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Introduction

In 1959, Richard P. Feynman in his famous talk “There is Plenty of Room at the
Bottom” [1] predicted fabrication of ultimately small systems with dimensions on the
order of tens of nanometres. He anticipated that these small systems might
revolutionize science and technology affecting our everyday lives. This talk is
considered as the commencement of nanotechnology, which aims to fabricate systems
with extraordinary functional properties at the ultimate length scale of atoms and
molecules. In the following years, the top-down and bottom-up approaches of
nanotechnology were developed [2]. The top-down approach starts from larger pieces
of material and employs cutting or etching techniques to create smaller structures,
while the bottom-up approach, in contrast, employs small building blocks such as
molecules or even atoms for assembling nanoscale structures. One of the applications
where both approaches can be utilized is electronics. In particular, the top-down
approach has been successfully used for production of semiconductor electronic
devices. In order to improve the performance of semiconductor devices, the
comprising electronic components undergo constant miniaturization involving a
higher level of structural complexity. Nowadays, the production of transistors, the
fundamental building blocks of modern semiconductor devices, with characteristic
feature sizes in the order of 10 nm became common [3]. However, it is clear that there
is a limit for the scaling down process. By further reducing the size of transistors, the
semiconductor technology will soon face fundamental limits which will adversely
affect the performance of the fabricated devices [4,5]. One of the major fundamental
limits is related to insufficient electrical insulation. For instance, shrinking the
transistor gate insulation made of silicon oxide to five atomic layers will induce
unwanted leakage currents driven by tunnelling effects [6,7]. In addition, the
miniaturization of semiconductor devices will increase the number of defective
transistors due to the implementation of the more complex fabrication technology.
This number might play a critical role for the overall device performance. Therefore, it
is important to explore new approaches for the fabrication of (nano)electronic devices.

A promising alternative approach is to synthesize supramolecular architectures
with desired functionality. This bottom-up approach is based on concepts of
supramolecular chemistry [8] which aims to understand the structure, functions and
properties of supermolecules. The central concept of supramolecular chemistry is

https://en.wikipedia.org/wiki/Electronic_device
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molecular self-assembly. In general, molecular self-assembly is defined as the
spontaneous association of well-defined molecular building blocks into ordered
structures stabilized by non-covalent bonds. This concept is ubiquitous in biological
systems where vital processes such as enzyme action, molecular transport, processing
of genetic information and protein assembly are fulfilled by complex and exquisite
supermolecules. By carefully designing molecular building blocks a diverse class of
complex organic supermolecules exhibiting versatile functional properties can be
achieved. In recent years, research has been rapidly growing to produce molecular
architectures with a wide range of potential applications in organic and molecular
electronics such as molecular sensors [9], nanoelectronics [10], optoelectronics
[11,12], organic solar cells [13,14] and heterogeneous catalysis [15,16]. The concept
of molecular self-assembly was also applied to construct low-dimensional molecular
architectures upon adsorption of organic molecules on solid surfaces [17,18]. In
particular, molecular architectures assembled on well-defined metallic surfaces
provide versatile examples of how specific structural features such as shape,
composition and adsorption geometry control extraordinary functional properties of
molecular nano-architectures [19].

Motivated by the prospects of molecular self-assembled structures in organic
and molecular electronics, this thesis addresses two main topics. The first topic
focuses on controlled fabrication of two-dimensional supramolecular structures on
metallic surfaces. Special attention is paid to the topography of molecular
arrangements and underlying interactions, including intermolecular and molecule-
substrate interactions. The second topic is centred on understanding the local
adsorption geometry, chemical and electronic environment of the created molecular
overlayers. The present thesis is organized as follows:

Chapter 1 briefly reviews the up-to-date fundamental aspects of molecular self-
assembly at the solid-vacuum interface. The chapter focuses on the intermolecular
and molecule-substrate interactions, which govern molecular self-assembly on solid
surfaces. Several examples of molecular self-assembled structures stabilized by
different types of intermolecular interactions are given and the particularities of
related self-assembly processes are emphasized.

Chapter 2 presents an overview of the experimental techniques and
instrumentation used in the studies of this thesis. Working principles of different
surface-sensitive techniques such as scanning tunnelling microscopy (STM) and
spectroscopy (STS), low-energy electron diffraction (LEED) and X-ray photoelectron
spectroscopy (XPS) as well as X-ray standing wave (XSW) and near-edge X-ray
absorption fine structure (NEXAFS) measurements are described.

Chapter 3 reports on the self-assembly of pyridyl-functionalized molecule 1 on
the Au(111) surface. By varying the substrate temperature, molecular structures



Introduction

3

stabilized by different intermolecular interactions were achieved. Close attention is
given to the structures stabilized by coordination of the molecules to the Au atoms
originated from the underlying surface. We investigate what predetermines the
formation of Au-coordinated molecular structures with a particular number of
coordinated ligands as well as what makes some of these structures favourable on Au
substrates. In addition, by means of XPS and NEXAFS we characterize the chemical
environment and conformation of molecule 1 in the observed structures.

Chapter 4 focuses on the self-assembly of pyridyl-functionalized molecule 2 on
the Au(111) surface. We demonstrate that the formation of created Au-coordinated
molecular networks can be steered by the substrate temperature. By comparing the
observed self-assembly with the one of the similar molecule 1, we investigate the
influence of the structural differences between molecules 1 and 2 on their self-
assembly behaviour as well as what leads to the different thermal stability of the
observed molecular networks. In addition, we find that one of the observed molecular
networks formed by molecule 2 can confine the Au surface state electrons inside its
pores, which makes this network a promising candidate for tuning the electronic
properties of metals by molecular patterning.

Chapter 5 shows how the electronic properties of metallic surfaces can be tuned
by molecular pattering in a controllable manner. We created a long-range ordered
porous metal-coordination network by depositing linear cyano-functionalized
molecule and Co atoms on Au(111). This porous network confines the Au surface state
electrons inside its cavities. Observed electron confinement leads to the formation of a
new electronic band structure with band gaps at the boundaries of the network
Brillouin zone, which is of particular interest for building organic based electronic
devises.

Chapter 6 extends the knowledge about the porphyrin/metal interface. It gives
insight into the chemical environment and conformation of pyridyl-functionalized
porphyrin molecule adsorbed on Ag(111). We characterized the binding energies and
vertical adsorption heights of the chemically different atomic species within the
molecules by means of XPS and XSW. The obtained results shed light onto the
molecule-substrate interactions and pave the path towards employing porphyrin
molecules with magnetic metal atoms as single-molecule magnets on non-magnetic
metallic surfaces.
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Chapter 1

Molecular self-assembly at the solid-vacuum interface:
An overview

Detailed understanding of the molecular self-assembly at the solid-vacuum
interface is of great importance for utilizing molecules as a building material in
nanotechnology. The adsorption behaviour of molecules on a surface affects their self-
assembly process. To form supramolecular structures, the molecules undergo both
intermolecular and molecule-substrate interactions. In particular, the subtle interplay
between intermolecular and molecule-substrate interactions facilitates the formation
of supramolecular structures with appropriate complexity and characteristics.
Understanding the mechanisms which govern self-assembly processes on surfaces
will support the construction of supramolecular structures with complexity levels
similar to those in biological systems. In this chapter, the fundamental aspects of self-
assembly at the solid-vacuum interface are briefly outlined covering the mechanisms
which govern molecular adsorption and the principal interactions involved in
arranging adsorbates on surfaces. Examples of supramolecular structures stabilized
by different types of interactions are described, emphasizing the particularities of the
related self-assembly processes.
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1.1 Introduction

Supramolecular chemistry is a domain of chemistry which focuses on molecular
systems constructed from discrete molecular units held together by intermolecular
non-covalent interactions [1,2]. The term supermolecule (or supramolecule) is used to
describe an association of molecules stabilized by non-covalent interactions [3]. The
supermolecules are ubiquitous in biological systems, where they maintain vital
processes such as molecular recognition, catalysis and transport. The importance of
supramolecular chemistry was recognized in 1987 by the Nobel Prize in Chemistry
which was awarded to Donald J. Cram, Jean-Marie Lehn and Charles J. Pedersen for
syntheses of supermolecules that mimic important biological processes. The research
topics associated with supramolecular chemistry have gained a lot of interest in the
scientific community due to the possibility of implementing supramolecular
structures in electronic devices.

Molecular self-assembly is a fundamental concept of supramolecular chemistry.
It is defined as “the spontaneous association of molecules under equilibrium
conditions into stable, structurally well-defined aggregates joined by non-covalent
bonds” [4]. In molecular self-assembly, molecules serve as building blocks which
organize themselves into well-defined molecular structures (Figure 1.1). Molecular
organization occurs due to site-specific recognition and binding of the molecules
between each other. Molecular recognition is another fundamental concept of
supramolecular chemistry. The molecules are able to identify each other via non-
covalent interactions. These interactions can be classified in terms of interaction

Figure 1.1: Schematic representation of 1D, 2D and 3D assemblies mediated by molecular
recognition processes (yellow circles) between complementary building blocks (blue and red). The
recognition is translated into 1, 2 and 3 dimensions of space for constructing 1D, 2D and 3D
assemblies, respectively (adapted with permission from Ref. [5]).
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strength, typical bonding length and character. Table 1.1 gives an overview of non-
covalent interactions which are typically involved in self-assembly processes.
Hydrogen bonding and metal-ligand interactions are selective and directional, while
van der Waals and electrostatic interactions are non-selective. More pronounced
selectivity and directionality of non-covalent interactions facilitate better molecular
recognition and result in molecular structures with higher degrees of organizational
complexity [3]. In comparison with covalent interactions, the non-covalent
interactions have weaker bonding strengths which account for their reversible nature.
This feature allows error correction of defective molecular arrangements. However,
the sum of the relatively weak interactions across an entire assembly can lead to
robust structures with self-healing characteristics [6–8].

Type of interaction Strength, eV Bonding length, Å Character

Van der Waals � �a�b r �a� � �� Non-selective

Hydrogen bonding � �a�� r �aU � �a� r ta� Selective, directional

Electrostatic � �a�� r t Up to several nm Non-selective

Dipole-dipole � �a� r �a� � b r t Directional

Metal-ligand � �a�� r t � �a� r ba� Selective, directional

Table 1.1: Types of non-covalent interactions with typical interaction energies and bond
lengths (reproduced with permission from Ref. [9] and [10]).

The specific shape, composition and functional properties of a molecular self-
assembly depend to a great extent on the structural properties of the component
building blocks. In order to create a molecular architecture with desired structure and
functional properties, the molecular units have to be designed properly. The
characteristics of the building blocks such as elemental composition, size, symmetry,
number and positions of recognition sites largely predetermine the structure and
reactivity of the units. For example, by varying the number of recognition sites per
molecule, the dimensionality of the self-assembly can be changed (Figure 1.1).
Thereby, molecular architectures with desired dimensionality, symmetry and
intermolecular bond strength can be realized by tuning the characteristics of the
building blocks [5].

The self-assembly of molecules can occur at various interfaces, for instance, at a
solid-liquid interface [11] or at a solid-vacuum interface [9,12]. The interface as well
as the medium (e.g. solution, vacuum), where molecular self-assembly takes place,
affects the association process of the molecules. It is of great importance to have a
clear understanding of the effects caused by the interface as well as the medium (e.g.
the solution medium at the solid-liquid interface).
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All studies in this thesis were conducted at the solid-vacuum interface. Thus,
only the basic principles of the self-assembly processes at the solid-vacuum interface
will be further explained.

Experiments at the solid-vacuum interface imply deposition of molecules from
the vapour phase onto a solid substrate. Once the molecules are on a surface, a
multitude of processes can occur. The molecules may diffuse over the surface terraces
and interact with each other and with the substrate resulting in nucleation of
aggregates or attachment to already existing self-assembled structures. Due to weak
interactions between the molecular units, non-covalent bonds continuously form and
break until a stable structure is constructed. The structure formation is driven by
competition between kinetics and thermodynamics. To evaluate the kinetics of
structure formation, the ratio between the molecular deposition flux and the surface
diffusivity (a parameter which describes the diffusion of molecules on a surface) is
used [10,12]. If the flux is high and the diffusivity is low, the molecules will have no
time to probe all variations of the potential energy landscape of the surface and will be
trapped in a diffusion-limited state without forming an equilibrium structure [13]. In
this case, the structure formation is determined by kinetics and defined by the term
“self-organization”. If the flux is low and the diffusivity is high, the molecules have
time to explore the potential energy landscape of the surface and form the
thermodynamic equilibrium structure. In this case, the structure formation is
determined by thermodynamics and defined by the term “self-assembly” (Figure 1.2).

In order to elucidate the molecular self-assembly process on a surface,
characteristics must be considered such as the kinetic energy Ekin of the molecule on
the surface, the adsorption energy Eads, the surface diffusion barrier Ediff and the
intermolecular interaction energies Eint [10,12]. The relationship between the
energies involved determines the behaviour of molecules on a surface. For instance,
after molecular deposition, when molecules have already adsorbed on a surface, the
kinetic energy Ekin of these molecules must not exceed the adsorption energy Eads,
otherwise the molecules would desorb from the surface. Once the molecules remain
on the surface, diffusion can take place. In order to move from one site to another on
the substrate atomic lattice, the molecule has to overcome the diffusion barrier Ediff

between these two sites. The heights of the diffusion barrier for a molecule to move
over a surface terrace, along a terrace edge or to cross a terrace edge are different. For
a given material, the heights of different diffusion barriers are correlated with the
atomistic processes of the material [14]. The preference for a particular diffusion
process is dictated by the ability of the molecule to surmount the diffusion barriers.
Diffusion is mostly thermally activated. By changing the temperature of the substrate,
the molecules gain or lose a certain amount of kinetic energy and are able to move if
their kinetic energy Ekin is larger than the diffusion barrier Ediff. The relation between
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Figure 1.2: Schematic illustration of kinetically driven self-organization (left) and
thermodynamically driven self-assembly (right). The adsorbates are blue, the surface is yellow.
Depending on the ratio between the adsorbate deposition rate and the diffusivity of the adsorbate
on the surface either self-organized structures (in the case of a high ratio between flux and
diffusivity) or self-assembled structures (in the case of a low ratio between flux and diffusivity) are
formed. The self-organized structures are kinetically trapped in a local minimum of the potential
energy landscape and can be far from the thermodynamic equilibrium. The self-assembled
structures are in the global minimum of the potential energy landscape and in thermodynamic
equilibrium, (adapted with permission from Ref. [10]).

kinetic energy Ekin and surface diffusion barriers Ediff defines the molecular mobility
on the surface. The intermolecular interaction energies Eint influence the ability of the
molecules to aggregate in ordered structures by forming intermolecular bonds. The
interaction energy Eint has to be sufficient for the molecules to form reversible
intermolecular bonds and to explore the adsorption position at which the equilibrium
self-assembly can be achieved. If the interaction energy Eint is too large with respect to
the kinetic energy Ekin, the molecules will interact irreversibly once they have met,
preventing the formation of an equilibrium structure. If the interaction energy Eint is
small with respect to the kinetic energy Ekin, the molecules will not be able to form a
stable structure. The interaction energy Eint should be equal or slightly larger than the
kinetic energy Ekin. In this case, the molecules will form a stable structure under
equilibrium conditions. Thus, the energy conditions for molecular self-assembly on a
surface can be summarized as: Eads>Eint ≥Ekin>Ediff [10]. A schematic representation of
these conditions is depicted in Figure 1.3. All described energies are determined by
interactions during the molecular self-assembly process on a surface, namely by
lateral intermolecular (molecule-molecule) interactions and molecule-substrate
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Figure 1.3: Schematic representation of the different energies important for molecular
self-assembly on a surface where Eads>Eint≥Ekin>Ediff (adapted with permission from Ref. [10]).

interactions. Tuning these interactions allows the construction of functional molecular
architectures in a controllable manner.

The interactions between molecules and a substrate are a key issue in the
formation of 2-dimensional (2D) supramolecular structures on surfaces. Molecule-
substrate interactions can be characterized either by chemisorption or physisorption.
Chemisorption implies the formation of chemical bonds between the molecules and
the surface with a mutual sharing or transfer of electrons. In some cases, the
electronic structure of the adsorbate can be drastically affected by electrons from the
substrate, which can lead to charge transfer between the substrate and the molecules.
Alternatively, physisorption is associated with relatively weak van der Waals forces
characterized by the polarization of the adsorbed molecules as well as the surface; no
exchange of electrons occurs [15]. The chemisorbed molecules interact stronger with
the surface (the interaction energy � 1 eV) than the physisorbed ones (the interaction
energy � 1 eV) [15].

Molecular adsorption onto the surface confines the molecules in two
dimensions. New features of the molecular self-assembly arise due to the presence of
the solid substrate. The impact of a substrate on molecular self-assembly will be
discussed next. Firstly, the choice of substrate influences the diffusion of the
molecules on the surface which directly affects the self-assembly process. Molecules
with higher diffusion form well-ordered structures easier than those with lower
diffusion. Diffusion of molecules is limited on highly reactive substrates [16]. By
proper selection of the substrate, the diffusion barriers along different lateral surface
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directions can be activated or suppressed. For example, one-dimensional motion can
be promoted by choosing anisotropic surfaces [17,18]. Control over the diffusion can
enable the fabrication of more complex molecular structures as it is realized for metal
nanostructures [13,19–21]. Secondly, the choice of the substrate influences the
adsorption geometry of the molecules including adsorption site, conformation and
orientation with respect to the surface. The conformation of the adsorbed molecules
on a surface is mediated to a large extent by molecule-substrate interactions [22,23].
Thirdly, the substrate can induce a modification of the functional molecular groups as
well as mediate interactions [24]. For example, molecules with hydroxyl groups can
become deprotonated upon deposition on Cu surfaces [25–27] and/or the molecules
with specific terminal groups can form metal-organic coordination networks (MOCNs)
with substrate atoms [28,29]. Molecule-substrate interactions can induce a
rearrangement of the substrate’s atomic lattice. Artificially patterned or reconstructed
surfaces can serve as templates with preferential adsorption sites for molecules, thus
steering their self-assembly [18,30–33]. Due to the substrate symmetry, the molecules
can exhibit template growth along certain symmetry directions [34–36]. Hence,
molecule-substrate interactions considerably influence the molecular self-assembly
process on the surface. They counterbalance intermolecular interactions. Thus, it is of
great importance to understand both intermolecular and molecule-substrate
interactions as well as their interplay in order to build complex molecular
nanostructures.

1.2 Assemblies based on hydrogen bonding

Hydrogen bonding (H-bonding) is defined as “an attractive interaction between
a hydrogen atom from a molecule or a molecular fragment X–H in which X is more
electronegative than H, and an atom or a group of atoms in the same or a different
molecule, in which there is evidence of bond formation” [37]. H-bonding is a very
common type of intermolecular interaction in supramolecular chemistry due to its
selectivity, directionality and reversibility [38]. H-bonding provides the possibility to
control interaction strength by involving different numbers of H-bonds in the self-
assembly process [6]. In biological systems, hydrogen bonds play crucial roles in many
fundamental and vital processes, such as protein folding or expression and transfer of
genetic information. The molecules can be terminated with many different functional
groups in order to participate in H-bonding [38]. Therefore, a large variety of
molecular structures with different shapes can be built from molecules functionalized
to engage in H-bonding.

