aimed at commercializing a final graphene-

based product.

Graphene “laser” printing on dielectric materials:

Photolithography is used for the fabrication of leading-edge integrated

circuits and nanoelectromechanical systems. It is a branch of optical

lithography that uses light to imprint the desired geometric pattern on

a substrate by means of a photomask and a light-sensitive chemical pho-

toresist. The production process involves the use of chemical agents to

obtain the final pattern by etching of the unwanted material. A scheme

of the photolithographic process is shown in Figure 6.1. This process can

be expensive due to the many steps involved in the production and it is

usually not environmentally friendly due to the chemicals that are used.

Realization of graphene-based devices may additionally add a mechani-

cal transfer step to the production line. In this respect, the possibility
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Valorization chapter

Figure 6.1: Scheme of photolithographic process. A mask is used to pattern a beam of light on
the surface and thus imprint the desired structure onto a photoresist that is coating the surface.
Afterwards, an etching process is performed by chemical agents.

to grow graphene by Chemical Vapor Deposition (CVD) directly onto a

dielectric material has great advantages. Avoiding the need of a trans-

fer step makes the process of graphene preparation much cheaper. The

elimination of the chemical etching process would also make the realiza-

tion of electronic devices more environmentally friendly. For this reason,

the implementation of a “laser” printing system to directly pattern gra-

phene on dielectric materials would bring considerable advantages. Such

a system would be situated between lithographic methods and the CVD

growth of graphene.

Graphene is usually grown by CVD in a vacuum (low-pressure) oven.

The temperature of the substrate as well as the partial pressure of the

different gas species composing the oven atmosphere are finely controlled.

Chemical reactions with gaseous carbon precursors, for example methane,
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Figure 6.2: Scheme of a modified reactor for CVD-photolithography to perform “laser” printing of
graphene on dielectric surfaces.

are catalyzed by the surface of the substrate. By the right choice of sub-

strate and gas material, graphene can be grown. However, this method

does not give control over the graphene patterning on the surface. On the

other hand, with the implementation of a light source i.e. a laser source,

in a modified CVD reactor, it should be possible to activate the growth

of graphene only in the regions where the light beam is present. Similar

to the lithographic process, an X-ray, UV or visible light beam can be

filtered by a photomask to pattern a substrate. The possibility to com-

bine CVD growth of graphene on dielectric substrates, such as Cu2O/Cu

described in Chapter 4, with the selective growth of graphene provided

by such a modified CVD reactor would avoid the need for etching and

the transfer process. The scheme of such a reactor is shown in Figure

6.2. The working principle of the reactor is the following: the conditions

inside the reactor (temperature and pressure) are chosen to be just below

the threshold for graphene nucleation. Under such conditions graphene

would not grow, or at least not in a reasonable amount of time. However,

shining light on the substrate would provide the driving force to promote

the reaction. The dehydrogenation process can be activated by direct
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Valorization chapter

photoionization of the precursor species on the surface at the specific lo-

cations or by enhancing the local temperature, i.e. with a pulsed laser.

The model for a photolithographic CVD reactor presented here could be

easily adapted for both roll-to-roll graphene printing as well as ultra-high

purity graphene production lines.
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Figure A.1: Left: Real space structure of graphene displaying a honeycomb lattice made of two
triangular sub-lattices indicated by A and B. The unit cell vectors a1 and a2 are drawn. Right:
First Brillouin zone of graphene in reciprocal space. The reciprocal unit cell vectors b1 and b2 are
indicated. kx and ky refer to the components of the electron momentum in the x and y directions,
respectively. The main symmetry points in the Brillouin zone are also marked. Images taken from
ref.1

Fundamental properties of graphene

Graphene is a two dimensional (2D) allotrope of carbon, it is made

of (sp2) carbon atoms arranged in a honeycomb lattice.1 It has to be

distinguished from multilayer graphene and graphite where few or many

layers of graphene are present. In the thesis the word graphene always

refers to single layer graphene. The 2D planar structure of graphene

is due to the hybridization of one s orbital and two p orbitals. The σ

bonding gives to graphene its mechanical robustness while the p orbitals

form a half-filled π band that crosses the Fermi energy and defines gra-

phene’s electronic properties. The σ band is instead a deep valence band

that does not contribute to the charge transport. Figure A.1 shows the

graphene structure in real space as well as the first Brillouin zone of gra-

phene in reciprocal space. The carbon-carbon bond measures a = 1.42

Å and the honeycomb structure can be described by two interpenetrat-

ing triangular lattices with a unit cell consisting of two non-equivalent

carbon atoms indicated by A and B in Figure A.1. The lattice vectors

a1 and a2 measure 2.46 Å and include an angle of 60◦. The vectors in
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reciprocal space are indicated by b1 and b2 and measure 2.95 Å−1. The

vectors can be also expressed with their respective coordinates in real

and reciprocal space as following:

a1 =
a

2
(3,

√
3) a2 =

a

2
(3,−

√
3) (A.1)

b1 =
2π

3a
(1,

√
3) b2 =

2π

3a
(1,−

√
3) (A.2)