The self-assembly process on a surface governed by H-bonding is nicely
illustrated with the example of the formation of various structures from trimesic acid
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molecules. Trimesic acid molecules (TMA, C9H6O6) have a planar structure with three-
fold symmetry and are terminated by three carboxylic acid groups (Figure 1.4a, inset).
The molecules of trimesic acid interact with each other through their carboxylic acid
groups. The carboxylic acid group possesses a carbon (C) atom bonded to an oxygen
(=O) atom by a double bond and to a hydroxyl group (−OH) by a single bond. This
functional group is a universal group for H-bonding. It can simultaneously serve as
both the proton donor (−OH group) and the proton acceptor (=O atom) for hydrogen
bonds. On highly ordered pyrolytic graphite (HOPG) under UHV conditions, TMA
forms two different planar structures which co-exist: a honeycomb structure (Figures
1.4a and c) and a flower structure (Figures 1.4b and d) [39]. The honeycomb
structure is stabilized by dimeric H-bonding (see the red lines between the carboxylic
acid groups in Figure 1.4c) while the flower structure is held together by a
combination of dimeric H-bonding and trimeric H-bonding (see the red lines between
carboxylic acid groups in Figure 1.4d). A HOPG substrate is generally considered to
have a weakly interacting surface. Therefore, the self-assembly of TMA on HOPG is
predominantly governed by intermolecular interactions. In the case where

Figure 1.4: Self-assembly of TMA on HOPG. a) STM image of the honeycomb structure
stabilized by dimeric H-bonding. The inset shows the chemical structure of TMA. b) STM image of
the flower structure stabilized by trimeric H-bonding. c) and d) represent the tentative models of
the structures in a) and b), respectively (adapted with permission from Ref. [39]).
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TMA molecules are deposited onto a more reactive substrate, such as Cu(100), the
formation of well-ordered structures is hampered due to the domination of molecule-
substrate interactions. As a result, only highly defective honeycomb structures are
created on Cu(100) [25]. On the less reactive Au(111) substrate, the formation of
many different well-ordered structures held together by H-bonds has been observed.
The structures are stabilized by a combination of dimeric and trimeric H-bonding. The
self-assembled arrangements can be tuned between the two extreme cases of pure
dimeric and pure trimeric H-bonding through varying the molecular coverage [40].
The study in Ref. [40] showed control over the formation of the various self-
assembled networks with desired interpore distances.
Another remarkable example of molecular self-assembly stabilized with H-bonding is
the self-assembly of two molecules having complementary end groups. The molecules
perylene tetracarboxylic diimide (PTCDI, see Figure 1.5a) and 1,3,5-triazine-2,4,6-
triamine (melamine, Figure 1.5b) were employed to form a two–dimensional porous
network on Ag/Si(111) (Figure 1.5d) [41] and on Au(111) [42]. The melamine
molecules exhibiting three-fold symmetry interact with linear PTCDI molecules via
triple H-bonding (Figure 1.5c). Thereby, a hexagonal structure is formed with
melamine molecules located at the vertices and PTCDI molecules situated at the edges.
The self-assembly of PTCDI and melamine molecules demonstrates the successful
realization of a bicomponent structure serving as a template for accommodating guest
molecules. Moreover, it shows the ability to tailor the size and periodicity of the pores
within a porous network by designing complementary building blocks.

Figure 1.5: Self-assembly of PTCDI and melamine on Ag/Si(111). a) and b) Chemical
structures of PTCDI and melamine, respectively. The chemical elements are marked with different
colours. c) Schematic illustration of a PTCDI-melamine junction stabilized by triple H-bonding. d)
STM image of the honeycomb structure formed by PTCDI and melamine molecules. The inset shows
a high-resolution image of the Ag/Si(111)-�t � �t�t�� substrate surface. Both white scale bars
corresponds to 3 nm (adapted with permission from Ref. [41]).
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1.3 Assemblies based on metal-coordination

Metal-coordination arises from the donation of a pair of electrons from an
orbital on a ligand atom (a lone pair) to fill an empty orbital on a metal atom. Upon
metal-coordination, the lone pair originates solely from the ligand atom. This is in
contrast to a covalent bond where each of the two partner atoms donates an electron
to form an electron pair. When the metal-coordination bond is broken, the pair of
electrons remain with the ligand atom [43]. A metal-ligand bond exhibits selective and
directional characters as a H-bond. However, it usually exhibits a stronger interaction
strength compared to a H-bond (Table 1.1). A metal-ligand bond features sufficient
reversibility for the formation of well-ordered structures. Indeed, a large amount of
metal-coordinated structures were created by utilizing ligands of carboxylate, cyano,
pyridyl, thiol, hydroxyl, bipyrimidine, terpyridine and metal atoms of Cu, Fe, Co, Au, Ni,
Mn, Zn, Ce, Gd, Eu on noble metal surfaces of Au, Ag and Cu [44]. During the formation
of metal-coordinated structures on a surface, attention must be paid to the
interactions of both the metal adatoms and the molecules with the surface. The
surface can strongly and irreversibly interact with the adsorbates inducing
modifications of the functional groups [24–27], alloying with the metal adatoms [45–
47] and altering the diffusion properties of both the metal adatoms and the molecular
adsorbates [9,14,20]. MOCNs can be used to pattern surfaces with tuneable
superstructures of metal atom arrays for applications in catalysis, to build up well-
defined cavities in order to control host-guest interactions or to confine molecular
motions as well as to design metal-organic compounds for organic electronics.

MOCNs were systematically studied for carboxylate functionalized molecules.
The formation of a carboxylate complex can be achieved by deprotonation of a
carboxylic acid group adsorbed on a catalytically active surface. In particular, the
deposition of TMA molecules onto Cu(100) results in the formation of carboxylate
complexes coordinated to substrate atoms [25]. The catalytic activity of Cu(100)
induces the deprotonation of the carboxylic acid groups. Studies of deprotonated TMA
molecules on Cu(100) revealed the formation of metal-coordinated Cu(TMA)4 and
Cu2(TMA)6 clusters in the range of 250-300 K [25,48]. In these studies, the Cu
coordination centres were provided from the substrate by detachment of metal atoms
from the atomic steps. Similar studies were conducted with deprotonated TMA
molecules and co-deposited Fe atoms on Cu(100) (Figures 1.6a and b) [49,50]. These
studies showed the formation of chiral Fe(TMA)4 clusters similar to Cu(TMA)4 in Ref.
[48]. Upon annealing at 400 K, the chiral Fe(TMA)4 clusters form a porous network
(Figures 1.6c and d). The cavities of this network can be used for accommodating
other molecular species, e.g. C60 [51].
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Figure 1.6: Self-assembly of TMA and Fe on Cu(100). a) Deposition of TMA and Fe onto
Cu(100) held at 300 K results in the formation of Fe(TMA)4 chiral clusters with mirror-symmetric
configurations S and R. b) Structural models of R and S chiral enantiomers. c) Annealing the
sample at 400 K leads to the formation of homochiral nanocavity domains assembled from
Fe(TMA)4 clusters. d) Structural model of the nanocavity composed from S enantiomers (adapted
with permission from Ref. [50]).

Also cyano-functionalized molecules have been frequently employed to create
metal-coordinated structures [44]. For instance, the dicarbonitrile-polyphenyl linkers
with variable length (NC-Phn-CN with n = 3, 4, 5 and 6) and Co atoms were used on
Ag(111) to create extended regular metal-coordinated honeycomb networks with
different pore dimensions (Figure 1.7) [52,53,55]. The hexagonal networks were
comprised of mononuclear nodes where each Co metal adatom was linked to three
dicarbonitrile ligands in a trigonal fashion (Figures 1.7a1-d1). The experimental
studies showed that the three-fold symmetry of the coordination motif is independent
from the length of the employed linkers. Porous structures with pore dimensions of
up to 6.7 nm could be realized. The reported networks possess long-range order with
single domains extending over µm2 of surface area and exhibit thermal stability up to
room temperature. In order to assess the interactions between the Co centre and the
underlying surface, density functional theory (DFT) calculations were performed for a
Co-carbonitrile node in a free planar configuration and for a four Ag atom cluster
placed underneath the Co-carbonitrile node. The four Ag atom cluster was
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Figure 1.7: Honeycomb metal-coordinated molecular networks comprised of
dicarbonitrile polyphenyl molecules with different lengths and Co adatoms on Ag(111). a-d) STM
images of the Co-directed self-assembly of NC-Phn-CN with n=3, 4, 5 and 6, respectively. a1-d1)
Schematics of the dicarbonitrile molecular linkers and the three-fold Co-coordinated bonding
motif depicted in a-d, respectively (adapted with permission from Ref. [52] and [55]).

an approximation of the underling Ag(111) surface. The comparative calculations
revealed that the Ag substrate atoms play a decisive role in the formation of the Co-
coordinated structures with three-fold symmetry. The four-fold coordination was
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found to be favoured in the free planar configuration while the three-fold coordination
is preferred for the Co-coordinated nodes above the Ag cluster. The tendency of the Co
centres to involve in three-fold coordination with dicarbonitrile molecules on Ag(111)
was associated with the electronic hybridization between Co and Ag atoms [52]. The
Co-carbonitrile networks provide robust templates for positioning co-adsorbed guest
species. Dicarbonitrile molecules with different lengths were trapped inside the
hexagonal pores. Their tip-induced molecular motions were studied with respect to
the size ratio between the pore and the guest molecule [52]. Moreover, the study of
co-deposited Fe and Co atoms onto Co-coordinated networks revealed that the Fe
atoms can selectively decorate either the molecules or the Co coordination nodes by
varying the substrate temperature between 85 and 220 K [54]. The Co atoms prefer to
exclusively decorate the phenyl moieties of the organic ligands in the same
temperature range. Additionally, varying the length of molecular linkers results in a
different distance between the Fe and the Co clusters. Thus, metal-organic
nanostructures with tuneable lattice constants selectively decorated by Fe or Co
clusters possessing different shape and spacing can serve as templates and give rise to
new electronic and magnetic properties.

Self-assemblies based on metal-coordination of pyridyl groups. By
employing molecules with terminal pyridyl groups, various metal-coordinated
structures can be realized on a surface. For instance, 1,3,5-tris(pyridyl)benzene (TPyB)
molecules with Cu adatoms form a variety of coordination networks driven by in-
plane compression on Au(111) (Figures 1.8a-d) [56]. The control over structure
formation was gained by tuning the molecular coverage of the molecules. At coverages
below 0.34 TPyB/nm2, a hexagonal porous network is the most abundant phase.
Increasing the molecular coverage results in nonreversible structural transformations.
Metal-coordinated networks with pentagonal, rhombic, zigzag and triangular
structures sequentially appeared on the surface by gradually increasing the coverage.
Moreover, the change in molecular coverage led to modifications of the coordination
bonding motif: from metal-coordination with two-fold symmetry in the hexagonal,
pentagonal, rhombic and zigzag phases to metal-coordination with three-fold
symmetry in the triangular phase. Thus, the symmetry of the Cu-pyridyl coordination
can be alternated by varying the coverage of the building blocks on the surface.

Functionalizing porphyrin molecules with pyridyl ligands might give new
properties to 2D metal-coordinated structures. The porphyrin macrocycle provides an
additional coordination site for metal atoms or ions [33,57–59]. Long-range ordered
molecular structures with a homogeneous distribution of different metal sites may
have interesting electronic and magnetic properties. A metal-coordinated network
exhibiting an ordered array of metal centres with different oxidation states was
fabricated from 5,10,15,20-tetra(4-pyridyl)porphyrin molecules (2HTPyP) and Cu
adatoms on Au(111) (Figure 1.9). [60]. The porphyrin molecules were found to
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Figure 1.8: Structural transformations of TPyB-Cu networks on Au(111). a) Hexagonal
phase, 0.32 TPyB/nm2 (20×20 nm2). b) Pentagonal phase, 0.32 TPyB/nm2 (20×20 nm2). c)
Rhombic phase, 0.34 TPyB/nm2 (10×10 nm2). d) Zigzag phase, 0.40 TPyB/nm2 (20×20 nm2). e)
Minor phase containing TPyB molecules involved in two and three-fold coordination, 0.47
TPyB/nm2 (10×10 nm2). f) Triangular phase, 0.47 TPyB/nm2 (15×15 nm2). a1-f1) Structural models
of the Cu-coordinated networks depicted in a-f), respectively. Cu is green, C is grey, N is red
(adapted with permission from Ref. [56]).
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Figure 1.9: Self-assembly of 2HTPyP and Cu atoms on Au(111). a) Formation of a Cu-TPyP
structure. b) At 300 K, 2HTPyP and Cu form a metal-coordinated structure where Cu atoms exhibit
an oxidization state 0, Cu(0). c) Annealing at 450 K activates the formation of Cu(II)TPyP
complexes. Depicted porphyrin molecules have different contrast. The dimmer molecules
correspond to the Cu(II)TPyP complexes while the brighter molecules correspond to the 2HTPyP
coordinated to Cu(0). Further annealing results in enlarging the area with dimmer molecules.
Cu(0) is green, Cu(II) is yellow, C is grey, N is blue, H is light grey (adapted with permission from
Ref. [60]).

interact with Cu adatoms via coordination to the pyridyl groups and metalation of the
porphyrin macrocycle (Figure 1.9a). At room temperature, 2HTPyP and Cu form a
metal-organic network where the neutral Cu adatoms possess an oxidization state of 0,
Cu(0), are coordinated to both the pyridyl groups and the inner nitrogen atoms of the
porphyrin macrocycle (Figure 1.9b). Annealing at 450 K activates the
dehydrogenation process of the porphyrin macrocycle and the Cu(0) atoms
underneath the macrocycles are oxidized to Cu(II) via an intermolecular redox
reaction. Hence, Cu-metalation of 2HTPyP molecules leads to the formation
Cu(II)TPyP complexes (Figure 1.9c). Further annealing promotes the formation
Cu(II)TPyP complexes. Above 520 K, the Cu atoms which are coordinated to the
pyridyl groups, diffuse into the substrate and Cu(II)TPyP complexes form a close-
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packed structure stabilized by weak intermolecular interactions. Migration of Cu
atoms into the bulk at higher temperatures and formation of the close-packed phase
was also observed for Zn(II)TPyP molecules on Au(111) [59]. However, the metal-
coordinated structure was recovered by enriching the surface concentration of Cu
atoms. In this way, the reversible transformation of complex supramolecular
structures was achieved.
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Chapter 2

Experimental techniques and setup
This chapter outlines the experimental techniques and instrumentation

employed to investigate molecular self-assembled structures on surfaces. The first
part describes the working principles of the laboratory characterization techniques
such as scanning tunnelling microscopy (STM) and spectroscopy (STS), low-energy
electron diffraction (LEED) and X-ray photoelectron spectroscopy (XPS). The second
part describes synchrotron techniques such as the X-ray standing wave (XSW) and
near-edge X-ray absorption fine structure measurements (NEXAFS). The synchrotron
techniques were used to obtain complementary information on the adsorption
geometry of the investigated molecular architectures.
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2.1 Scanning tunnelling microscopy and spectroscopy

The invention of the scanning tunnelling microscope (STM) by Binnig and
Rohrer in 1981 [1,2] made the investigation of (semi-) conductive surfaces with
atomic resolution in real space possible. Over time, STM became a powerful tool to
obtain information not only on the topography but also on the local electronic
properties of the examined surfaces. It has turned into a unique tool to manipulate
nanometre size objects such as atoms and molecules on surfaces [3] as well as to
induce chemical reactions [4]. Nowadays, STM is utilized to investigate various
complex organic and inorganic low-dimensional nanostructures on surfaces aiming at
developing and implementing new functionalities into tailored nanostructures [5–7].
In this thesis, STM was employed to characterize various molecular structures formed
upon self-assembly. Moreover, the electronic properties of modified surfaces were
examined by means of scanning tunnelling spectroscopy (STS).

The working principle of STM [8,9] is based on the quantum mechanical
tunnelling effect, which states that there is a finite probability of electron tunnelling
through a potential barrier with the energy height above the kinetic energy of the
electrons. In STM, a sharp conductive tip is brought close to a (semi-) conductive
surface within a range of 1 nm by means of a piezoelectric driver (Figure 2.1). The
gap between the tip and the surface acts as the potential barrier. If a bias voltage is
applied between the tip and the sample, the electrons can tunnel through the barrier.
The resulting tunnelling current depends exponentially on the distance between the
tip and the surface. Typically, the applied bias voltage � is in the range of � � ba� �
and the tunnelling current is in the pico- to nanoampere range. As a rule of thumb,

Figure 2.1: Schematic illustration of the working principle of STM.
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when the tip-sample distance changes by 1 Å, the tunnelling current varies by one
order of magnitude. Small variations in the tip-sample distance cause distinct changes
in the tunnelling current. Hence, the information about the relative distance between
the tip and surface can be obtained by detecting the tunnelling current. The
exponential distance dependence of the tunnelling current is responsible for the high
spatial resolution. Typically, the lateral resolution stays in the range of ~ 1 Å, while
the vertical resolution is in the sub-Angstrom regime. The tunnelling current is used
as a control parameter to adjust the distance between the tip and the surface and to
acquire information on spatial features of the surface. The tunnelling current signal is
converted into a voltage signal by an I-V converter. The voltage signal inputs to the
distance control and scanning unit which is responsible for the positioning of the tip.
At the same time, the voltage signal is also transmitted to the data processing and
display hardware (Figure 2.2). In order to obtain an STM image of the sample surface,
the tip raster-scans the surface in a line by line manner by means of piezoelectric
drivers while the tip displacement and the tunnelling current are recorded. During the
scan, the feedback system adjusts the vertical position of the tip according to the
operational mode of the STM.

There are two operation modes of STM: the constant current mode and the
constant height mode. In the constant current mode, the feedback loop is switched on

Figure 2.2: STM operation modes: constant current (top) and constant height (bottom).
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and the distance between the tip and the sample is adjusted by means of piezoelectric
drivers in order to keep the tunnelling current constant. Variations of the voltages
applied to the piezoelectric drivers reflect displacements of the tip. By recording the
piezoelectric driver voltages with respect to the lateral tip positions while the surface
is rastered, a topography map of the sample is acquired. In the constant height mode,
the feedback loop is switched off and the voltage applied to the height piezoelectric
driver is kept constant. The tunnelling current varies during scanning of the sample
surface. By recording the tunnelling current with respect to the lateral tip positions, a
map of the tunnelling current is obtained. In the constant height mode, the scanning
speed is higher compared to the one in the constant current mode since the feedback
loop is deactivated. Thus, the current maps are acquired faster in the constant height
mode than the topography maps in the constant current mode. However, the constant
current mode is more frequently used to avoid crashing the tip against rough
protrusions such as surface defects, contaminations or surface step edges.

During the acquisition of STM data, the monitored tunnelling current depends
on the tip-sample distance, the applied bias voltage and the density of states (DOS) of
the tip as well as the sample [10,11]:

I d,V �
�

eV
ρtip E � ρsample E-eV � T(d,V,E)dE� , (1)

where: I is the tunnelling current,

d is the distance between the tip and the sample,

V is the tunnelling bias voltage,

ρtip E is the DOS of the tip,

ρsample E is the DOS of the sample,

T(d,V,E)
is the probability of electrons tunnelling between the tip
and the sample.

The contrast observed in STM images relies on the detected tunnelling current while
the tunnelling current is a function of the DOS of the sample and the tip. Therefore, (1)
indicates that the contrast in the STM images represents a convolution of the
topographic and the electronic properties of the surface. The correlation between the
detected tunnelling current and the topographic properties of the surface originates
from the distance dependence of the T(d,V,E) term in (1), while the correlation
between the detected tunnelling current and the electronic properties of the surface
arises from the ρtip E and ρsample E-eV terms.

Scanning tunnelling spectroscopy (STS). The STM can also be used to study
the samples electronic properties in detail due to its sensitivity to the DOS. In
particular, the DOS of a desired place on the sample surface can be quantitatively
assessed by STS [12,13]. Deriving dI/dV from (1) assuming a constant ρt E results in:
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dI d,V
dV � ρs eV � T d,V,eV � LDOSa (2)

In (2), the derivative dI d,V
dV

is proportional to the product of the DOS of the sample

ρs eV and the voltage dependent tunnelling probability T d,V,eV . The product is
defined as the local density of states (LDOS) of the sample. The dependence of dI/dV
on the bias voltage V gives the distribution of the LDOS of the sample as a function of
the energy. However, it is important to note that the LDOS is strongly affected by the
bias voltage, not only because of the bias dependence of the ρs eV term but also
because the tunnelling probability T d,V,eV varies with the applied bias voltage V.
For this reason, the DOS of the sample, which is of main interest, can be
misinterpreted. In order to have a better representation of the DOS, a normalization of

the dI/dV signal on I/V , namely dI/dV
I/V

is generally used for the representation DOS of

the sample [12–17].
To acquire spectroscopic data, the STM tip is placed at a fixed distance above

the surface. The distance is regulated by setting the initial values of the tunnelling
current and the bias voltage. When the tip is at the desired position, the feedback is
switched off. Then, the bias voltage is swept in the range of interest (e.g. between -2 V
and 2 V) with a desired energy resolution (i.e. 0.01 V). During sweeping, the
dependence of the tunnelling current with respect to the applied bias voltage is
recorded. To obtain the LDOS, the I-V characteristic is differentiated numerically or
via lock-in detection and normalized by division by the ratio between the initial values
of the tunnelling current and the bias voltage.

In order to measure the LDOS with better precision, the lock-in detection
technique can be used. This technique is based on utilizing a small high-frequency
sinusoidal signal for modulating the bias voltage during sweeping. The modulation of
the bias voltage causes a sinusoidal response in the tunnelling current. The amplitude
of the modulated current correlates with the slope of the I-V curve. Figure 2.3 shows
the effect of the voltage modulation on the amplitude of the resulting tunnelling
current for different slopes of the I-V curve. In this technique, the lock-in amplifier is
used to detect the modulated component of the tunnelling current at the frequency of
the added AC voltage. It is achieved by filtering out the current signals with all other
frequencies. By averaging the modulated tunnelling signal over the period of the bias
voltage modulation, the error bar of measured values of the dI/dV signal is reduced.

The lock-in amplification technique can also be used to map the LDOS of a
surface area. The dI/dV signal is collected while the surface is scanned with a fixed DC
bias voltage. In this way, the lateral distribution of electronic states (corresponding to
the conductivity) at a particular energy level, defined by the value of DC bias voltage,
can be acquired. The mapping is performed in the constant current mode with a small
high-frequency modulation of the bias voltage. The scanning speed upon mapping is
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Figure 2.3: Illustration of the lock-in amplification technique. The I-V characteristic
during a bias voltage sweep (left) and the respective �i/�V signal (right). The modulated AC
component is added to the applied DC voltage. The amplitude of the modulated tunnelling current
is strongly affected by the slope of the I-V curve.

set lower compared to the one set for conventional STM imaging. The lower scanning
speed provides enough time for acquiring the dI/dV signal at each mapping point. The
topography image is recorded simultaneously with the LDOS map which gives insight
into the spatial distribution of the electronic states on the surface.

2.2 Low-energy electron diffraction

Low-energy electron diffraction (LEED) is a widely used technique in surface
science to determine the surface structure including the symmetry and the periodicity
of both clean crystal surfaces and adsorbate overlayers [18–20]. LEED is sensitive to
surface contaminations and surface roughness. Thus, it can be employed to define the
quality of the surface at each step of an experiment. In this thesis, LEED was used to
study long-range ordered molecular architectures on metal surfaces. The periodicity
as well as the network-lattice orientations of the molecular adsorbates relative to the
underlying substrate were identified.

The LEED technique is based on elastic backscattering of low-energy electrons
under UHV conditions. Electrons with kinetic energies in a range from 10 eV to 200 eV
produced by an electron gun are directed at normal incidence towards the sample
(Figure 2.4a). Due to their low inelastic mean free path in a solid material, the
electrons are backscattered by the uppermost atomic layers of the sample.
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Figure 2.4: a) Schematic illustration of the LEED optics with the microchannel plate. b)
Example of a LEED pattern: diffraction pattern of the Au(111) surface acquired with a beam
energy of 209 eV.

Consequently, all information obtained by LEED is related to the sample surface. After
backscattering, the electrons pass through a system of grids and hit a fluorescent
screen. Thereby, a pattern of bright LEED spots is obtained and can be recorded by a
photo camera. To ensure a field-free space around the sample, the grid G1 is
connected to the ground. Around 1% of all incident electrons are scattered elastically,
and only these electrons carry useful information and positively contribute to the
LEED diffraction pattern. In order to accelerate the elastically scattered electrons
toward the fluorescent screen, a high positive potential (+6 keV) is applied to the
screen. The other 99% of all incident electrons are scattered inelastically. They induce
background noise on the LEED pattern and are not useful. To decrease the
contributions of the inelastically scattered electrons, the retarding grids G2 and G3
with variable negative potentials are designed to reject these electrons. After the
electrons passed through the grids G2 and G3, they continue their movement towards
the fluorescent screen. The LEED setup depicted in Figure 2.4a has a flat screen which
is different compared to the conventional LEED with a spherical screen. The flat shape
of the screen in Figure 2.4a is dictated by the presence of a flat microchannel plate
which works as an electron multiplayer. In order to observe electrons with large
scattering angles on the screen, an additional electric field is created by the fringe field
corrector steering the trajectories of the electrons. The electron signal is enhanced by
the microchannel plate. This means that the incident flux of the electrons from the
electron gun can be reduced in order to have the same quality LEED pattern as
obtained with a conventional LEED. A lowered incident electron flux allows the study
of sensitive samples such as weakly bound adsorbate layers without inducing their
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damage. Finally, the electrons arrive at the fluorescent screen and create a diffraction
pattern which is recorded by an external photo camera (Figure 2.4b).

The diffraction pattern possesses information about atomic arrangements on
the surface. The information can be revealed by analysing the spatial distribution and
the intensities of the diffraction spots. According to dynamical theory of diffraction, a
diffraction pattern represents a projection of reciprocal space. Detailed investigation
of this reciprocal space allows obtaining information about the real space unit cell of a
crystal surface or adsorbed overlayers [18–20]. If long-range periodicity is present,
such as the periodicity of atoms in crystal lattices or the periodicity of molecules in
well-ordered molecular structures on the sample surface, the LEED pattern will show
a spatial distribution of the diffraction spots (Figure 2.4b).

2.3 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a largely non-invasive spectroscopy
technique to characterize a surface under UHV conditions. It provides qualitative and
quantitative information on the chemical composition of the surface as well as on the
chemical state of the atoms which form the surface. As a result, interactions that occur
at the surface can be resolved. In this thesis, XPS was used to investigate various
molecular structures on metal surfaces. Different chemical species present in the
structures are resolved and assigned to molecular moieties involved in non-covalent
interactions.

This technique [19,20] is based on the photoemission process which is
schematically depicted in Figure 2.5a. The sample is irradiated with X-rays in an
ultra-high vacuum environment. Within this process, direct transfer of energy from
the photon to a core-level electron occurs. If the energy of the photon is larger than
the sum of the energy needed to bind the core-level electron to the nuclei �� and the
work function ��of the sample, the photoelectron will escape into vacuum. According
to the law of energy conservation, the relation between the binding energy of the
electron in its initial state and the kinetic energy of the photoelectron in vacuum can
be expressed as follows:

�� � �� � ���� � ��, (3)

where: �� is the binding energy of the electron,

�� is the energy of the incoming photon, the photon energy,

���� is the kinetic energy of the photoelectron,

�� is the work function of the sample.
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Figure 2.5: a) Schematic diagram of the photoemission process. b) Schematic illustration
of the experimental setup for XPS measurements. The photon transfers its energy to the core-level
electron to release the electron into vacuum. Afterwards, the photoelectron is collected by an
analyser.

By measuring the number of emitted photoelectrons (i.e. the photoemission
intensity) as a function of their kinetic energy, XPS spectra of the sample can be
recorded.

The experimental setup for performing XPS measurements consists of an X-ray
source, the sample and the electron analyser (Figure 2.5b). The most common way to
produce the X-rays is by impinging high–energy (~ 10 keV) electrons onto a metallic
target. Typically, aluminium and magnesium targets are used in a laboratory. These
targets then generate X-rays with the energy of 1486.6 eV (Al Kα emission line) and
1253.6 eV (Mg Kα emission line), respectively. Another way to have X-rays is to use a
synchrotron radiation light source. In this case, the X-rays are generated as a side
product when bending an electron beam with a magnetic field. The synchrotron
represents a tuneable source of highly monochromatized X-rays with a high intensity.
Such a source has a significantly better brilliance and energy resolution compared to
laboratory sources.
One of the most commonly used electron analysers is a hemispherical electron
analyser (Figure 2.5b). It consists of electrostatic lenses, concentric hemispheres and
a detector. The lenses are designed to collect and retard the photoelectrons. Only the
photoelectrons with kinetic energy higher than the retarding energy of the lenses can
enter the slit between two hemispheres. A high negative and a high positive potential
are applied to the outer and inner hemispheres, respectively. An electrostatic field
between the hemispheres is established to allow only electrons of a given energy (the
so-called pass energy) to arrive at the detector. Only these photoelectrons with their
kinetic energy equal to the pass energy of the analyser pass through the hemispheres
and hit the detector. The photoelectrons with kinetic energies higher or lower than
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the pass energy collide with the outer or the inner hemisphere, respectively. The
detector records a current which is proportional to the number of detected
photoelectrons. By varying the retardation energy of the lenses and simultaneously
recording the photoelectron current, the XPS spectra of the desired energy regions are
obtained.

2.4 X-ray standing wave technique

The X-ray standing wave technique (XSW) is a reliable method to determine the
vertical distance between molecular adsorbates and the uppermost atomic layer of
the underling substrate with accuracy higher than a tenth of an Ångstrøm. This
technique is element specific, thus the actual heights of adsorbate atoms on a surface
can be accurately determined. It gives complementary information on the structural
conformations of the adsorbate on a surface. In this thesis, the adsorption heights of
the porphyrin derivative on Ag(111) were studied by the XSW technique (Chapter 6).
The XSW technique is well-established and its detailed description can be found in Ref.
[21–24]. The basic principle is summarized in Figure 2.6.

A crystalline sample with distinct lattice spacing, such as a single crystal, is
irradiated with the X-ray photon beam. When the wavelength of the incoming beam
fulfils Bragg’s condition, the reflected and the incident X-rays form a standing wave
which is characterised by an electric field named the standing wave field (SWF)
(yellow background in Figure 2.6a). The field is present within and outside the

Figure 2.6: a) Schematic illustration of the XSW technique. b) Reflectivity and phase
difference between incident and reflective waves as a function of the photon energy. c) The
intensity profiles of the SWF as a function of the photon energy for different vertical positions with
respect to the crystal lattice.
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sample. In the case of adsorbates on a crystal surface, the adsorbate species are also
exposed to the field. Importantly, the intensity of the standing wave field periodically
varies along the direction perpendicular to the Bragg planes (graph in Figure 2.6a). At
the nodes of the standing wave, the intensity of the SWF is a minimum, while at the
antinodes, the intensity is a maximum. The positions of the nodes and antinodes can
be changed by adjusting the phase difference between the incident and the reflected
waves (Figure 2.6b). The phase difference is changed either by fine-tuning the photon
energy around the Bragg energy in the range of a few electronvolts or by varying the
incident angle in a range significantly smaller than 0.5⁰ [25]. Hence, the nodes and
antinodes of the created standing wave will move with respect to the crystal planes
(the up down yellow arrows in Figure 2.6a indicate two opposite directions of the
movement of the nodes and the antinodes). Consequently, the adsorbate located at a
certain height h (Figure 2.6a) will experience different intensities of the SWF. The
intensity of the SWF is indirectly obtained by, for example, measuring the
photoelectrons emitted by the adsorbate while the sample is irradiated with X-rays. In
other words, XPS spectra are collected by illuminating the sample with photons with
energies around the Bragg energy. The intensity of the XPS spectra depends on the
intensity of the SWF at the vertical position of the adsorbate (Figure 2.6c). Thereby,
the vertical position of the adsorbate can be determined by analysing the acquired
XPS spectra. Moreover, the chemical sensitivity of XPS allows determining the vertical
positions of the different chemical species within the adsorbate. By knowing the
positions of the adsorbate atoms of different chemical natures, an insight into the
structural conformation of the adsorbate can be obtained.

In our experiments, the incident angle of the X-rays was close to 90⁰ with
respect to the Bragg planes of the crystal. Consequently, this measurement geometry
is called normal incidence XSW (NIXSW) [26]. In order to vary the intensity of the SWF,
the phase difference between the incident and the reflected waves is adjusted by
changing the photon energy of the X-rays. Since the photon energies need to be varied,
the experiments have to be carried out at a synchrotron light source.

The dynamic theory of X-ray diffraction [21] is employed to determine the
height of the adsorbate on the surface. According to this theory, the intensity of the
standing wave field at the specific height � as a function of the photon energy � is
expressed as follows:

i��� �, � �
�� � �� b

�� b � � �
�� b

�� b � b �
��
��

� �晦� � � r b�
�
�
, (4)

where: i��� �, �is the SWF intensity normalized to the intensity of the incident
beam (Figure 2.6c),

�� is the electrical field vector of the incoming wave,
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�� is the electrical field vector of the Bragg-reflected wave,

� � is the phase difference between the incident and the reflected

�

�

waves. The phase difference relates to �� and �� as: 
�� ��� �� ��� �r�� Figure 2.6b),

is the height of the adsorbate (Figures 2.6a and c),
is the distance between the Bragg planes of the crystal 
(Figure 2.6a).

Equation (4) can be expressed via reflectivity. The reflectivity of the X-rays is
defined as the ratio between the incident and the reflected photon intensities. Thereby,
the reflectivity depends on the electric fields of the incoming and the reflected waves
as follows:

� � �
i�
i�
�

�� b

�� b , (5)

where: � � is the reflectivity (Figure 2.6b),

i� is the intensity of the incoming beam,

i� is the intensity of the Bragg-reflected beam.

By substituting (5) into (4), the following equation is obtained:

i��� �, � � � � � � � b � � � � cos � � r b�
�
�
a (6)

The XPS signal collected in NIXSW experiments, denoted as photoelectron yield,
represents total intensity i��� �, � which includes intensities of the SWF at the
vertical positions of all adsorbate atoms:

i�t� � � � i
��� ��, �� , (7)

where: i�t� � is the photoelectron yield,

i��� ��, � Is the intensity of the SWF at the vertical position ��.
In order to take into account that the adsorbate atoms of the same chemical 

species can have different distances to the surface, the fitting parameters: coherent 
position t� and coherent fraction �� are used to describe the distribution of the 
examined atoms in the direction perpendicular to the Bragg planes. The 
coherent position represents the average vertical position of the atoms, while the 
coherent fraction indicates the structural order. The coherent fraction �� � � is 
assigned when the adsorbate atoms of the same chemical species remain at the same 
distance to the respective Bragg plane, in an ideal order. A lower coherent 
fraction indicates increased disorder, when the adsorbate atoms do not remain at 
the same distance to the respective Bragg plane. The coherent position t� and the 
coherent fraction �� are implemented in (7) as follows:
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i�t� � � � � � � � b � � � � �� � cos  � � r b�t� , (8)

where: �� is the coherent fraction, �� �
�
�
� �

� � � � r ��� ,

t� is the coherent position, t��
�
�
� �

� ��� �.

Equation (8) which is based on the dipolar approximation [27] shows that the 
photoelectron yield is proportional to the intensity of the SWF. Firstly, this 
approximation is valid as long as the wavelength of the incident X-rays is significantly 
larger than the atomic distances. That is not the case for our experiments, since the 
wavelength of 4.3 Å of the X-rays used is comparable with the distance of 2.89 Å of the 
Ag substrate. Secondly, by considering the close to normal incidence, the atoms have 
different cross sections for the incident and the reflected photons. This results in a 
different photoemission yield for the incident and the reflected photons. Consequently, 
the photoemission yield is not directly proportional to the total X-ray absorption and 
the deviations from the dipolar approximation have to be taken into account. They are 
implemented by using non-dipolar corrections which modify equation (8) [28,29] as 
follows:

i�t� � � � � � � � �� � b � � � � �� � �i � cos � � r b�t� � Ψ , (9)

where: ��, �i, Ψ are the non-dipolar correction parameters, �i � �i � �r�Ψ.

Equation (8) is sufficient to describe the main processes occurring during NIXSW
measurements and to deduce the adsorption heights of the different chemical species
which compose the adsorbed molecules.

2.5 Near-edge X-ray absorption fine structure measurements

Near-Edge X-ray Absorption Fine Structure (NEXAFS) measurements represent
an experimental tool to investigate electronic and also structural properties of
molecular species by probing their unoccupied states [30]. For organic molecules
adsorbed on surfaces, the tilt angle of the molecules as well as their moieties can be
determined with respect to the underling surface thanks to the polarization-
dependent nature of the absorption process. Intramolecular bond lengths can be
estimated by analysing the energy position of the unoccupied molecular orbitals with
* character [30–33]. In this thesis, NEXAFS measurements were used to gain insight
into the electronic structure and the adsorption geometry of pyridyl terminated
triarylamine molecules in different structural phases on a Au(111) surface (Chapter 3).

The working principle of NEXAFS is shown in Figure 2.7. It is based on a two-
step process. In the first step, X-rays with a photon energy near the absorption edge of
the probed atom, excite the core-shell electrons into unoccupied molecular orbitals.
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Figure 2.7: Illustration of the NEXAFS principle. (Left) Excitation of the core electron to an
unoccupied molecular orbital characterized by the final state. (Middle) The recombination process
of the core hole via emitting an Auger electron. (Right) The amount of the collected Auger
electrons as a function of the excitation photon energy represents the absorption spectrum of the
sample.

During these electronic transitions, the core holes are created (Figure 2.7, left). In the
second step, the recombination of the core holes takes place. This process can be
realized via two recombination channels: a radiative process (emittance of
fluorescence) or the emission of an Auger electron. Each recombination channel is
proportional to the absorption process. It should be noted that for light elements
(Z<35), such as organic elements, the emission of Auger electrons is the dominating
process [30]. The recombination channel with the emission of Auger electron is
depicted in Figure 2.7, middle. By collecting the Auger electrons with an electron
detector upon sweeping the photon energy across the adsorption edge of the probed
chemical element, a spectrum of the unoccupied states can be obtained (Figure 2.7,
right). During the sweeping of the photon energy, secondary electrons are generated
from the photoelectron inelastic scattering inside the sample. The secondary electrons
are also collected by the detector and mainly contribute to the background intensity in
NEXAFS spectra but carrying negligible information about the unoccupied molecular
orbitals. The selection of a specific photon energy range allows probing different
absorption edges, which makes NEXAFS an element specific technique. In order to
increase the signal-to-noise ratio, a retarding grid kept at a negative potential can be
placed in front of the outgoing electrons. The negative potential mainly eliminates the
secondary electrons, lowering the background and probing mainly Auger electrons. By
choosing the retarding voltage, contributions from the secondary and Auger electrons
with low kinetic energies are removed from the absorption spectra. Hence, only the
part of the secondary and Auger electrons with the kinetic energies larger than the
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retarding potential are measured resulting in a better signal-to-noise ratio in NEXAFS
spectra. For the studies in this thesis, this method of so-called partial electron yield
(PEY) was employed.

The absorption intensity strictly depends on the projection of the polarization
vector E (Figure 2.8) onto the final state orbitals involved in the electronic transition.
It can be derived from Fermi’s golden rule [30] as follows:

i � � � � � � b � cosb �, (10)

where: i is the absorption intensity,

� is the electric field vector of the incident light,

� is the unoccupied final state of the electronic transition,

� is the initial core-shell state of the electronic transition,

� is the momentum operator which represents the direction of the
final state orbital,

� is the angle between the electric field vector � and the final state
orbital.

The shape of the unoccupied final state orbital is predefined by the dipole selection
rule [30]. In the case of the 1s electron excitation, as in our case, the final state must
have the symmetry of a p orbital. The polarization dependence of the absorption
process leads to an angular dependence of the intensity in the NEXAFS spectra. The
absorption process is the most effective when the overlap between the electric field
vector � and the final state orbital is the biggest. By probing different atoms of the
molecule with linearly polarized X-rays under different angles (between the light
vector � and the surface), the tilt angles of the unoccupied molecular orbitals can be

Figure 2.8: Recording NEXAFS spectra with two different light polarizations: a) p-
polarization, the electric field vector E of the incident light oscillates perpendicularly to the surface
and b) s-polarization, the electric field vector E of the incident light oscillates parallel to the
surface. The p-like final state orbitals of the examined molecule are depicted as red dumbbells
oriented perpendicularly to the surface. The absorption process of the p-polarized light is more
effective than the one of the s-polarized light, due to the larger overlap between the electric field
vector E and the p-like final state orbitals.
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determined. The measurement with p-polarized and s-polarized light is sufficient to
determine the tilt angle. For p-polarized light, the electric field vector E oscillates
perpendicularly to the surface (Figure 2.8a), while for s-polarized light, the electric
field vector E oscillates parallel to the surface (Figure 2.8b). In our experiments, the
orientation of the oscillating electric field vector E with respect to the surface was set
by rotating the sample around the axis parallel to the linearly polarized X-ray beam.
The spatial orientation of the unoccupied molecular orbitals correlates with the
orientation of the molecule and its moieties. By deducing the spatial orientation of the
orbitals from the NEXAFS data, the tilt angles of the molecules and its moieties can be
determined [30].