The electronic properties of graphene can be described by a tight-

binding Hamiltonian considering that electrons can hop to both nearest-

and next-nearest-neighbor atoms.

H = −t
∑

<i,j>,σ

(a†σ,ibσ,j+H.c.)−t
′ ∑
<<i,j>>,σ

(a†σ,iaσ,j+b†σ,ibσ,j+H.c.) (A.3)

where � = 1, a†σ,i (aσ,i) creates (annihilates) an electron at position ri

with spin σ inside the sub lattice A, the same applies for b†σ,i for the

sub lattice B, t � 2.8 eV (t
′ � [0.2− 0.02]t) is the nearest (next-nearest)

neighbor hopping energy and H.c. is the Hamiltonian conjugated term.1,2

The theoretical π band structure of freestanding (non-doped) graphene

is reported in Figure A.2 and can be expressed as

E±(k) = ±t
√

3 + f(k)− t
′
f(k) (A.4)

with

f(k) = 2 cos(
√
3kya) + 4 cos(

√
3

2
kya) cos(

3

2
kxa) (A.5)

The ± sign refers to conduction (π∗) and valence (π) band that become

symmetric for t
′
= 0. In the case of freestanding neutral graphene, the π

band crosses the Fermi energy at exactly 6 points (K-K
′
) in the Brillouin

zone. Expanding the full band structure close to these K (K
′
) points,

one can obtain the dispersion close to the these points.3

E±(q) � ±vF |q|+O[(q/K)2] (A.6)
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Figure A.2: Left: 3D representation of the π-π∗ bands of graphene. Image from ref.1 Right: 2D cut
of the graphene band structure along the main symmetry directions in reciprocal space. π-π∗ bands
are indicated by the purple curve.

where |q| << |K| is the momentum measured relatively to the K point

with k = K + q. The Fermi velocity vF = 3ta/2 is about 1 · 106 m/s.

Eq. A.6 shows that close to the K (K
′
) points the dispersion is linear.

The particular linear dispersion of electrons close to these points (only

valid at low energies) mimics the physics of quantum electrodynamics of

massless fermions. For this reason, these points are called Dirac points.

In fact, electrons in graphene completely lose their effective mass showing

a quasi-particle behavior that is described by a Dirac-like equation rather

than the Schrödinger equation. However, electrons in graphene close to

the Fermi energy move with a velocity vF that is about 300 times slower

than c.

The peculiarity of the electronic properties of graphene is connected

with the unusual way in which massless Dirac fermions behave compared

to ordinary electrons. For example, if a magnetic field is applied, new

physical phenomena can be observed such as the anomalous integer quan-

tum Hall effect.4–6 Moreover, electrons in graphene can travel for very

long distances (micrometers) without being scattered by the carbon lat-

tice. In other words they are ballistic. The ballistic electron propagation

in graphene is important for applications such as spintronic devices where

the electrons must keep their spin coherence over a long distance. Many

other astonishing effects can happen in graphene and we refer to ref1 for

more details.
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Samenvatting

Een van de eerste natuurkundigen die zijn hoofd boog over het prob-

leem van het manipuleren en controleren van dingen op kleine schaal,

was Richard Feynman in zijn beroemde lezing “Plenty of Room at the

Bottom” in 1959. Een van de dingen die hij zich afvroeg was: Wat zou er

gebeuren als we de atomen een voor een zouden kunnen plaatsen zoals wij

dat willen? Zijn antwoord was als volgt: Ik kan niet precies voorspellen

wat er zou gebeuren, maar ik kan er nauwelijks aan twijfelen dat we,

wanneer we enige controle hebben over de schikking van dingen op kleine

schaal, een veel groter bereik zouden hebben van mogelijke eigenschappen

die stoffen kunnen hebben en van verschillende dingen die wij ermee kun-

nen doen. [...] We kunnen niet slechts de schakelingen gebruiken, maar

een systeem dat gekwantiseerde energie levels bevat, of de interactie van

gekwantiseerde spins, ets..