To define the spatial orientation of the final state orbitals, the shape of the final
state orbitals as well as the symmetry of the underlying substrate has to be taken into
account [30]. The final state orbitals can be represented by a vector or by a plane
depending on the number of examined atoms, type of bonds between them and their
relative positions. For the aromatic moieties such as benzene (C6H6) or pyridine
(C5H5N) adsorbed on a substrate with three-fold symmetry such as Au(111),the p-like
final state orbitals of the electronic transitions for the nitrogen and carbon atoms can
be represented by vectors perpendicular to the plane of the corresponding aromatic
structure. In this case, as in our case, the resonance intensity is defined for light with
p-polarization:

i� � cosb � � cosb � �
�
b
� sinb � � sinb � , (11)

and for light with s-polarization:

i� �
�
b
� sinb � , (12)

where: i� is the resonance intensity upon absorption of p-polarized light,

i� is the resonance intensity upon absorption of s-polarized light,

� is the polar angle of the electric field vector E with respect to the
surface normal, which is also the X-rays incidence angle, with
respect to the surface, Figure 2.9,

� is the tilt angle of the p-like final state orbital represented by the
vector p in Figure 2.9.

By dividing (11) by (12), the tilt angle � can be derived as follows:

� � � arcsin
b � cosb �

� � t � cosb � r �, where � �
i�
i�
a (13)
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Figure 2.9: Illustration of the angles in equations (10) and (11). The vector p represents
the p-like final state orbital while the vector E represents the electric field of the incident X-rays.

The resonance intensities i� and i� are obtained by measuring the Auger
electrons emitted by the molecule while the sample is exposed to either the p- or the
s-polarized X-rays. By substituting the ratio R and the photon incident angle � known
from the description of experimental set up into (13), the tilt angle � can be found.

2.6 Experimental setup

All studies in this thesis were performed under ultrahigh vacuum conditions to
avoid sample contamination. In the home laboratory, the experiments were carried
out in an UHV system with a base pressure of 2×10-10 mbar (Figure 2.10). The system
consists of a chamber for preparation and a chamber for characterization. To maintain
UHV conditions, several different pumps are used: rotary vane and turbomolecular
pumps are employed to pump down the whole system; the ion and titanium
sublimation pumps in each chamber are used to maintain the base pressure. In order
to monitor the pressure, individual hot ion gauges are mounted in both the
preparation and the characterization chambers. In case of gas leakages from the
atmosphere or from the connected gas lines, the mass spectrometer placed in the
preparation chamber is used to locate the position of the leakages. The samples and
the STM tips can be transferred into the vacuum system through a load-lock which has
its own independent pumping system. Further transfers through the UHV system are
done by means of a manipulator and wobble sticks.

The first step in the sample preparation process is to clean the substrate by
subsequent cycles of sputtering and annealing. A sputter gun is mounted in the
preparation chamber. It accelerates Ar+ ions towards the substrate surface. The
collision of the Ar+ ions with the surface results in the removal of atoms from the
uppermost atomic layers of the sample. This leads to a clean but rough surface. In
order to make the surface smooth and remove defects, annealing is done via resistive
or electron heating of the sample. The temperature of the specimen is monitored by a
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Figure 2.10: Photo of the UHV system at the home laboratory.

thermocouple which is located in close proximity to the sample holder. The second
step is to deposit molecules or metals on the substrate. The molecular deposition is
done by means of a Knudsen cell evaporator. The organic molecules are placed in a
quartz crucible which is warmed up by resistive heating inside the evaporator. When
the sublimation temperature is reached, the organic molecules start to evaporate from
the crucible. The current and the voltage applied to the Knudsen cell can be adjusted
in order to control the crucible temperature. The deposition rate of the molecules is
monitored by a quartz crystal microbalance (QMB) and the deposition time is
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controlled by opening and closing the shutter located above the crucible. To prevent
heating of the adjacent cells during evaporation, the evaporator is designed with
water-cooling. The deposition of metals is performed by an e-beam evaporator. The
working principle of this evaporator is based on heating the metal of interest by
impinging high-energy electrons. The molecules as well as the metals can be deposited
onto a cold or warm sample because the sample stage can be cooled down with liquid
nitrogen or heated up via resistive heating.

To analyse the sample, LEED measurements can be done in the preparation
chamber. STM and STS are performed with a commercial low temperature STM
(Scienta Omicron GmbH) in the analysis chamber. In order to reduce molecular
motion on the sample surface for acquiring images with better spatial resolution or
getting better energy resolution in STS, the STM and the STS measurements can be
performed either at liquid nitrogen (77 K) or helium (5 K) temperatures. The STM is
equipped with two (internal and external) cryostats and can be cooled down using the
liquid nitrogen or helium. The STM tips are prepared by simultaneously cutting and
pulling a Pt/Ir wire. The software WSxM was used to process the STM data [34] while
LEED patterns were simulated by LEEDpat 4.1 software [35].

The XPS, NEXAFS, and NIXSW data in this thesis were obtained during allocated
beamtimes at synchrotron facilities. The XPS and NEXAFS spectra were recorded at
the ALOISA beamline of the Elettra synchrotron in Trieste, Italy, while the NIXSW data
were obtained at the I09 beamline of the Diamond synchrotron in Didcot, the United
Kingdom.
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Chapter 3

Pyridyl-functionalized molecule 1 on Au(111):
Insight into Au-coordination

In this chapter, the self-organized structures formed by the de novo synthetized
pyridyl-functionalized triarylamine molecule 1 on Au(111) were investigated by
scanning tunnelling microscopy (STM), low-energy electron diffraction (LEED), X-ray
photoelectron spectroscopy (XPS) and near-edge X-ray absorption fine structure
(NEXAFS) measurements. One hydrogen-bonded and two Au-coordinated structures
emerged after submonolayer deposition onto the surface kept at room temperature.
After annealing at 180 °C, only one Au-coordinated structure was observed. The Au-
coordination with two-fold bonds to pyridyl-functionalized triarylamine molecules
was identified as the thermally stable phase on Au(111).
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3.1 Introduction

Two-dimensional porous molecular networks on metallic substrates are
promising for practical applications in the devices based on the accommodation of
guest molecules [1–4], patterning of surfaces [5,6] and engineering of the surface
electronic properties [7–9]. In order to build such networks, different non-covalent
intermolecular interactions, namely van der Waals forces [10], dipolar coupling [11],
π–π stacking [12], hydrogen bonding [13,14], and metal−ligand interactions [15,16]
can be exploited. Among all non-covalently bonded networks, the ones based on
metal-ligand interactions, i.e. metal-coordinated networks, gained increasing attention
in the last years due to their enhanced mechanical and thermal stability [17–19]. The
preparation of the metal-coordinated structures on metallic substrates often implies
co-deposition of metal atoms, which act as coordination centres. However, on coinage
metal substrates such as Cu, Ag and Au, metal coordination centres can also be
generated by detachment of atoms from the step edges or even from the terraces at
elevated temperatures [20–27]. We focus our attention on the coordination by Au
atoms originating from the underlying substrate. In three-dimensional metal-organic
networks Au atoms are able to simultaneously coordinate from two to six organic
ligands [28]; however, in two-dimensional metal-organic networks built on Au
substrates, only systems where Au atoms coordinate with two [23–25,29–32], three
[30,31] or four organic ligands [33] have been identified so far. To ascertain whether
such coordination on Au substrates occurs only for specific molecules or is a general
rule, it is important to investigate what predetermines the formation of Au-
coordinated molecular structures with a particular number of coordinated ligands as
well as what makes some of these structures favourable on Au substrates.

Herein, we report on a combined STM, XPS and NEXAFS study of pyridyl-
functionalized triarylamine molecules self-assembled on Au(111). STM measurements
showed that the molecules formed three different molecular phases after
submonolayer deposition on the substrate held at room temperature, two of which
were stabilized by metal-ligand interactions with native Au atoms. Annealing at
180 °C revealed that the thermally stable Au-coordinated phase for this system is the
two-fold coordinated one, which is the only phase to survive the heat treatment.
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3.2 STM characterization of the molecular networks 

The pyridyl-functionalized triarylamine (4,4,8,8,12,12-hexamethyl-2,6,10-
tripyridin-4-yl-4H,8H,12H-benzo[1,9]quinolizino[3,4,5,6,7-defg]acridine) molecule, 
denoted as 1 (Figure 3.1), has a triangular structure. The core of the molecule consists 
of three aryl rings connected to a central N atom. The aryl rings are also interconnected 
via carbon bridges with six methyl groups. Three functional pyridyl groups are attached 
to the molecular core via single C-C bonds, which can in principle rotate freely [34,35]. 

Figure 3.1: Chemical structure of molecule 1. 

To investigate the self-assembly of molecule 1, the molecules were 
deposited onto the Au(111) substrate held at room temperature (RT) and 
subsequently, scanning tunnelling microscopy (STM) measurements were carried 
out. Figure 3.2a shows an STM image of an individual molecule 1 on Au(111). 
The molecule exhibits six protrusions: the three inner protrusions with higher 
contrast correspond to the out-of-plane methyl groups [29,36,37], while the three 
outer protrusions with lower contrast are assigned to the peripheral pyridyl groups. 
For comparison, the structural model of the molecule is overlaid on the STM image in 
Figure 3.2b. 

After deposition of submonolayer coverage of molecule 1 onto Au(111) held at 
RT, three different well-ordered phases (α, β and γ) were found to co-exist (Figure 
3.2c). Phases α and β appear densely packed, while phase γ can be recognized as an 
open porous network. For all three phases, the herringbone reconstruction of Au(111) 
is preserved (see for example phase α in Figure 3.2c). This suggests that the 
interaction between molecules 1 and the Au(111) surface is relatively weak and 
that the intermolecular interactions dominate over the molecule substrate ones [38]. 

In the following, we will individually discuss each phase before directing our 
attention more specifically to the Au-coordination. Phase α is shown in detail in 
Figure 3.3a. The intramolecular contrast allows precisely determining the 
arrangement of the molecules in phase α. Based on our STM and LEED (Figure A.1 in 
Appendix A) data, the tentative structural  model of phase α  was  constructed  (Figure 

N

N

N N



Chapter 3

50

Figure 3.2: a) High-resolution STM image of molecules 1 adsorbed on Au(111)
(1.9×1.8 nm2, U = -0.02 V, I = 50 pA). b) The molecular structure superimposed onto a). Carbon
atoms are grey, nitrogen atoms blue and hydrogen atoms white, respectively. c) Overview STM
image for submonolayer coverage of molecule 1 on Au(111) (60×60 nm2, U = -1.9 V, I = 10 pA).
Three different phases (α, β and γ) are present and are labelled by blue symbols. The white and
purple arrows indicate two kinds of domain boundaries present in phase α. The set of three lines at
the bottom right corner indicates the principal Au directions.

3.3b). Molecules 1 in phase α arrange in a hexagonal close-packed pattern, which is
incommensurate with respect to the unreconstructed Au(111) surface. The unit cell of
phase α (marked by the blue rhombus in Figures 3.3a and b) has the dimensions of
a = b = 1.56 nm, Θ = 60⁰ and contains one molecule, which results in a density of
0.47 molecules/nm2. In phase α, each molecule is surrounded by six adjacent
molecules. The N atoms of the pyridyl groups point towards the hydrogen atoms of
neighbouring molecules. Thus, phase α is stabilized by relatively weak hydrogen

Figure 3.3: a) Detailed STM image of phase α (5×5 nm2, U = -1 V, I = 20 pA). b) Tentative 
structure model of phase α. The blue rhombus marks the unit cell. The nitrogen atoms of the 
pyridyl groups point towards hydrogen atoms of adjacent molecules, thereby hydrogen bonding is 
enabled. The set of three lines at the bottom right corner indicates the principal Au directions.
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bonds which were observed also for other pyridyl-functionalized molecules on metal
surfaces [34,39,40]. The length of the N-H hydrogen bond is around 2.5 Å, which falls
in the typical length range of 1.5–3.5 Å for hydrogen bonds [6]. Phase α exhibits
organizational chirality earlier observed in literature [29,39–42], which is manifested
in the presence of two rotational domains with the unit cells rotated ±9⁰ relative to
the principal Au directions (Figures A.1 and A.2 in Appendix A). Within molecular
islands of phase α, two types of domain boundaries were observed, as indicated by
purple and white arrows in Figure 3.2c. Both types lie along the unit cell vectors of
phase α and occur when two molecular domains rotated by 60⁰ with respect to each
other meet (Figure A.3 in Appendix A).

From the STM image shown in Figure 3.4a, the arrangement of molecules 1 in
phase β becomes apparent. In Figure 3.4b, the tentative structural model of phase β is
shown. In phase β - similar to phase α - the molecules arrange in a hexagonal densely
packed pattern. The unit cell of phase β (marked by the blue rhombus in Figures 3.4a
and b) has dimensions of a = b = 1.94 nm, Θ = 60⁰, i.e. its lattice vectors are slightly
larger than those of the unit cell of phase α, resulting in a smaller density of 0.31
molecules/nm2. Based on our STM data, phase β is rotated 30⁰ relative to the principal
Au directions (Figure A.4 in Appendix A). Each molecule in phase β is surrounded by
six neighbouring molecules. The three pyridyl groups from the three nearest
molecules are oriented towards one common central point. Such an organization of
the pyridyl groups should be unfavourable due to the electrostatic repulsion between
the partially negatively charged N atoms. Hence we suggest that 1 coordinates to
native Au atoms through the lone pairs of the pyridyl nitrogen atoms; such Au atoms
are available since diffusion on the surface at room temperature is possible [21,24,43].

Figure 3.4: a) Detailed STM image of phase β (7×7 nm2, U = -0.02 V, I = 50 pA). The blue
rhombus marks the unit cell. b) Tentative model of phase β, which is stabilized by three-fold metal-
ligand interactions. The purple spheres represent Au atoms. At each coordination node, three
pyridyl groups of three adjacent molecules point towards one central common point where the
coordinating Au atom is located. The set of three lines at the bottom right corner indicates the
principal Au directions.
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The average projected distance between the pyridyl nitrogen atoms to the Au atoms in
the centre of the coordination nodes is about 2.7 Å. A similar pyridyl N-Au distance
was reported for the three-fold metal-coordination bonding of pyridyl-functionalized
benzene molecules on Au(111) [31]. Accordingly, three-fold metal-ligand interaction
between the pyridyl groups and native Au atoms is designated as a stabilizing bonding
motif for phase β.

Phase γ is shown in detail in Figure 3.5a. Based on our STM and LEED
measurements (Figure A.5 in the Supporting Information) the tentative structural
model of phase γ is depicted in Figure 3.5b. The molecules 1 in phase γ arrange in a
hexagonal open porous structure incommensurate with respect to the
unreconstructed Au(111) surface (see Figure A.5b in Appendix A). In phase γ, the unit
cell (marked by the blue rhombus in Figure 3.5a) has the dimensions of
a = b = 3.45 nm, Θ = 60⁰ and is rotated 30⁰ relative to the principal Au direction (see
Figure A.5a in Appendix A). It contains two molecules, which results in a molecular
density of 0.19 molecules/nm2. In contrast to phases α and β, in which each molecule
has six nearest neighbours, every molecule in phase γ has only three nearest
neighbours. The bonding between molecules in phase γ can be interpreted in a similar
way as the one in phase β: the molecules interact via metal-ligand interactions with
native Au atoms but here two functional pyridyl groups point toward each other, so
two molecules are linked via linear pyridyl-Au-pyridyl coordination bonding. In other
words: phase γ is stabilized by metal-ligand interactions with two-fold symmetry. The
average projected distance between the pyridyl nitrogen atom and the Au atom
amounts to 1.5 Å, which is comparable with reported literature values of 1.5 Å - 2.7 Å
for this bonding motif [24,31,32].

Annealing of the sample with submonolayer coverage of molecule 1 on Au(111)
at 180 °C resulted in the exclusive formation of phase γ with single domain
orientation (Figure 3.5c). For annealing at temperatures higher than 200 °C
molecules 1 were observed to decompose. Therefore, we suggest that phase γ is the
most stable and thermodynamically favourable phase.

In the following, we direct our attention to the observed Au-coordination. As
valid for all surface-confined two-dimensional molecular self-assembled structures in
general, the formation of Au-coordinated phases β and γ is determined by the
involved intermolecular and molecule-substrate interactions. Since both phases are
formed on the same Au(111) surface, we anticipate a minor difference in molecule-
substrate interactions for the aforementioned two phases. Accordingly, the Au-pyridyl
intermolecular interactions are assumed to play a major role for differences in the
formation of the Au-coordinated phases and therefore, will be discussed further.

The observed Au-pyridyl interactions are predetermined by an ability of single
Au atoms to engage into metal-ligand interactions with different number of organic
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Figure 3.5: a) Detailed STM image of phase γ (7×7 nm2, U = 2.1 V, I = 10 pA). The blue
rhombus marks the unit cell. b) Tentative structural model of phase γ. The unit cell directions are
marked in blue. The purple spheres represent Au atoms. The pyridyl groups of two adjacent
molecules point towards each other and are involved in 2-fold metal-ligand interactions. c)
Overview STM image of submonolayer coverage of molecule 1 annealed at 180 °C (100×100 nm2,
U = -1 V, I = 20 pA).

ligands. The earlier reported studies of pyridyl-functionalized molecules showed that
Au atoms only undergo the coordination with two or three pyridyl ligands on Au(111)
[24,31]. The reported Au-coordinations on Au(111) are in agreement with our study,
where phases γ and β exhibit the two- and three-fold Au-coordination, respectively.
Interestingly, both phases coexist after deposition of the molecules on the substrate
kept at room temperature, while only phase γ with two-fold coordination is prevalent
after annealing at 180 °C. We explain the aforementioned self-assembly behaviour in
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the following way. At room temperature, the Au atoms are known to diffuse on the
Au(111) surface [43]. However, due to the small amount of mobile Au atoms at room
temperature, not all the molecules can coordinate in the same manner. At the surface
areas with a relatively higher density of mobile Au atoms, the molecules undergo two-
fold coordination, while at the areas with a relatively lower density the molecules
undergo three-fold coordination. Such interpretation is in agreement with the
relatively higher ratio of 1:1.5 between molecules 1 and coordinated Au centres in
phase γ compared to the one of 1:1 in phase β. In other words, for the same amount of
molecules present on the surface, the amount of mobile Au atoms has to be 1.5 times
larger in order to form phase γ instead of phase β. Such supposition for the structure
formation dependent on the molecule/Au ratio is well corroborated by exclusive
formation of phase γ when the amount of mobile Au atoms increased after annealing
at 180 °C.

The strength of the observed metal-ligand interactions is reflected in their
interactions distances, namely, distance between pyridyl nitrogen atoms and a
corresponding Au coordination centre. The shorter the interaction distance is, the
stronger the metal-ligand interaction is. The observation of the shorter interaction
distance of 1.5 Å in phase γ with two-fold coordination compared to the one of 2.7 Å in
phase β with three-fold coordination suggests stronger metal-ligand interactions in
the former phase. The same trend of increasing coordination distance upon increasing
the number of coordinated ligands was observed for pyridyl-functionalized benzene
molecules coordinated to Au atoms on Au(111) [31] and to Cu on Cu(111) [44]. In our
study, the mentioned difference in the interaction distances probably originates from
steric repulsions between pyridyl ligands at the coordination centres. Assuming an
almost planar adsorption geometry, the pyridyl groups in the three-fold configuration
cannot reach the same distance for Au-pyridyl binding as for the two-fold
configuration because of the steric repulsions between them. In order to form a three-
fold coordination bond, the pyridyl groups have to minimize steric repulsions via their
rotation out of the surface plane. In the case of two-fold coordination, pyridyl groups
do not overlap sterically and therefore, can reach the coordination centres without
steric repulsions. We suggest that the absence of such steric constraints might
predetermine the thermodynamical preference of phase γ.