Onze huidige benadering van microtechnologie is misschien niet be-

trouwbaar genoeg om het niveau van controle te bereiken wat Feynman

in gedachten had. Een kleine fout in het printen van circuits zou een

verwoestend effect hebben op de werking van het apparaat. Daarom

zou het een goed alternatief zijn een bottom-up benadering in micro- en

nano- electronica toe te passen. De bottom-up benadering bestaat uit

zelf-essemblage en zelf-organisatie van elementaire bouwsteentjes. Hier-

door is het mogelijk om extreem geordende structuren te realiseren op

nanoschaal en dus mogelijk Feynmans droom van ultieme miniaturiser-

ing in informatie-opslag en verwerking teverwezenlijken. In het algemeen

wordt met zelf-assemblage een collectief organisatorisch proces bedoeld,
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dat gebruikt maakt van reversibele niet-covalente interacties tussen de

elementen die een systeem vormen. Door deze interacties en onder in-

vloed van een drijvende kracht vormen deze elementen sterk geordende

structuren, welke de mogelijkheid hebben om fouten te corrigeren. Zelf-

assemblage van moleculen is een proces dat uitgebreid bestudeerd is en

grote impact heeft op de studies levenswetenschappen, scheikunde en

natuurkunde. Vanuit het gezichtspunt van een natuurkundige zijn we

vooral gëınteresseerd in de vele mogelijkheden die zelf-assemblage van

moleculen biedt, om hiermee de eigenschappen van een oppervlak te

kunnen modificeren. Moleculen op oppervlakken reageren op een com-

plexe manier, zowel met het oppervlak zelf als met elkaar. De wissel-

werking tussen deze interacties stuurt het gedrag van de moleculen op

het oppervlak. Aan de andere kant maakt dit het erg moeilijk om de

uiteindelijke uitkomst van de zelf-assemblage op voorhand te voorspellen.

Gelukkig kunnen er moleculen gesynthetiseerd worden met verschillende

functionele groepen, maar met hetzelfde hoofdketen. Op deze manier is

het mogelijk de voorkeur te geven aan specifieke intermoleculaire interac-

ties en tegelijkertijd de interacties tussen moleculen en oppervlak vrijwel

gelijk te houden. Door de grote veelzijdigheid aan mogelijke molecu-

laire structuren en de aan zelf-assemblage inherente eigenschappen van

zelf-herkenning en fout-correctie,zijn er vele mogelijkheden voor de func-

tionalisatie van oppervlakte-eigenschappen. Van zulke structuren wordt

verwacht dat ze veel mogelijke toepassingen hebben in elektronische ap-

paraten, katalyse en slimme oppervlaktes in het algemeen.

Dit proefschrift behelst een studie naar zelf-assemblage van moleculen

op oppervlakken door middel van verschillende oppervlaktegevoelige tech-

nieken. Het centrale doel van dit onderzoek is via zelf-assemblage te

komen tot de formatie van moleculaire nano-structuren. In het bijzon-

der is het gericht op het realiseren van moleculaire nano-structuren op

grafeen, met de intentie de elektronische eigenschappen van het grafeen

te modificeren. Organische en metaal-organische geraamtes, voorzien

van poreuze netwerken werden geplaatst op metaaloppervlakken en op



grafeen en werden bekeken in de reële ruimte door de nieuwste “scan-

ning probe” technieken met sub-moleculaire resolutie. Ook het groeien

van grafeen op een dielektrisch oppervlak, gebruikmakend van een schaal-

bare en breed toepasbare methode, wordt besproken. Dit laatstgenoemde

resultaat zou belangrijke gevolgen kunnen hebben voor de industriële

productie van apparaten waarbij grafeen wordt gebruikt.

De gebruikte experimentele technieken worden gëıntroduceerd in

Chapter 1. De opbouw van de materialen werd bestudeerd door middel

van “scanning tunneling microscopy” (STM), “tuning fork atomic force

microscopy” (TF-AFM) en “low energy electron diffraction” (LEED).

Elektronische bandstructuren werden gemeten door middel van “angle

resolved photoemission spectroscopy” (ARPES) in verscheidene synchro-

tronfaciliteiten. In Chapter 2 worden de experimentele (STM, LEED)

en theoretische resultaten van de zelf-assemblage van triarylamine deri-

vaten, gefunctionaliseerd met cyanagroepen, gepresenteerd. Het hoofd-

stuk gaat vooral over het belang van het Au(111) substraat voor het

bepalen van de geassembleerde structuur. Verandering van de molecu-

laire oriëntaties en formaties van metaalgecoördineerde bindingspatronen

worden waargenomen en begrepen als direct gerelateerd aan de eigen-

schappen van het Au(111) oppervlak. In het bijzonder introduceert

de reconstructie van het Au(111)-oppervlak in de vorm van een vissen-

graatpatroon een toegevoegde randvoorwaarde die de plaatsing van de

moleculenbinnen de eenheidscel bëınvloedt. Dit resulteert in een zwakke

correlatie in de rotatie van het molecuul, en het wordt opgevat als een

gelijke bijdrage van intermoleculaire interacties en molecuul/substraat

interacties. Verscheidene intermoleculaire interacties worden waarge-

nomen en besproken: antiparallelle dipolaire koppeling tussen cyaan-

groepen, waterstofbruggen en metaalgecoördineerde binding van cyaan-

groepen met Au-atomen. Twee verschillende nanoporeuze netwerken

werden vastgesteld. Een gestabiliseerd door antiparallelle dipolaire kop-

peling en waterstofbruggen en een andere waarbij ook metaal-ligand in-

teractie plaatsvindt tussen cyaangroepen van het molecuul en de oor-



spronkelijk in het oppervlak aanwezige Au-atomen. Het laatstgenoemde

is vrij vreemd aangezien het Au oppervlak meestal weinig reactief is,

maar het blijkt veel voor te komen bij cyaan-Au(111) molecuul-substraat

interacties aangezien het ook is geobserveerd bij andere cyaan gefunctio-

naliseerde moleculen (Chapter 3).

In Chapter 3 wordt de assemblage van een langwerpig molecuul

(sexiphenyldicarbonitril) met cyaangroepen aan de uiteinden besproken.

Poreuze netwerken, bijeengehouden door waterstofbruggen en metaal-

organische geraamtes worden waargenomen en de verschillende bind-

ingspatronen worden in detail besproken. Eenmet waterstofbruggen ge-

bonden ruitvormig netwerk wordt waargenomen wanneer de moleculen

bij kamertemperatuur op het Au(111) oppervlak op kamertemperatuur-

worden geplaatst en bij een kleine verhitting (T< 575 K) zal het netwerk

omgezet worden naar een nanoporeus netwerk met een honingraatstruc-

tuur, gestabiliseerd door de cyaan-Au(111)-interactie. Een sterk geor-

dend metaal-organisch geraamte wordt ook verkregen door het tegelijk

plaatsen van Co atomen op het oppervlak, en dus het bevorderen van de

formatie van cyaan-Co bindingen. Sterkere verhitting (T> 575 K) van

de moleculen op onbehandeld Au(111) leidt echter tot de formatie van

metaal-gecoordineerde patronen waar 5, respectievelijk 6 cyanogroepen

bij betrokken zijn. Deze bindingspatronen leiden op lange termijn tot

geen enkele georganiseerde structuur. De geobserveerde netwerken wor-

den bestudeerd met behulp van STM en “tuning fork non-contact Atomic

Force Microscopy” (“qPlus” NC-AFM, TF-AFM) bij 4 K. TF-AFM is

een ultramoderne “scanning probe” techniek die een sub-moleculaire res-

olutie geeft en het mogelijk maakt om moleculaire bindingsmotieven zeer

gedetailleerd weer te geven.

Een van de doelen van dit proefschrift was gebruik te maken van

het zelf-assemblage van moleculen om de elektronische eigenschappen

van grafeen te modificeren met als doel zijn bruikbaarheid uit te breiden

naar een groot aantal nieuwe toepassingen (Chapter 4 and 5). Grafeen

is een 2D materiaal dat bestaat uit een enkele laag koolstofatomen; de



vervaardiging van grafeen uit grafiet resulteerde in de Nobelprijs voor

de Natuurkunde voor Andre Geim en Konstatin Novoselov in 2010. Het

belang van dit materiaal hangt samen met zijn unieke eigenschappen,

waaronder Dirac-achtige elektronen, spincoherentie op lange afstand en

hoge mobiliteit van ladingsdragers. Deze eigenschappen zijn belangrijk

wanneer men toepassingen met kwantumeffecten wil realiseren, die bruik-

baar zijn op een macroscopische schaal en bij kamertemperatuur. Het

realiseren van toepassingen met onder andere hoge gevoeligheid en een

laag energieverbruik zijn veelbelovend voor de toekomst.
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