3.3 XPS study of the chemical environment before and after Au-
coordination

Molecule 1 consists of 4 nitrogen (N) and 42 carbon (C) atoms. The N and C
atoms can be subdivided into chemically different species (Figure 3.6). The three N
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Figure 3.6: Molecule 1 with the chemically different nitrogen and carbon species indicated
by numbers. N1 and N2 represent the N atoms (blue), while C1–C3 represent the C atoms (grey).
The hydrogen atoms are shown in white.

atoms located at the pyridyl groups represent the chemical species N1 (pyridylic N
atoms) while the central N atom in the middle of the molecule represents the chemical
species N2 (aminic N atoms). The stoichiometric ratio between the two N species
within molecule 1 is N1 : N2 = 3 : 1. The C atoms of molecule 1 can be subdivided into
three chemically different species: C1 for the sp2 hybridized C atoms within the
aromatic pyridyl rings connected to the N1 atoms; C2 for the sp2 hybridized C atoms
within aromatic rings connected only to carbon and hydrogen atoms; C3 for the sp3

hybridized C atoms bonded to carbon and/or hydrogen atoms. In summary, each
molecule 1 consists of 9×C1, 24×C2 and 9×C3 carbon atoms. The stoichiometric ratio
for the C species in molecule 1 is C1 : C2 : C3 = 3 : 8 : 3.

In order to obtain information on the chemical states of molecule 1 in phase α
and γ phases, XPS measurements were performed at the N 1s (Figure 3.7) and C 1s
core levels (Figures 3.8 and 3.9) for 4.7 ML, 1.1 ML and 0.4 ML coverage of molecule 1
deposited on Au(111). For the 4.7 ML and 1.1 ML samples, the depositions of molecule
1 were carried out onto the cooled Au(111) substrates held at -70 °C and -54 °C,
respectively, in order to exclusively obtain phase α within the first deposited layer.
The sample with 0.4 ML was prepared by deposition of molecule 1 on the Au(111)
substrate held at room temperature (RT) and was subsequently annealed at 188 °C.
For the fitting of the N 1s and C 1s XPS spectra, the full widths at half maximum
(FWHM) of all peaks, except the satellite peaks, were constrained to have a maximum
deviation between each other of less than 0.15 eV. All other fitting parameters were
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Figure 3.7: N 1s XPS spectra for 4.7 ML (bottom), 1.1 ML (middle) and 0.4 ML (top) of
molecule 1 deposited on Au(111) held at -70 °C, -54 °C and RT during deposition, respectively. The
sample with 0.4 ML of molecule 1 was annealed at 188 °C. The numerical values are given in Table
3.1.

left free. The numerical values for the fitted N 1s and C 1s peaks in Figures 3.7, 3.8
and 3.9 can be found in Table 3.1.

The bottom N 1s spectrum in Figure 3.7 corresponds to a coverage of 4.7 ML of
molecule 1 on Au(111). This spectrum is used as a reference for the 1.1 ML and
annealed 0.4 ML samples. It is representative of molecule 1 in an approximately
purely organic environment with the influence of the underling substrate on the
molecules considerably reduced. The spectrum was fitted with three peaks. The two
main peaks (Pyridylic at 399.3 eV, green, and Aminic at 400.7 eV, dark red) are
assigned to the pyridylic and aminic N atoms of molecule 1. This assignment is in line
with reported literature values for pyridylic and aminic N 1s peaks. For example,
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N 1s Peaks BE Position (eV) FWHM (eV) Area (%)
0.4 ML, 188 °C

Pyridylic 398.9 0.84 40.3
Aminic 400.3 0.92 59.7

1.1 ML
Pyridylic 398.2 0.7 59.1
Aminic 399.9 0.85 40.9

4.7 ML
Pyridylic 399.3 0.87 58.3
Aminic 400.7 0.9 36.0
Residual 398.3 0.86 5.7

C 1s Peaks BE Position (eV) FWHM (eV) Area (%)
0.4 ML, 188 °C

Main I 284.4 0.88 55.5
Main II 285.4 0.98 38.1
Sat 286.8 1.27 6.4

1.1 ML
Main I 284.1 0.85 54.2
Main II 285 0.88 40.5
Sat 286.6 1.42 5.3

4.7 ML
Main I 285.1 0.9 46.3
Main II 285.9 1.04 30.9
Residual 284.5 0.9 9.6
Sat 291.7 5.5 13.2

Table 3.1: N 1s and C 1s peak binding energy (BE) positions, full width at half maximum
(FWHM) values and respective peak areas for coverages of 4.7 ML, 1.1 ML and annealed 0.4 ML of
molecule 1 on Au(111) cf. Figures 3.7, 3.8 and 3.9.

for 5 ML of pyridyl-functionalized porphyrin molecules on Cu(111), the peak position
of the pyridylic N 1s peak was observed at 399.1 eV [45], while for 4 ML of the related
cyano-functionalized triarylamine derivative (compared to molecule 1, the pyridyl
groups are replaced by cyano groups) on Au(111), the aminic N 1s peak was observed
at 401.3 eV [46]. The difference of 0.6 eV between the aminic N 1s peaks in Ref. [46]
and in our study can originate from a difference in charge distribution within the
triarylamine molecules induced by their structural difference. In Ref. [46], the
triarylamine molecules are terminated by cyano functional groups, while in our study
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the triarylamine molecules are terminated by pyridyl groups. The least intense peak at
398.3 eV labelled as Residual (blue in Figure 3.7) is assigned to the pyridylic N atoms
of molecule 1 which are in direct contact with the Au surface. The position of the
Residual peak differs from the position of the Pyridylic one due to core hole screening
[47–49].

The middle spectrum in Figure 3.7 was taken for 1.1 ML of molecule 1
arranged in the close-packed α phase. The spectrum was fitted with two peaks: one at
398.2 eV which is attributed to the pyridylic N atoms (labelled Pyridylic, blue) and one
at 399.9 eV which is attributed to the aminic N atoms (labelled Aminic, red). This
assignment is consistent with previously investigated molecules having pyridylic and
aminic N atoms in their chemical structure. In particular, the peak position of the
pyridylic N atoms for tetrapyridylporphyrins on Cu(111) [45] and Au(111) [50] as
well as for the N-doped graphene [51,52] was reported at 398.3 eV. The peak position
of the aminic N atom within the related cyano-functionalized triarylamine derivative
adsorbed on either Au(111) or Cu(111) was reported at 400.6 eV and 400.5 eV,
respectively [46]. Similar to what was observed for multilayer coverage, the aminic N
1s peak position for the pyridyl-functionalized triarylamine derivatives differs by
~0.7 eV from the cyano-functionalized ones [46].

The positions of the Pyridylic and Aminic peaks for a coverage of 1.1 ML differ
from the ones for a coverage of 4.7 ML by 1.1 eV and 0.8 eV, respectively. Core hole
screening can explain the observed shifts. The unequal shifts may be explained by a
stronger core hole screening for those atoms which are closer to the surface and a
weaker core hole screening for the atoms located further away from the surface [47].
Following this argument, the pyridylic N atoms of molecule 1 arranged in the α phase
appear to be located at a smaller distance from the Au surface compared to that of the
aminic N atoms. Consequently, molecule 1 must undergo arching with the central
aminic N atoms further away from the surface than the pyridylic ones. A similar
behaviour was reported for the related cyano-functionalized triarylamine derivatives
on coinage metal surfaces [29,46]. In those studies, the N atoms of the terminal cyano
groups were shown (using density functional theory (DFT) calculations) to be closer
to the surface than the central aminic N atom. For the cyano-terminated molecule
tetracyano-p-quinodimethane (TCNQ) on Cu(100), an arching of the molecules was
also identified [53]. In both cases, the arching of the molecules was associated with
strong molecule-substrate interactions.

The top spectrum in Figure 3.7 was acquired for a coverage of 0.4 ML of
molecule 1 on Au(111) annealed at 180 °C. The molecules are arranged in the γ phase
which is stabilized by metal-ligand interactions with native Au atoms. The N 1s
spectrum was fitted with two peaks: one for the pyridylic N atoms at 398.9 eV
(labelled Pyridylic, blue) and one for the aminic N atoms at 400.3 eV (labelled Aminic,
red). The peak position for the pyridylic N atoms corresponds to the value reported
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for 1 ML of pyridyl-functionalized porphyrin molecules coordinated to Cu adatoms on
Au(111) [50]. The Pyridylic and Aminic peaks shift (+0.73 eV for Pyridylic and +0.36 eV
for Aminic) towards higher binding energy (BE) in comparison to the respective peak
positions for the 1.1 ML spectrum. The tendency of the N 1s peaks to shift towards
higher BE upon metal-coordination was observed for tetrapyridylporphyrins
coordinated to Cu on Au(111) [50] as well as for tetraphenylporphins coordinated to
Fe on Ag(111) [48] and to Cu on Cu(111) [49]. For our study, we conclude that the
shifts of the N 1s peaks indicate a change in their respective chemical environments.
This is consistent with the differences in intermolecular interactions for the α
(hydrogen bonding) and γ (metal-ligand interaction with native Au atoms) phases.
Due to the different intermolecular interactions, the charge distribution within the
molecules varies, resulting in different peak positions for the N atoms. The change in
the chemical environment is more pronounced for the pyridylic N atoms than the
aminic ones as evidenced by the larger observed shift for the pyridylic N atoms. This is
in agreement with the fact that the pyridylic N atoms are directly involved in metal-
ligand interactions with native Au atoms, while the aminic N atoms indirectly mediate
intermolecular interactions and thus, are only partially affected.

Table 3.2 shows the area ratios of the pyridylic and aminic N 1s peaks for 4.7
ML, 1.1 ML and annealed 0.4 ML of molecule 1 on Au(111). The ratios of the fitted N 1s
peaks do not reproduce the stoichiometric ratio between the pyridylic and aminic N
atoms of molecule 1 (N1 : N2 = 3 : 1). A similar disagreement was observed for the
iminic and pyrolic N atoms within tetraphenylporphyrin molecules on Cu(111) [49]. It
was shown that the relative area ratios molecular do not only depend on the total
molecular coverage but also on the emission angle under which the N 1s spectra were
acquired. Diller et al. attributed the variations of the areas of the N 1s peaks to a
photoelectron diffraction effect.

4.7 ML 1.1 ML 0.4 ML, 188 °C
Pyridylic : Aminic 1.62 : 1 1.44 : 1 0.67 : 1

Table 3.2: Area ratios of the pyridylic and aminic N 1s peaks obtained for 4.7 ML, 1.1 ML
and annealed 0.4 ML of molecule 1 on Au(111). The values of the peak areas before and after
normalization to the Au 4f 7/2 peak area can be found in Appendix A, Table A.1 and Table A.2,
respectively.

The bottom C 1s spectrum in Figure 3.8 corresponds to the sample with 4.7 ML
of molecule 1 on Au(111). This spectrum is displayed within a wider BE range in
Figure 3.9 in order to show all its features. The spectrum consists of two main peaks
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Figure 3.8: C 1s XPS spectra for 4.7 ML (bottom), 1.1 ML (middle) and 0.4 ML (top) of
molecule 1 deposited on Au(111) held at -70 °C, -54 °C and RT, respectively. The sample with 0.4
ML of molecule 1was annealed at 188 °C. The numerical values are given in Table 3.1.

(Main I and Main II), one residual peak (Residual) and one satellite peak (Sat) 1. The
peaks Main I (green), Main II (dark red) and Residual (blue) are situated at BEs of
285.1 eV, 285.9 eV and 284.4 eV, respectively. Main I is attributed to the aromatic sp2

hybridized C atoms which are bonded to carbon and hydrogen atoms, namely C2 in
Figure 3.6 (Main I = 24×C2). Such an assignment is consistent with previous studies of
multilayer coverages of multiple aromatic π-conjugated organic molecules, namely, of

1 The satellite Sat is not displayed in Figure 3.8. Sat is present in Figure 3.9 which
depicts the 4.7 ML spectrum within the wider BE range than in Figure 3.8.
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Figure 3.9: C 1s XPS spectrum for a coverage of 4.7 ML of molecule 1 on Au(111). The
energy window is larger than in Figure 3.8. The spectrum is fitted with three peaks (Main I, Main
II and Residual) and a satellite (Sat). The numerical values are given in Table 3.1.

perylene-tetracarboxylic acid dianhydride, naphthalene dicarboxylic acid anhydride,
benzoperylene-dicarboxylic acid anhydride and quinoic acenaphthenequinone on
Ag(111) [54] as well as tetraphenylporphins and phthalocyanines on a copper holder
[55]. In the referenced studies, the C 1s peak at 285.0 eV was attributed to aromatic
sp2 hybridized C atoms. Main II is assigned to both the aromatic sp2 hybridized C atoms
bonded to N atoms, namely C1 in Figure 3.6, and to the sp3 hybridized C atoms
bonded to carbon and/or hydrogen atoms, namely C3 in Figure 3.6 (Main
II = 9×C1 + 9×C3). The peak assigned to the sp2 hybridized C atoms bonded to the
nitrogen atoms was reported at 286.2 eV for multilayer coverages of phthalocyanines
on a copper holder [55]. The peak attributed to sp3 hybridized C atoms was reported
at ~1 eV higher BE than the peak assigned to sp2 hybridized C atoms [51,56]. Such an
observation is in agreement with the positions of Main II (285.9 eV) and Main I
(285.1 eV). The Residual peak was observed at lower BE compared to Main I. We
suggest that it originates from the sp2 hybridized C atoms of the molecules which are
in contact with the Au(111) surface and it is shifted to lower BE compared to Main I
due to core hole screening [47–49]. The satellite peak Sat (grey in Figure 3.9) is
situated at 291.7 eV, which is +6.6 eV higher in BE relative to Main I. It is attributed to
a shake-up satellite2 which is ~6.6 eV above the primary peak in C 1s spectra. Such a
shake-up satellite typically originates from sp2 hybridized C atoms within aromatic
compounds [54,57,58].

2 Shake-up satellites originate from outgoing photoelectrons which lose a defined
amount of their kinetic energy for the excitation of valence electrons into unoccupied orbitals
[58].
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The middle C 1s spectrum in Figure 3.8 taken for the sample with 1.1 ML of
molecule 1 on Au(111) consists of two main peaks (Main I and Main II) and one
satellite peak (Sat). Main I (blue, at 284.1 eV) and Main II (red, at 285.0 eV) are
assigned to the same C atoms as Main I (24×C2) and Main II (9×C1 + 9×C3) for the 4.7
ML spectrum, respectively. The position of Main I is comparable with the position of
aromatic sp2 hybridized C species (C2) in pentacene on Au(111) (284.0 eV) [59],
diindenoperylene on Cu(111) (284.2 eV) [60], dibromotetracene on Cu(110)
(284.0 eV) [61], and debrominated tetrabromopyrene on Cu(111) (284.0 eV) and
Au(111) (284.1 eV) [62]. The position of Main II is comparable with sp2 hybridized C
atoms bonded to nitrogen atoms (C1) in tetraphenylporphyrin on Cu(111) (285.3 eV)
[63] and with sp3 hybridized C atoms (C3) in pyrene-fused pyrazaacenes on
Au(111) (284.7 eV) and Ag(111) (284.8 eV) [64]. The shifts of the C 1s peak positions
for Main I (-1 eV) and Main II (-0.9 eV) compared to the 4.7 ML C 1s spectrum
originate from a core hole screening effect [45,48,49]. The amount of the shifts is
comparable to those for the N 1s peaks (-1.1 eV for Pyridylic and -0.8 eV for Aminic).
The peak Sat (grey) is situated at 286.6 eV (shifted by +2.5 eV from the primary Main I
peak). For multilayer coverages of tetraphenylporphins and phthalocyanines
adsorbed on a copper holder, shake-up satellites were observed within the energy
range of 1.7 - 3 eV from the aromatic sp2 hybridized C 1s peak [55]. Accordingly, the
peak Sat is also interpreted as a shake-up satellite.

The top C 1s spectrum in Figure 3.9 was taken for annealed 0.4 ML of molecule
1 arranged in the γ phase on Au(111). It has two main peaks Main I and Main II and
one satellite peak Sat. All three peaks have the same origin as the ones for the 1.1 ML C
1s spectrum. Main I (blue, 24×C2)) and Main II (red, 9×C1 + 9×C3) are located at
284.4 eV and 285.4 eV, respectively, while Sat (grey) is situated at 286.8 eV. All peaks
are shifted towards higher BE (+0.3 eV for Main I, +0.4 eV for Main II and +0.17eV for
Sat) compared to the respective C 1s peaks in the 1.1 ML spectrum. The shifts of Main
I and Main II towards higher BE are comparable with the shift of the Aminic N 1s peak
(+0.36 eV), while the shift of the Pyridylic N 1s peak is considerably larger (+0.72 eV).
The changes in the C 1s peak positions is attributed to the different intermolecular
interactions present for the γ phase in comparison to the α phase. The peak Sat is
located +2.35 eV from the primary C 1s peak Main I and coincides with the relative
position of Sat in the 1.1 ML C 1s spectrum.

Table 3.3 shows the area ratios of the C 1s peaks Main I and Main II for 4.7 ML,
1.1 ML and annealed 0.4 ML of molecule 1 on Au(111). The ratios are in good
agreement with the stoichiometric ratio of the C 1s species within molecule 1 (Main I
(24×C2) : Main II (9×C1 + 9×C3) = 1.33 : 1).
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4.7 ML 1.1 ML 0.4 ML, 188 °C
Main I : Main II 1.50 : 1 1.34 : 1 1.45 : 1

Table 3.3: Area ratios of the C 1s peaks Main I and Main II for 4.7 ML, 1.1 ML and annealed
0.4 ML of molecule 1 on Au(111). The values of the peak areas before and after the normalization
to the Au 4f 7/2 peak area can be found in Appendix A, Table A.1 and Table A.2, respectively.

3.4 NEXAFS study of the molecular conformation before and
after Au-coordination

The conformation geometry of molecule 1 was investigated within NEXAFS
measurements for the 4.7 ML, 1.1 ML and annealed 0.4 ML samples. The NEXAFS
technique has been briefly introduced in Section 3.5. Herein, we focus on the obtained
experimental results and their analysis.

In Figure 3.10, the N K edge spectra acquired during the measurements with p-
and s-polarized light are shown in blue and red, respectively. The bottom spectra
correspond to the 4.7 ML sample, where molecules 1 remain in an approximately pure
organic environment. The middle spectra were taken for the 1.1 ML sample where the
molecules arranged in the close-packed α phase and are stabilized by hydrogen
bonding. The top spectra correspond to the annealed 0.4 ML sample with the
molecules arranged in the γ phase and stabilized by metal-ligand interactions with
native Au atoms. The aforementioned spectra allow the investigation of the
unoccupied final state orbitals of the nitrogen atoms within molecules 1. In order to
obtain quantitative insight, the absorption spectra were fitted with the procedure
described in Appendix A. The fitted N K edge spectra are shown in Figure A.6 and the
numerical values of the fitted peaks are summarized in Table A.3. The analysis of the
fitted spectra showed two observations. First, for all three samples the number of the
fitted peaks in the spectra remains the same. Second, the energy positions for the
corresponding peaks are almost identical. Similarly in the NEXAFS study of pyridine
physisorbed on Ag(111), no shift of the NEXAFS peaks was observed between the
multilayer and monolayer samples [65]. However, for chemisorbed pyridine on
Pt(111) [66] and for the pyridine moieties within tetrapyridylporphyrin on Cu(111)
[45], the shifts were observed and were explained by the chemisorptive character of
the interactions between the pyridine moieties and the corresponding surface. By
observing no shift of the peak positions in our NEXAFS study, we assume that
molecules 1 are physisorbed on Au(111).

According to the building block principle [67], for molecules composed of
different moieties, the spectral signatures of the moieties can be analysed separately
as long as the corresponding orbitals are independent from each other. Thus, a correct
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Figure 3.10: N K edge NEXAFS spectra acquired with p-(blue) and s-polarized light (red)
for 4.7 ML (bottom), 1.1 ML (middle) and 0.4 ML (top) of molecule 1 deposited on Au(111) held at -
70 °C, -54 °C and RT during deposition, respectively. The sample with 0.4 ML of molecule 1 was
annealed at 188 °C. Letter A labels the peak associated with �� orbitals of the nitrogen atoms
within the pyridyl rings.

assignment of the observed absorption peaks is crucial for determining the
orientation of the moieties with respect to the surface. In the N K spectra shown in
Figure 3.10, the fitted peaks below 405 eV have much smaller FWHM, compared to
the ones above 405 eV (see FWHM of the fitted peaks in Table A.3). We attribute the
peaks located below 405 eV to the �� final state orbitals and the peak located above
405 eV to the �� final state orbitals. In literature, narrow N K edge peaks with similar
positions were assigned to the �� orbitals of the nitrogen atoms within
tetrapyridylporphyrin on Cu(111) [35,45] and tetraphenylporphyrin on Au(111) [68],
Ag(111)[48] and Cu(111) [49]. In agreement with the reported studies, we assign the



Chapter 3

65

first sharp peak which is labelled as A and located at 398.5 eV (see bottom spectra in
Figure 3.10, the peak is named peak 1 in Figure A.6) to the �� orbitals of the pyridylic
nitrogen atoms. In Table 3.4, the angles of the pyridylic nitrogen �� orbitals with
respect to the surface normal are summarized for different samples.

4.7 ML 1.1 ML 0.4 ML, 188 °C
Pyridylic N �� orbitals 36.7° 20.6° 24.4°
Aromatic C ��orbitals 37.0° 14.1° 5.0°

Table 3.4: The angles of the nitrogen and carbon �� orbitals with respect to the surface
normal. The angles are derived from the NEXAFS measurements of the 4.7 ML, 1.1 ML and
annealed 0.4 ML samples.

In Figure 3.11, the C K edge spectra are shown in blue for the measurement
with p-polarized light and in red for the measurement with s-polarized light. The
bottom spectra correspond to the 4.7 ML sample, while the middle and top spectra
represent the 1.1 ML and the annealed 0.4 ML sample, respectively. The fitting of the
spectra is shown in Figure A.7. The numerical values of the fitted peaks are
summarized in Table A.4. The peaks situated in the region blow 290 eV have smaller
FWHW compared to those situated in the region above 290 eV (see the FWHM of the
peaks in Table A.4). We attribute the peaks located below 290 eV to �� final state
orbitals and the peaks located above 290 eV to the �� final state orbitals. In a similar
way, the C K edge peaks were assigned in the NEXAFS study of tetraphenylporphyrin
on Au(111) [68], Ag(111)[48] and Cu(111) [49]. In order to determine the angle of the
��orbitals of the aromatic carbon atoms, we studied the angular dependence of peak B
(see Figure 3.11, named as peak 2 in Figure A.7). In Table 3.4, the angles of the
aromatic carbon ��orbitals are summarized for the 4.7 ML, 1.1 ML and annealed 0.4 M
sample.

For aromatic rings, the �� final states occur with the symmetry of pz orbitals
that lie perpendicular to the plane containing the aromatic structure [67]. Accordingly,
the angle of the �� orbitals of an aromatic ring is identical to the dihedral angle
between the corresponding ring plane and the surface plane. In order to properly
interpret the obtained angles and shed light on conformation of the molecules, we
need to take the following two aspects in to account. First, each angle value extracted
from the C K edge spectra analysis describes an average dihedral angles for all
aromatic rings, the aryl and pyridyl ones, while each value extracted from the N K
edge spectra is only valid for pyridyl rings. Second, despite that NEXAFS yields the
dihedral angle between the aromatic rings and the surface, it does not unequivocally
determine if the functional groups containing the aforementioned aromatic rings are
tilted to the surface or just rotated around their single C-C bonds [35]. Thus, for the
aromatic rings, there are many possible combinations of tilt and rotation angles which
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Figure 3.11: C K edge NEXAFS spectra acquired with p-(blue) and s-polarized light (red)
for 4.7 ML (bottom), 1.1 ML (middle) and 0.4 ML (top) of molecule 1 deposited on Au(111) held at -
70 °C, -54 °C and RT during deposition, respectively. The sample with 0.4 ML of molecule 1 was
annealed at 188 °C. Letter B labels the peak associated with �� orbitals of the carbon atoms within
the aromatic rings.

are consistent with the single value given by NEXAFS. In the case of the 4.7 ML sample,
the angles obtained from the analysis of the N and C K edge spectra are almost the
same (36.7° for the pyridylic nitrogen �� orbitals, 37.0° for the aromatic carbon ��

orbitals). Accordingly, we assume two following interpretations. First, the pyridyl and
aryl rings within one molecule lie in one plane. Second, the molecules are staked in the
multilayer coverage with the molecular planes inclined by 37° with respect to the
surface. Similar staking of molecules was observed for cyano-functionalized porphyrin
molecules adsorbed on the KBr(001) insulating surface [69]. In the case of 1.1 ML, the
angle of the pyridylic nitrogen �� orbitals is larger (20.6°) than the angle of the
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aromatic carbon �� orbitals (14.1°). We interpret such finding in a way that the aryl
rings has smaller angle with respect to the surface than the pyridyl ones, which is in
agreement with the presence of carbon bridges limiting the movement of the aryl
rings. In the case of the annealed 0.4 ML sample, the interpretation of the angles (24.4°
for the pyridylic nitrogen �� orbitals and 5.0° for the aromatic carbon �� orbitals) is
similar to the one for the 1.1 ML sample. In the annealed 0.4 ML sample, molecules 1
have the pyridyl rings more inclined towards the surface, while the aryl rings are
more parallel to the surface. By taking into account that in the 1.1 ML sample, the
molecules are stabilized by hydrogen bonding and in the annealed 0.4 ML sample, the
molecules are stabilized by metal-ligand interactions with native Au atoms, we
conclude that upon metal-coordination, the core of molecule 1 becomes more flat
while the pyridyl functional groups bend more towards the surface.
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3.5 Conclusions

In conclusion, we studied the self-assembly of pyridyl-functionalized
triarylamine molecule 1 adsorbed on Au(111) with STM, XPS and NEXAFS.
Submonolayer deposition onto Au(111) kept at room temperature resulted in the
formation of three different long-range ordered molecular phases. One phase was
stabilized by hydrogen bonding between pyridylic nitrogen and hydrogen atoms of
adjacent molecules. The other two phases were stabilized by two- and three-fold
metal-ligand interactions between pyridylic nitrogen atoms and native Au atoms.
Annealing the sample at 180 °C led to the exclusive formation of the Au-coordinated
phase with two-fold metal-ligand interactions, which was identified as the thermally
stable phase. Our findings suggest that the relative ratio between the observed Au-
coordinated structures with two-fold and three-fold interaction symmetry is
predetermined by the amount of mobile Au atoms available for coordination on the
surface. In addition, we presume that steric constraints at the coordination centres
affect the strength of related metal-ligand interactions. Our XPS and NEXAFS data
showed that the chemical environment and conformation of the molecules changes
upon metal-coordination. In particular, the binging energy of all molecule atoms
increases. For the nitrogen atoms directly involved into meta-coordination, the
increase is the largest, around +0.7 eV, and for the other atomic species is smaller,
around +0.3 eV. Moreover, we concluded that the core of molecule 1 flattens while the
pyridyl functional groups bend more towards the surface upon metal-coordination. In
the following chapter we will investigate another pyridyl-functionalized molecule
with similar structure to molecule 1, in order to support our findings that native Au
atoms coordinate to two or three pyridyl ligands.

3.6 Experimental details

In our home laboratory, the experiments were performed in an ultra-high
vacuum (UHV) system with a base pressure of 2×10-10 mbar. The Au(111) single
crystal was prepared by several cycles of Ar+ sputtering and subsequent annealing at
temperatures between 700 K and 800 K. Molecules 1 were deposited from a quartz
crucible inside a commercial molecule evaporator (OmniVac) onto the Au(111)
substrate held at room temperature (RT). In this study, one monolayer (1 ML)
coverage of molecule 1 describes a complete monolayer of the molecules arranged in
the most densely-packed structure, namely phase α. Before molecule deposition the
molecules were thoroughly degassed. The STM measurements were performed with a
commercial low-temperature STM (Scienta Omicron GmbH) at 77 K. The STM images
were acquired in the constant current mode using a wire-cut Pt-Ir tip. All bias voltages
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are given with respect to a grounded tip. The software WSxM was used to process the
STM data [70]. In order to accurately determine unit-cell dimensions, LEED
measurements were performed with an Omicron multichannel plate LEED for the
samples kept at room temperature. The LEEDpat 41 software was used to simulate
the LEED patterns [71].

At the ALOISA beamline [72] of the Elettra synchrotron, the XPS and NEXAFS
measurements were performed in an ultra-high vacuum (UHV) system with a base
pressure of 2×10-10 mbar. The Au(111) crystal was prepared in a similar way as in our
home laboratory. The molecules were evaporated from a boron nitride crucible
hosted inside a three-slot cryopanel. For the 4.7 ML and 1.1 ML samples, the
depositions of molecule 1 were carried out onto a cooled Au(111) substrate (-70 °C
for 4.7 ML sample and -54 °C for 1.1 ML sample) in order to exclusively obtain phase α
within the first deposited layer. The sample with 0.4 ML was prepared by deposition
of molecule 1 on the Au(111) substrate held at room temperature (RT) and was
subsequently annealed at 188 °C. Molecular coverage was calibrated by XPS. The XPS
spectra were taken at a grazing incidence angle of 4°, using the same photon energy of
515 eV for N 1s, C 1s and Au4f spectra. The spectra are reported as a function of BE
after a linear- and Shirley-type background subtraction for the N 1s and C 1s spectra,
respectively. The BE energy scale has been calibrated with respect to the bulk spectral
component of the Au 4f 7/2 peak located at 84.0 eV BE. The NEXAFS spectra were
acquired in partial electron yield mode using p- and s-polarized light with a grazing
incidence angle of 6°. Further details on the measurement geometry can be found in
Ref. [74]. During the XPS and NEXAFS measurements, the 4.7 ML, 1.1 ML and annealed
0.4 ML samples had a temperature of -70 °C, -54 °C and RT, respectively. The
irradiated sample area was continuously displaced after each spectrum to minimize
effects related to beam-induced damage. The obtained XPS and NEXAFS data were
analysed with the software provided at the Elettra synchrotron.
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Chapter 4

Pyridyl-functionalized molecule 2 on Au(111):
Insight into Au-coordination

In this chapter, the de novo synthetized pyridyl-terminated molecule 2
adsorbed on Au(111) was investigated by scanning tunnelling microscopy and
spectroscopy. After submonolayer deposition onto the surface kept at room
temperature, two different Au-coordinated structures emerged on the surface with
short- and long-range order, respectively. The one with short-range order was
stabilized by a combination of hydrogen bonding and two-fold metal-coordination,
while the one with long-range order was held together by three-fold metal-
coordination only. Annealing at 120 °C promoted a structural transformation of the
short-range ordered structure into a second long-range ordered one, stabilized by
two-fold coordination, while the three-fold Au-coordinated structure still remained
present. The structures with two- and three-fold coordination were observed to be the
thermodynamically favoured phases.
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4.1 Introduction

Molecular self-assembly on metallic surfaces has been extensively studied over
the last two decades in order to gain fundamental insight into the mechanisms
governing molecular self-assembly [1–5]. It has been shown, that the formation of
molecular self-assembled structures relies on the delicate balance between
intermolecular and molecule-substrate interactions [6–9]. The former can be tuned by
choosing molecules with different sizes, shapes and functional groups to create a large
variety of the self-assembled molecular structures stabilized by different non-covalent
interactions such as van der Waals forces [10], dipolar coupling [11], π–π stacking
[12], hydrogen bonding [13,14], and metal−ligand interaction [15,16]. Among all non-
covalently bonded structures, those stabilized by metal-ligand interactions, namely
metal-coordinated ones, gained increasing attention due to their enhanced mechanical
and thermal stability [2]. The construction of metal-coordinated structures on metallic
surfaces implies that the metal atoms can originate either from the underlying surface
or can be provided in a separate deposition step. On coinage substrates such as Cu, Au
and Ag, these metal coordination centres can also be generated by detachment from
the atomic step edges or even from the terraces at elevated temperatures [17–23]. In
this chapter, as in the previous one, we focus our attention on the coordination by Au
atoms originating from the underlying substrate. The Au–coordinated structures on
Au substrates reported so far exhibited two- [18–20,24–27], three- [25,26] and four–
fold coordination symmetry [28]. In the previous chapter, pyridyl-functionalized
triarylamine molecules 1 formed two Au-coordinated structures with two- and three-
fold coordination symmetry on Au(111). We determined that the two-fold
coordinated structure is the thermodynamically favourable one. In this chapter, we
further explore Au-coordination by employing another pyridyl-functionalized
triarylamine molecule 2 with simpler structure compared to triarylamine molecule 1.
In particular, we further investigate what predetermines the formation of Au-
coordinated structures with a particular number of coordinated ligands. Additionally,
we question whether several metal-coordinated structures can survive the heat
treatment.

Herein, the self-assembly of pyridyl-functionalized triarylamine molecule 2 is
studied on Au(111). We show that the molecules can form long-range ordered Au-
coordinated phases with two- and three-fold metal-ligand interactions. The
aforementioned metal-coordinated structures are identified as the favourable ones
after annealing. After making a comparison of the self-assembly of molecule 2 with the
one of molecule 1, we discuss the interplay between the self-assembly behaviour and
structures of the molecules. In addition, the electronic properties of the Au-
coordinated structure with two-fold coordination were investigated with scanning
tunnelling spectroscopy.



Chapter 4

77 

4.2 STM characterization of the molecular networks 

The pyridyl-functionalized triarylamine (tris(4-pyridin-4-ylphenyl)amine) 
molecule denoted as 2 (Figure 4.1) has a triangular shape. It consists of three identical 
molecular arms connected to a central nitrogen atom. Each arm has a terminal pyridyl 
group and an aryl group which serves as a spacer between the pyridyl functional group 
and the central nitrogen atom. The aryl and pyridyl groups can rotate around the single 
C-C bonds connecting them.

 

Figure 4.1: Chemical structure of molecule 2. 

To investigate the self-assembly of molecule 2 on Au(111), the molecules were 
deposited under ultra-high vacuum (UHV) conditions onto the substrate held at room 
temperature (RT) and investigated with scanning tunnelling microscopy (STM) 
measurements. Figure 4.2a shows an STM image of an individual molecule 2 on 
Au(111). The molecule exhibits four protrusions: the central protrusion with higher 
contrast corresponds to the nitrogen atom in the centre, while the three outer 
protrusions with lower contrast are assigned to the peripheral pyridyl groups. For 
comparability, the structural model of molecule 2 is overlaid on the STM image in 
Figure 4.2b. 

For deposition of submonolayer coverage of molecule 2 onto Au(111) held at RT 
two different phases labelled α and β were observed to co-exist (Figure 4.2c). Phase α 
can be recognized as a disordered phase exhibiting only short-range order, while phase 
β appears as a phase with long-range order. For both phases, the herringbone 
reconstruction of Au(111) remains intact. This suggests that the interaction between 2 
and the Au(111) surface is relatively weak and that the intermolecular interactions 
dominate over the molecule-substrate ones [29]. The co-existence of two different 
phases evidences polymorphism of the self-assembled structures formed by molecules 
2 on Au(111). Polymorphism was also observed for the related molecule 1 on Au(111) 
(Chapter 3) as well as for other pyridyl-functionalized molecules on Au(111) [26,30,31], 
Cu(111) [30,32], and Ag(111) [26,33,34].

N

N

N

N
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Figure 4.2: a) High-resolution STM image of molecule 2 adsorbed on Au(111) (1.9 
1.7 nm2, U = -2 V, I = 60 pA). b) The structure of molecule 2 superimposed onto a). Carbon atoms
are grey, nitrogen atoms blue and hydrogen atoms white. c) Overview STM image for
submonolayer coverage of molecule 2 on Au(111) (80  80 nm2, U = -1.8 V, I = 20 pA). Two
different molecular phases α and β are present and labelled by blue symbols.

In the following, each phase of molecule 2 on Au(111) will be individually
discussed. Figure 4.3a shows phase α in detail and allows precise determination the
molecular arrangement. Based on our STM observations, a tentative structural of
model of phase α was constructed (Figure 4.3b). Phase α is a disordered porous
phase which is simultaneously stabilized by two types of bonding motifs: metal-ligand
interactions between the pyridyl nitrogen atoms and native Au atoms (blue oval) and
hydrogen bonding between the pyridyl nitrogen atoms and H atoms of adjacent
molecules (red oval). These two types of bonding motifs simultaneously stabilizing the

Figure 4.3: a) Detailed STM image of phase α (7  7 nm2, U = -1 V, I = 60 pA). b) Tentative
structure model of phase α. The blue and red ovals indicate the stabilizing bonding motifs: metal-
ligand interactions between the pyridyl nitrogen atoms and native Au atoms, and H-bonding
between the pyridyl nitrogen atoms and H atoms of adjacent molecules, respectively.
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structures were earlier reported in literature for other pyridyl-functionalized
molecules [33,27].

The STM image of the arrangement of molecules 2 within phase β is shown in
Figure 4.4a. In Figure 4.4b, the tentative structural model of phase β is given. In
phase β, the molecules arrange in a hexagonal pattern. The related unit cell (marked
with the blue rhombus in Figures 4.4a and b) has the dimensions of a = b = 1.94 nm,
Θ = 60° and contains one molecule resulting in a density of 0.31 molecules/nm2. Each
molecule within phase β is surrounded by six adjacent molecules. Three nitrogen
atoms of the pyridyl groups from the three nearest molecules are oriented towards
one common central point. At this point a native Au atom is located to which the
nitrogen atoms coordinate. Phase β is stabilized by three-fold metal-ligand
interactions between the pyridyl nitrogen atoms and native Au atoms. Such a three-
fold metal-coordination motif was also observed for molecule 1 (Figure 3.4 in Chapter
3). The average distance between the pyridyl nitrogen atoms and the coordinated Au
atoms is 2.7 Å. This distance coincides with the Au-N distances reported for phase β
formed by molecules 1 and for the three-fold metal-coordinated phase of pyridyl-
functionalized benzene molecules on Au(111) [26]. The STM measurements showed
that the molecular islands of phase β exhibited domain orientations of ±20° with
respect to the principal Au directions.

After annealing submonolayer coverage of molecule 2 adsorbed on Au(111) at
120 °C, phase β was still present on the surface and additionally, a new phase denoted
as phase γ appeared (Figure 4.5a). Figure 4.5b shows phase γ in detail. Based on our
STM measurements, the tentative structural model of phase γ was constructed

Figure 4.4: a) Detailed STM image of phase β (7  7 nm2, U = -1.8 V, I = 20 pA). b)
Tentative model of phase β which is stabilized by three-fold metal-ligand interactions. The purple
spheres represent Au atoms. The blue rhombus marks the unit cell of phase β in both a) and b). At
each node, three pyridyl groups of three adjacent molecules point towards one central common
point where a coordinated Au atom is located. The set of three lines at the bottom right corners of
a) and b) indicate the principal Au directions.
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Figure 4.5: a) Overview STM image of submonolayer coverage of molecule 2 annealed at
120 °C (200  200 nm2, U = -1.8 V, I = 20 pA). Both phases β and γ are present. The molecular
islands with the network-lattice orientations of 30° and +12° with respect to the principal Au
directions are marked by the blue and green star, respectively. b) Detailed STM image of phase γ
(6.5  6.5 nm2, U = -2 V, I = 60 pA). The unit cell is marked by the blue rhombus. c) Tentative
structural model of phase γ. The unit cell is indicated by the blue lines. The purple spheres
represent the coordinated Au atoms. The pyridyl groups of two adjacent molecules point towards
each other and are involved in metal-ligand interactions with two-fold coordination symmetry.
The set of three lines at the bottom right corner indicates the principal Au directions.

(Figure 4.5c). Molecules 2 within phase γ arrange in a hexagonal porous structure on
the Au(111) surface. For phase γ, the unit cell (blue rhombus in Figure 4.5b) with the
dimensions of a = b = 3.45 nm, Θ = 60° contains two molecules, which results in a
molecular density of 0.19 molecules/nm2. Each molecule in phase γ has three nearest
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neighbours. Two adjacent molecules in phase γ are linked via a linear pyridyl-Au-
pyridyl coordination considering that the two pyridyl nitrogen atoms point towards
each other. Such a bonding motif was also observed for molecules 1 in phase γ
described in Chapter 3 (Figure 3.5) and reported for pyridyl-functionalized porphyrin
molecules [19] and pyridyl-functionalized benzene molecules on Au(111) [26,27]. The
average distance between the pyridyl nitrogen atoms and the coordinated Au atom is
1.5 Å. This distance coincides with the ones observed for molecules 1 in phase γ and
agrees well with the N-Au distance values of 1.5 Å - 2.7 Å reported for two-fold Au-
pyridyl coordination of porphyrin [19] and benzene derivatives on Au(111) [26,27].
Based on our STM data, phase γ has three different network-lattice orientations: 30°
(blue star in Figure 4.5a) and ±12° (+12° network-lattice orientation is marked by a
green star in Figure 4.5a), relative to the principal Au directions. Further annealing
did not lead to the exclusive formation of one phase, either β or γ phase. Both phases
remained on the surface until decomposition of the molecules at temperatures higher
than 200 °C set in. For this reason, we conclude that phases β and γ have a similar
stability on Au(111).

The structural differences between pyridyl-functionalized molecules 1 and
2 were found to result in different self-organized structures. Molecules 1 and 2 can
both form molecular structures with two- and three-fold coordination symmetry
(denoted as phases γ and β in Chapters 3 and 4) on Au(111). For both molecules phase
β appeared after molecular deposition on Au(111) kept at room temperature. On the
other hand, phase γ appeared for molecule 1 at room temperature, while for molecule
2 annealing at 120 °C was required. Moreover, for molecule 1, the post-deposition
annealing at 180 °C resulted in exclusive formation of phase γ, while for molecule 2,
the annealing treatment did not lead to the exclusive formation of any phase. Instead,
phases γ and β co-existed on Au(111) up to annealing temperatures at which the
decomposition of molecules 2 was observed. By assuming that during annealing,
molecules 1 and 2 had similar access to the Au metal centres, the difference between
the assembling behaviours of molecules 1 and 2 is thus associated with the structural
differences between these molecules. It is suggested that upon adsorption of
molecules 1 on Au(111), the pyridyl functional groups of the molecules point towards
the surface establishing attractive molecule-substrate interactions and thereby,
helping to anchor the molecules to the surface. The out-of-plane methyl groups serve
as a spacer and slightly lift the core of the molecules away from the surface. The
molecular core-surface interaction is assumed to contribute only little to the molecule
substrate interactions. A very similar adsorption conformation of a related molecule
which is functionalized by cyano instead of pyridyl groups was reported [24,35]. It
was shown that the cyano-functionalized molecule undergoes arching with cyano
groups pointing towards the surface and methyl groups rotating away from the
surface. As a result, the central nitrogen atom of the adsorbed molecule appeared
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above the cyano nitrogen atoms. In molecules 2, the carbon bridges constraining the
rotation of the aryl rings as well as the out-of-plane methyl groups, which can increase
the adsorption height of the molecules, are absent. Thereby, a different adsorption
geometry of molecules 2 with a closer distance of both the central nitrogen atoms and
the aryl rings to the Au(111) surface compared to molecules 1 is expected implying
stronger molecule-substrate interactions for molecules 2 than for 1. This may alter
the ratio of molecule-substrate to intermolecular interactions leading to the observed
differences, namely that the formation of phase γ from molecules 2 requires larger
substrate temperatures compared to phase γ from molecules 1.

4.3 STS study: Electron confinement observation inside the
molecular network pores

Scanning tunnelling spectroscopy (STS) was employed to investigate the
electronic properties of the Au(111) surface patterned by molecular phase γ. The STS
spectra were recorded above the molecular centre and above the expected
coordinated Au atom (blue and red squares, respectively, in Figures 4.6a and b). The
lowest unoccupied molecular orbital (LUMO) of molecules 2 on Au(111) was detected
at +1.77 V (green vertical line), while their highest occupied molecular orbital (HOMO)
was detected at -1.64 V. Interestingly, for the bias voltages more negative than -1.64 V,
the molecules had the appearance with higher contrast around their centres (Figure
4.6b), while for the bias voltages more positive than -1.64 V, the molecules appeared
with relatively equal contrast for all substituents (Figure 4.6c). Such contrast
dependence was observed for all molecules 2 in all molecular phases on Au(111).

In order to compare the electronic properties of the bare Au(111) surface and
the surface modified by molecules 2, STS spectra were acquired on the bare Au(111)
surface and on the area with phase γ (Figure 4.7). The STS spectrum acquired on the
bare Au(111) surface (black curve) serves as a reference for the spectra acquired on
the surface area with phase γ. Typically, the STS spectra obtained on the bare Au(111)
surface exhibit a step function with an onset around -0.5 V. This step function
represents the surface state of Au(111) [36–39]. In our STS spectrum taken on the
bare Au(111) surface, we observe a pronounced peak at -0.48 V (blue vertical line)
instead of the step function due to tip imperfections. In addition, we observed three
less pronounced peaks (indicated by three black arrows) which were attributed to the
tip local density of states and their presence has to be taken into account when the
spectra acquired of phase γ are considered. In Figure 4.7, the STS spectrum marked in
blue was acquired at the centre of the pore within phase γ, while the STS spectrum
marked in red was taken at the halfway between the centre and the rim of a pore. The
corresponding acquisition positions are indicated by the squares with the colour code
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Figure 4.6: a) STS spectra taken at the centre of molecule 2 (blue curve) and the expected
coordinated Au atom (red curve). The acquisition positions are marked by the squares with the
same colours as the corresponding curves in the spectra (blue and red ones) in the inset and also in
b). The green (+1.77 V) and blue (-1.64 V) vertical lines indicate the LUMO and HOMO of molecule
2 on Au(111), respectively. b) (7  7 nm2, U = -2 V, I = 20 pA) and c) (7  7 nm2, U = -1V, I = 20 pA)
Constant current STM images of molecules 2 taken at bias voltages of -2 V and -1 V, respectively, to
depict the difference in the molecule’s appearances. The structure of molecule 2 is superimposed
onto the STM images in b) and c) in the top left corners.

of the STS curves (blue and red) in the inset, respectively. These two STS spectra were
acquired with the same tip which was used for the acquisition of the STS spectra on
the bare Au(111) surface. The spectrum taken at the centre exhibits a clear difference
compared to the one taken on bare Au: a broad peak at +0.14 V can be observed
(green vertical line). Similar features have been earlier observed for porous molecular
overlayers on metallic surfaces [40–44]. They were attributed to the confinement of
the surface state electrons inside the molecular network pores.

In order to further investigate the confinement of the surface state electrons
within the pores formed by molecules 2, a set of dI/dV maps was acquired (Figure4.9,
a full set of the dI/dV maps is given in Appendix B, Figure B.1). Figure 4.9a shows
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Figure 4.7: Comparison between the STS spectra taken at the bare Au(111) surface and
inside the molecular pore. The STS spectrum taken on the bare Au(111) substrate (black curve) is
used as a reference spectrum. The blue vertical line at -0.48 V marks the peak related to the
Au(111) surface state. The black arrows indicate the peaks which originate from the tip
contaminations. These peaks create artefact features in the STS spectra taken inside the pore. The
STS spectra taken at the centre and halfway between the centre and the rim of the pore are
indicated in blue and red, respectively. The respective positions are marked by the blue and red
squares in the inset. The green vertical line (+0.14 V) marks the peak position of the confined state.

a dI/dV map taken at a bias voltage of -0.45 V close to the onset of the surface state of
Au(111). This dI/dV map does not display a pronounced change of the dI/dV contrast
associated with the confinement of surface state electrons. Figure 4.9a1 shows the
corresponding STM image simultaneously acquired with the dI/dV map in Figure
4.9a. Figure 4.9b shows a dI/dV map taken at a bias voltage of +0.05 V close to the
position of the dI/dV peak associated with the confined state. Figure 4.9b1 shows the
corresponding STM image. In the dI/dV map in Figure 4.9b, seven bright protrusions
were assigned to one molecular pore. The largest protrusion in a shape of a circle is
located at the centre of each pore, while the six other bright protrusions with a
relatively equal size are observed at the rim of the network pore. Moreover, the dI/dV
contrast of the described pattern starts to appear at a bias voltage of -0.15 V, at
+0.05 V the contrast is the most pronounced, and at +0.2 V the contrast vanishes,
covering the bias voltage range of 0.35 V (Appendix B, Figure B.1).

An STS study was also performed for the pores within phase β (see Scanning
tunnelling spectroscopy study of phase β in Appendix B). In order to draw reliable
conclusions on the electron confinement within the pores of phase β more
investigations are needed.
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Figure 4.9: a) (9  9 nm2, U = -0.45 V, I = 150 pA) and b) (9  9 nm2, U = 0.05 V, I = 150 pA)
Experimentally acquired dI/dV maps taken on phase γ at different bias voltages of -0.45 V and
+0.05 V, respectively. a1, b1) STM images simultaneously acquired with the dI/dV maps shown in a)
and b), respectively. Blue hexagons outline pores of phase γ.
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4.4 Conclusions

In conclusion, for pyridyl-functionalized molecule 2 adsorbed on Au(111), we
observed that two long-range ordered Au-coordinated phases are the most favourable
structures, with two- and three-fold coordination, respectively. We compared our
results to the ones obtained for the pyridyl-functionalized molecule 1. Our findings
suggest that the differences between the chemical structures of the molecules lead to
different molecule-substrate interactions, which facilitate the formation of the phase
for molecule 1 with two-fold coordination at a lower substrate temperature, in
comparison to molecule 2. In addition, we found that the porous Au-coordinated
phase with two-fold coordination can confine the Au surface state electrons inside its
pores.

4.4 Experimental details

The experiments were performed in an ultra-high vacuum (UHV) system with a
base pressure of 2×10-10 mbar. The Au(111) single crystal was prepared by several
cycles of Ar+ sputtering and subsequent annealing at temperatures between 700 K and
800 K. Molecules 2 were deposited from a quartz crucible inside a commercial
molecule evaporator (OmniVac) onto the Au(111) substrate held at room temperature
(RT). In this study, one monolayer (1 ML) coverage of molecule 2 describes a complete
monolayer of the molecules arranged in the most densely-packed structure, namely
phase β. Before molecule deposition the molecules were thoroughly degassed. The
STM and STS measurements were performed with a commercial low-temperature
STM (Scienta Omicron GmbH) at 77 K and 4.5 K, respectively. The STM images were
acquired in the constant current mode using a wire-cut Pt-Ir tip. All bias voltages are
given with respect to a grounded tip. The software WSxM was used to process the
STM data [45]. In order to acquire the STS data, a lock-in modulation amplitude of 10
mV and frequency of 678 Hz were used.
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Chapter 5

Terphenyl-dicarbonitrile molecule and Co adatoms on
Au(111): A combined STM/STS and ARPES study

The confinement of the Au(111) surface state electrons inside the cavities of a
porous metal-organic network is studied by scanning tunnelling microscopy (STM)
and spectroscopy (STS) as well as by angle-resolved photoemission spectroscopy
(ARPES). The porous network was formed by terphenyl-dicarbonitrile molecules (NC-
Ph3-CN) and Co adatoms. We characterized the position-dependent variation of the
local density of states (LDOS) inside the network cavities. In addition, ARPES
measurements revealed the formation of a new electronic band structure exhibiting
band gaps at the boundaries of the network Brillouin zone. Our study demonstrates
that electronic properties of metal surfaces can be tuned by molecular patterning in a
controllable manner.
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5.1 Introduction

The surface of a crystalline solid allows for surface electronic states, which are
different from the Bloch states in the bulk and have wavefunctions localized either
just above the surface, or in the surface layer, which decay both towards the vacuum
and towards the bulk of the crystal [1]. Surface states in solids are traditionally
distinguished either as Tamm states [2] or as Shockley states [3], named after the
physicists Igor Tamm and William Shockley which used different approximations for
deriving surface states in the 1930s. In real nonideal crystal surfaces, the distinction
between Tamm and Shockley surface states is sometimes blurred, and can only be
differentiated by the mathematical approximation used in their derivation [4,5].
Tamm states are surface states derived using the tight-binding approximation [2] for
d- and f-electrons and manifest as narrow bands split-off from the bulk bands.
Shockley states are instead derived with the nearly-free-electron approximation [3],
which works well for describing delocalized electronic states like in s and p surface
bands. Being confined to the surface, surface states are very sensitive to external
perturbations, such as adsorption, disorder, external fields, and can be easily
destroyed by them. Nevertheless, by using the right approaches, surface states can be
also used to engineer surface electronic properties. So far, three different
experimental approaches have been established to modify surface states by exploiting
the confinement of electrons. The first approach uses so-called quantum corrals
constructed by positioning individual atoms with STM in order to confine surface
electrons. Artificial corrals with different dimensions and shapes have been
constructed from metal atoms and their presence modified not only the electronic
properties of the surface area inside the corrals [6–9] but also those of adsorbed metal
atoms [10]. Nevertheless, atomic manipulation by STM is a time consuming process
and therefore, it is challenging to modify the electronic properties of macroscopic
surface areas within a reasonable amount of time. The second approach uses adatom
islands [11,12], vacancy islands [13,14] or stepped vicinal surfaces [15–19] to confine
surface electrons. However, control over symmetry and geometry of adatom islands,
vacancy islands or vicinal surfaces is difficult if one wants to upscale the production to
larger areas and therefore, this approach is questionable for real applications. The
third approach employs molecular self-assembly for the fabrication of nanostructures,
which can confine surface electrons [9,20–21] and thereby, overcomes the limitations
of the first two approaches. Proper selection of the molecular building blocks and
their in-parallel organization without human intervention allow the formation of
defect-free molecular structures with versatile geometries and sizes [22,23]. First
modification of surface electronic properties by a long-range ordered porous
molecular network has been observed for a perylene derivative deposited on Cu(111)
[24]. The reported porous network partially confined the surface state electrons
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inside its cavities in such a way that coupling between neighbouring confined states
could induce the formation of new electronic bands and of band gaps at the
boundaries of the network Brillouin zone [24–26]. In the following, linear polyphenyl-
dicarbonitrile molecules with varying lengths have been used to build porous
networks with different geometry and cavity sizes in order to study electron
confinement on Ag(111) [27,28] and Cu(111) [29]. In this chapter we contribute to
answering the question whether it is possible to confine surface electrons by porous
networks on all metal substrates, which have surface states. We chose the Au(111)
substrate because similar studies have not been conducted on Au substrates so far. In
addition, Au substrates are relatively less reactive compared to other coinage metal
substrates like Cu and Ag and it is therefore interesting to investigate if the reactivity
of the substrate plays a role in electron confinement. For our study we selected a
polyphenyl-dicarbonitrile molecule to complement similar studies conducted for the
molecules of the same family on Ag [27,28] and Cu substrates [29].

Herein, we report on the formation of a long-range ordered porous network
assembled from polyphenyl-dicarbonitrile molecules and Co adatoms on Au(111). We
show that this hexagonal porous network partially confines the surface electrons
inside its cavities, in such a way that the coupling between neighbouring confined
states occurs and new dispersive bands with band gaps at the boundaries of the
network Brillouin zone are formed.

5.2 STM characterization of the Co-coordinated porous network

The terphenyl-4,4’’-dicarbonitrile molecule denoted as NC-Ph3-CN consist of
three phenyl rings linearly joined by C-C bonds and terminal cyano groups (Figure
5.1a). The molecules and Co adatoms were subsequently deposited onto the Au(111)
surface held at room temperature (RT). Afterwards, the sample was cooled down and
the STM measurements were performed at 77 K. For the samples with the
stoichiometry between the NC-Ph3-CN molecules and Co atoms of 1.5:1, a hexagonal
porous network with long-range order was observed (Figure 5.1b). In Figure 5.1c,
the arrangement of the NC-Ph3-CN molecules within the network is shown in detail.
Each molecule is represented by a linear rod-like shape. Three neighbouring
molecules are oriented with their cyano groups towards one common central point.
Such arrangement of the cyano groups is principally unfavourable due to the
electrostatic repulsion between the partially negatively charged N atoms. Taking into
account the presence of Co adatoms on the surface, we propose that the network is
stabilized by metal-ligand interactions between the cyano groups and Co adatoms.
This bonding motif with three-fold coordination symmetry was reported earlier for
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Figure 5.1: Self-assembly of NC-Ph3-CN molecule and Co adatoms on Au(111). a) Chemical
structure of a NC-Ph3-CN molecule. b) The STM image of the porous metal-organic network
formed after deposition of submonolayer coverage of molecule NC-Ph3-CN and codeposition of Co
adatoms on the Au(111) substrate held at room temperature (75  75 nm2, U = -1 V, I = 20 pA). The
set of three lines at the bottom right corner indicates the principal directions of the Au(111)
surface. c) Detailed STM image of the porous network (8  8 nm2, U = -0.1 V, I = 250 pA). The unit
cell is indicated in blue. d) Structural model of the porous network. Coordinated Co atoms are
purple, while carbon atoms are shown in grey, nitrogen atoms in blue and hydrogen atoms in
white.

similar polyphenyl-dicarbonitrile molecules coordinated to Co adatoms on Ag(111)
[28,30–35]. Evidence of the presence of Co in the coordination nodes was observed
during the scanning tunnelling spectroscopy measurements (see Appendix C, Figure
C.1). The tentative structural model of the porous network is shown in Figure 5.1d.
The unit cell (blue rhombus in Figures 5.1c and d) has dimensions of a = b = 3.5 nm,
Θ = 60⁰ and includes three molecules resulting in a density of 0.29 molecules/nm2.
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The length of the unit cell falls in the reported range of 3.2-3.7 nm for the same
molecules coordinated to Co adatoms on Ag(111) [30,31,33]. Based on our STM data,
the lattice orientation of the network is 30⁰ relative to the principal Au directions.

5.3 STS characterization of the surface electrons confined by the
porous network

To investigate the electronic properties of the Au(111) surface patterned by the
porous network, scanning tunnelling spectroscopy (STS) measurements were
performed at 4.5 K. Firstly, STS spectra (Figure 5.2) were recorded at the centre of a
NC-Ph3-CN molecule (blue curve) and at a coordinated Co adatom (red curve) as
indicated by the blue and red square in the inset, respectively. The lowest unoccupied
molecular orbital (LUMO) at +1.8 V as well as the step-like feature of the Au surface
state indicated by a black arrow was observed for both acquisition positions. Secondly,
STS spectra (Figure 5.3) were acquired on the bare Au(111) surface and inside a
cavity of the porous network. The top brown curve in Figure 5.3 corresponds to the
STS spectrum which was acquired on the bare Au(111) surface and used as a
reference for comparison with the spectra taken inside the cavity. The spectrum of the
bare surface features the onset of the Au surface state at -0.5 V (brown vertical line).
Its onset is in good agreement with literature values [36–39]. The bottom blue curve
represents the STS spectrum acquired at the centre of the cavity as indicated by the

Figure 5.2: STS spectra taken at the centre of a NC-Ph3-CN molecule (blue curve) and at
the position of a coordinated Co adatom (red curve). In the inset, the acquisition positions are
marked by the squares with the colour coding used for the STS spectra. The green vertical line at
+1.8 V indicates the LUMO while the black arrow indicates the Au surface state at both acquisition
positions.
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Figure 5.3: (top) The STS spectrum (brown curve) was taken on the bare Au(111) surface.
The brown vertical line (-0.50 V) marks the onset of the surface state. (bottom) The STS spectra
were taken at the centre (blue curve) and at the halfway between the centre and the rim of one
pore (red curve). In the inset, the acquisition positions are marked by the squares with the colour
coding used for the STS spectra. The blue (-0.2 V), red (+0.05 V), and green (+0.28 V) arrows
indicate peaks.

blue square in the inset of Figure 5.3. The spectrum has two broad peaks with
maxima around -0.2 V and +0.28 V marked by the blue and green arrows. The bottom
red curve corresponds to the STS spectrum recorded halfway between the centre and
the rim of the cavity as indicated by the red square in the inset. This spectrum has also
two broad peaks with maxima around -0.2 V and +0.05 V marked by the blue and red
arrows, respectively. The STS spectra taken inside the cavity of the porous network
exhibit different peaks compared to the bare Au(111) surface. In literature, an
appearance of new peaks in the STS spectra taken inside the cavities of porous metal-
organic networks was explained by the electron confinement effect [24,27–29,40]. To
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the same effect we attribute the appearance of the aforementioned peaks in our STS
spectra. The variation of the peaks depending on an acquisition position indicates
different lateral distribution of the local density of states (LDOS) inside the network
cavities.

To map the LDOS for the network cavities, dI/dV maps (Figure 5.4a) were
acquired at the bias voltages close to the ones observed in the STS spectra. The dI/dV
maps in Figures 5.4b-d exhibit contrast features which are highlighted in blue. In
Figure 5.4b, the dI/dV map taken at -0.23 V has a bright domelike protrusion in the
centre of the hexagonal cavity. In Figure 5.4c, the dI/dV map taken at +0.05 V has a
donut-like shape. We tentatively assign the dI/dV maps taken at -0.23 V and 0.05V to
the first and the second eigenstate, respectively. Similar assignment of the dI/dV
patterns acquired for porous structures was reported for similar porous metal-
organic networks [28,29,41,42]. In Figure 5.4d, the dI/dV map taken at +0.2 V

Figure 5.4: Confinement of the surface state electrons of Au(111) by the porous metal-
organic network formed by the NC-Ph3-CN molecules and Co adatoms. a) STM image of a single
network cavity (5  5 nm2, U = -0.23 V, I = 150 pA). b-d) Experimentally acquired dI/dV maps taken
at different bias voltages: -0.23 V, +0.05 V and +0.2 V (5  5 nm2; I = 150 pA). The contrast features
are highlighted in blue. The contrast patterns observed in b), c) and d) are tentatively attributed to
the first, second and third eigenstate, respectively.
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shows a bright protrusion in the centre surrounded with six bright outer protrusions
located close to the positions of the molecules. We tentatively assign it to the third
eigenstate. The gradual variation of the LDOS is shown in Appendix C, Figure C.2.

5.4 ARPES results: Observation of a new electronic band
structure

According to the Kronig-Penney model, imposing of a periodic potential onto a
free electron system might lead to band gap opening at the Brillouin zone boundary
[43]. Band gap opening induced by long–range ordered periodical potentials of
stepped metal surfaces was earlier reported in literature [15–18,44,45]. In order to
study the influence of our porous network on the surface state band of Au(111), angle-
resolved photoemission spectroscopy (ARPES) measurements were performed. This
laterally averaging surface-sensitive technique determines the binding energy (BE) of
the occupied states of the system as a function of the electron momentum. The ARPES
spectrum of the clean Au(111) surface in Figure 5.6a shows the parabolic dispersion
of the Au surface state with the band bottom located at 0.5 eV. The position of the
band bottom is in good agreement with the STS data (top STS spectrum in Figure 5.3).
The observed surface state band also exhibits the Rashba splitting which was earlier
reported in literature [46–48]. The spectrum in Figure 5.6a is used as a reference for
comparison with the spectra of the sample with the porous network. The ARPES
spectra of the Au(111) surface covered with the porous network are shown along the

� ���� and � ��� directions of the network Brillouin zone in Figures 5.6b and c,
respectively. These spectra exhibit two key differences compared to the ARPES
spectrum taken for the clean Au(111) surface. The first difference is that the band
bottom is located further away from the Fermi level, which is in agreement with the
recorded STS spectra (see Figure 5.3). The second one is that the photoemission

Figure 5.6: Second derivative of the ARPES spectra acquired for the bare Au(111) surface

(a) and for the porous network of NC-Ph3-CN molecules and Co adatoms on Au(111) along the � ����

(b) and � ��� (c) directions of the network Brillouin zone. The Fermi level is located at a binding
energy of 0.0 eV as indicated by the red dashed line.
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intensities in Figures 5.6b and c vary depending on the value of electron momentum.
These key differences can be explained by the formation of a new band structure. The
periodicity of the network is 3.5 nm which corresponds to a hexagonal Brillouin zone

with dimensions of 0.11 Å-1 in the � ��� direction and 0.12 Å-1 in the � ��� direction.

Around these values (labelled by � and � in Figures 5.6b and c), a decrease of the
photoemission intensity occurs. We suggest that the variation of the intensity happens
due to the presence of the well-ordered porous network on the Au(111) surface. The
periodical potential of the network induces imperfect confinement of the surface state
electrons inside its cavities, in such a way that the coupling between electronic states
of neighbouring cavities occurs. Due to this coupling, the formation of a new band
structure out of the surface state band is enabled, while due to the potential induced
by the network onto the Au surface, the newly formed band structure exhibits the gap
openings at the boundary of the network Brillouin zone. Furthermore, the ARPES data
shows that the modulation of the Au(111) electronic structure occurs on a
macroscopic scale, which indicates a possibility of tuning electronic properties of
metal surfaces by molecular patterning.
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5.5 Conclusions

We observed that a long-range ordered metal-organic porous network which
partially confines the surface state electrons inside its cavities, can be formed from
linear polyphenyl-dicarbonitrile molecules and Co adatoms even on the relatively
unreactive Au(111) surface. Such electron confinement allows coupling between
neighbouring confined states and a new band structure is formed, exhibiting band
gaps at the boundaries of the network Brillouin zone. Our findings demonstrate that
molecular patterning can serve as a promising tool to macroscopically tune the
surface electronic properties of metals with surface states in a controllable manner.

5.6 Experimental details

The experiments were performed in an ultra-high vacuum (UHV) system with a
base pressure of 2×10-10 mbar. The Au(111) single crystal was prepared by several
cycles of Ar+ sputtering and subsequent annealing at temperatures between 700 K and
800 K. The NC-Ph3-CN molecules were deposited from a commercial molecule
evaporator (OmniVac) onto the Au(111) substrate held at RT. Subsequently, Co
adatoms were deposited by electron beam evaporation from a Co rod. A commercial
electron beam evaporator (Oxford Applied Research Ltd.) was used for the metal
deposition. Afterwards, the sample was inserted into a commercial low temperature
STM (Scienta Omicron GmbH) where the STM and STS measurements were performed
at 77 K and 4.5 K, respectively. The STM images were acquired in the constant current
mode using a wire-cut Pt-Ir tip. All bias voltages are indicated with respect to a
grounded tip. The software WSxM was used to process the STM data [49]. In order to
acquire the STS data, a lock-in modulation amplitude of 10 mV and frequency of
678 Hz were used. The ARPES measurements were carried out in another UHV system
with base pressure of 2×10-10 mbar. The spectra were acquired with a
monochromatized light source (Helium 1, h = 21.2 eV) and a hemispherical electron
analyser (SPECS Phoibos 150). During the acquisition of the ARPES spectra, the
sample had a temperature of 150 K.
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Chapter 6

Metal-free pyridyl-functionalized porphyrins on Ag(111):
A combined XPS and NIXSW study

In this chapter, we describe how, by means of X-ray photoelectron 
spectroscopy and normal incidence X-ray standing wave measurements, we could 
characterize the molecular conformation of metal-free pyridyl-functionalized 
porphyrin molecules, which arrange in a close-packed network on Ag(111). From the 
binding energies and vertical adsorption heights we were able to conclude that the 
molecules are chemisorbed, and deform to maximize the interaction between their 
pyridylic end groups and the Ag(111) surface.
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6.1 Introduction

Understanding the fundamental mechanisms that determine the properties of
organo-metallic interfaces such as charge density distribution [1–3], energy level
hybridization [1,4–6], molecular conformation changes [4,5,7,8] and energy level
alignment [8–11] is essential for the development of organic and molecular electronics.
These mechanisms occurring at organo-metallic interfaces can be unravelled by X-ray
photoelectron spectroscopy (XPS) [12] and normal incidence X-ray standing wave
(NIXSW) measurements [13,14], which allow to resolve the conformation geometry of
the adsorbed molecules with such precision that the strength of molecule-substrate
interactions can be indirectly determined as we demonstrate in this chapter for a
porphyrin-based molecule. In general, porphyrin derivatives are promising candidates
for future applications in organic devices [15–17]. Especially, applications such as
single-molecule p-n junctions [18], transistor based sensors [19], new dyes for energy
conversion in dye-sensiting solar cells [20], single-molecule magnets [21] and in
catalysis [22] have been proposed for porphyrin derivatives bearing different metal
ions inside their macrocycles. The metalation of the porphyrin macrocycle typically
causes a change in adsorption geometry, affecting the interaction with the substrate
[23–26]. In this regard, it is crucial to characterize the conformation of porphyrin-
based molecules and their interactions with the underlying surface before and after
metalation. To the best of our knowledge, only one combined XPS and NIXSW study of
a porphyrin derivative before and after metalation with Cu atoms on Cu(111) [27] has
been reported so far. In order to extend the knowledge about the porphyrin/metal
interface, we study a pyridyl-functionalized porphyrin molecule on the Ag(111)
surface. The aforementioned surface is not magnetic and less reactive as compared to
Cu(111). Therefore, our findings are also of interest for realization of single-molecule
magnets via metalation of the porphyrin macrocycle with the magnetic metal atoms
such as Co or Fe.

The metal-free pyridyl-functionalized porphyrin molecules arrange in a close-
packed network on Ag(111) [28]. With the binding energies and adsorption heights
obtained from XPS and NIXSW we could determine the bonding mechanisms between
the different atomic species of the porphyrin and the surface and identify its
conformation geometry which was found to be different with respect to the one in the
gas phase.

6.2 STM and LEED insight into themolecular arrangement

The 5,15-dipentyl-10,20-(4-yl-pyridine)porphyrin molecule denoted as DPPyP
(chemical structure shown in Figure 6.1) consists of a central porphyrin macrocycle
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Figure 6.1: Schematic drawing of DPPyP with the chemically different nitrogen and
carbon atoms indicated by numbers. N1, N2 and N3 represent the nitrogen atoms (blue), while C1–
C6 represent the carbon atoms (grey). The hydrogen atoms are shown in white.

bearing two pyridyl groups and two pentyl chains at trans meso positions. The self-
assembly of this molecule on Ag(111) has been previously studied by Studener et al.
in our laboratory [28], who established that for submonolayer molecular coverages,
deposited onto the Ag(111) substrate held at room temperature (RT), the molecules
exclusively form a close-packed network shown in Figure 6.2a. The measured and
simulated LEED patterns of this closed-packed network are presented in Figures 6.2b
and d, respectively. Based on our STM and LEED data analysis, a tentative structural
model was constructed and is shown in Figure 6.2c. The network has a rhombic unit
cell with dimensions of 1.42 nm  1.52 nm and an internal angle of 84⁰; its two mirror
domains are rotated ±24⁰ with respect to the principal Ag(111) directions. In this
structure the molecules interact via weak van der Waals forces between pentyl chains
(purple dashed oval) and extra stabilization comes from hydrogen bonding between
pyridyl nitrogen and hydrogen atoms (green dashed circle). Similar hydrogen bonding
has been reported as a stabilizing bonding motif for 2H-tetrapyridylporphyrin
molecules on Ag(111) [29,30].

The close-packed network of DPPyP can also be reproduced by deposition of
multilayer coverage and subsequent thermal annealing at 220 °C. In this way, the
samples were prepared for the XPS and NIXSW measurements at Diamond
synchrotron facility.
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Figure 6.2: Close-packed network formed by DPPyP on Ag(111). a) STM image with
submolecular resolution (7  7 nm2, U = -2.5 V, I = 10 pA, adapted from Ref. [28]) with a molecule
superimposed to indicate its orientation within the close-packed network. b) LEED pattern taken
at a beam energy of 19.5 eV. c) Tentative structural model of the close-packed network. Green
dashed circle and purple dashed oval highlight the stabilizing bonding motifs such as H-bonding
and van der Waals interactions, respectively. d) The simulated LEED pattern of the network
superimposed on the measured LEED pattern shown in b). The red circle represents the (0,0) spot,
while the white circles represent the simulated LEED spots originating from the close-packed
network. The blue rhombus represents the unit cell. The white (a) and red dashed arrows (b, c, d)
indicate the principal [1-10]-Ag direction.

6.3 XPS results: Differentiation of the chemically different
atomic species within themolecules

One DPPyP molecule consists of 6 nitrogen (N) and 40 carbon (C) atoms. The
nitrogen and carbon atoms can be subdivided into chemically different species
(indicated by numbers in Figure 6.1). The two pyridyl nitrogen atoms represent the
chemical species N1, while the two iminic nitrogen and two pyrrolic nitrogen atoms
represent species N2 and N3, respectively. Each pyridylic and iminic nitrogen atom
has a lone electron pair in contrast to the pyrrolic nitrogen atoms. The presence of a
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lone electron pair results in a different chemical state of N2 compared to N3. The
stoichiometric ratio between the three nitrogen species is N1 : N2 : N3 = 1 : 1 : 1. The
carbon atoms of DPPyP can be subdivided into six chemically different species: C1 for
the sp2 hybridized carbon atoms within the aromatic pyridyl rings connected to N1
atoms; C2 for the sp2 hybridized carbon atoms within aromatic pyridyl and pyrrole
rings connected only to carbon and hydrogen atoms; C3 for the sp2 hybridized carbon
atoms bonded only to carbon atoms; C4 for the sp2 hybridized carbon atoms within
the aromatic pyrrole rings connected to N2 atoms; C5 for the sp2 hybridized carbon
atoms within the aromatic pyrrole rings connected to N3 atoms; C6 for the sp3

hybridized carbon atoms within the pentyl chains connected to carbon and hydrogen
atoms. It is worth noticing, the sp2 hybridized carbon atoms bonded to N2 and to N3
are attributed to different carbon species C4 and C5. Such a subdivision stems from
the difference in the chemical states of the N2 and N3 species. In summary, each
DPPyP molecule consists of 4×C1, 12×C2, 6×C3, 4×C4, 4×C5, and 10×C6 carbon atoms.
The stoichiometric ratio for the carbon species in a DPPyP molecule is C1 : C2 : C3 :
C4 : C5 : C6 = 2 : 6 : 3 : 2 : 2 : 5.

In order to obtain information on the chemically different C 1s and N 1s species
of a DPPyP molecule in the close-packed network, XPS measurements were
performed at the N 1s (Figure 6.3a) and C 1s core levels (Figure 6.3b). The N 1s
spectrum in Figure 6.3a was fitted with three peaks: Iminic at 397.9 eV (blue),
Pyridylic at 399.0 eV (red), and Pyrrolic at 399.9 eV (green) and assigned to the iminic,
pyridylic and pyrrolic nitrogen atoms, respectively. This assignment is in line with
reported literature values for iminic and pyrrolic N 1s peaks. Similar peak positions
were reported for 2H-tetraphenylporphyrin molecules having iminic and pyrrolic
nitrogen atoms in their chemical structure on Ag(111) [31–34]. The N 1s peaks are
summarized in Table 6.1. The area ratios of the peaks are in good agreement with the
stoichiometric ratio between the iminic, pyridylic and pyrrolic nitrogen atoms of
DPPyP (Pyridylic (2×N1) : Iminic (2×N2): Pyrrolic (2×N3) = 1 : 1: 1).

The C 1s spectrum in Figure 6.3b was fitted with two peaks (Main I at 284.7 eV,
blue and Main II at 285.3 eV) and one satellite peak (Sat at 288.5, grey). Main I is
attributed to the carbon atoms labelled C2, C3 and C5 (Main I = 12×C2 + 6×C3 + 4×C5).
The position of Main I is comparable with the position of aromatic sp2 hybridized
carbon species C2 in dibromotetracene on Cu(110) (284.4 eV) [35], and in 2H-
tetraphenylporphyrin on Cu(111) (284.3 eV) [27] as well as with the position of the
aromatic sp2 hybridized carbon species C3 in fluorinated copper-phthalocyanines on
Au(111) (284.5 eV) [36] and on Cu(111) (285.5 eV) [37]. Main II is assigned to C1, C4
and C6 species (Main II = 4×C1 + 4×C4 + 10×C6). The position of Main II is comparable
with the sp2 hybridized carbon atoms bonded to nitrogen atoms (C1, C4) in 2H-
tetraphenylporphyrin on Cu(111) (285.3 eV) [27]. In literature, the peak attributed to
sp3 hybridized carbon atoms (C6) was reported ~1 eV higher BE than the peak
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Figure 6.3: N 1s (a) and C 1s (b) XPS spectra of the close-packed DPPyP network on
Ag(111) acquired with a photon energy of 600 eV. The numerical values of the fitted peaks are
given in Table 6.1.

N 1s Peaks BE Position (eV) FWHM (eV) Area (%)
Iminic 397.9 1.00 31.4
Pyridylic 399.0 1.00 33.1
Pyrrolic 399.9 1.00 35.5

C 1s Peaks BE Position (eV) FWHM (eV) Area (%)
Main I 284.7 1.16 57.4
Main II 285.3 1.16 40.4
Sat 288.6 1.32 2.2

Table 6.1: N 1s and C 1s binding energy (BE) positions, full width at half maximum
(FWHM) values and respective peak areas for 1 ML of the close-packed network on Ag(111), cf.
Figure 6.1.
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assigned to sp2 hybridized carbon atoms (C2, C3) [38,39]. Such an observation is in
agreement with the positions of Main I (284.7 eV) and Main II (285.3 eV). The satellite
peak Sat (grey in Figure 6.3b) at 288.6 eV is tentatively attributed to a shake-up
satellite (shifted by +3.9 eV from the primary Main I peak). Similar shake-up satellite
peaks originating from the aromatic sp2 hybridized C 1s peak were observed within an
energy range of 1.7 - 3 eV for multilayer coverages of 2H-tetraphenylporphin and
phthalocyanine molecules adsorbed on a copper holder [40]. The C 1s peaks are
summarized in Table 6.1. The area ratio of the fitted peaks (Main I : Main II = 1.42 : 1)
does not reproduce well the stoichiometric ratio of 1.22 : 1 for the DPPyP carbon
species assigned to Main I (12×C2 + 6×C3 + 4×C5) and Main II (4×C1 + 4×C4 + 10×C6).
A similar disagreement was observed for 2H-tetraphenylporphyrin molecules on
Cu(111) [41]. It was shown that the relative area ratios of the XPS peaks do not only
depend on the total molecular coverage but also on the emission angle under which
the XPS spectra were acquired. Diller et al. attributed the intensity variations of the
photoemission peaks to photoelectron diffraction effects.

6.4 NIXSW results: Determination of the vertical adsorption
heights for the atomic species

In order to obtain insight into the molecule-substrate interactions as well as
into the conformation geometry of DPPyP molecules within the close-packed network
on Ag(111), normal incidence X-ray standing wave (NIXSW) measurements were used
to determine the adsorption heights of the chemically different nitrogen and carbon
atoms. The NIXSW technique has been briefly introduced in Section 2.4 Herein, we
focus on the experimental results obtained for the close-packed network of DPPyP
molecules on Ag(111).

Prior to each NIXSW measurement, a reflectivity curve was recorded at a given
position on the sample to determine the Bragg energy for Ag(111) (2629.1 eV). For
the data acquisition, only areas on the Ag(111) crystal with the reflectivity full width
at half maximum (FWHM) ≤1.15 eV were selected. The FWHM of 1.15 eV or smaller
indicated the crystallinity of the Ag(111) areas was sufficient for meaningful data
acquisition. Subsequently, data sets of the N 1s and C 1s XPS spectra were taken with
hard X-rays around the Bragg energy across a window of ±8 eV and ±5 eV,
respectively. Afterwards, the XPS spectra were fitted according to the model described
in Section 6.3. During the fitting, the energy positions and the FWHM of the main
components were fixed and the area ratios between the main components were left
free. The satellite components were not taken into account. The areas of the fitted
components were analysed with the NIXSW software provided by the beamline I09 of
the Diamond synchrotron. Note that the tabulated results given in Table 6.2 refer to
the values averaged over individual data sets which were acquired for six different
Ag(111) areas. A single NIXSW data set is shown as an example in Figure 6.4.
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Fc Pc dc (Å)
Iminic N 1s (N2) 0.86±0.06 0.12±0.01 2.65±0.03
Pyridylic N 1s (N1) 0.91±0.16 0.02±0.01 2.41±0.02
Pyrrolic N 1s (N3) 0.72±0.05 0.18±0.01 2.78±0.02
Main I C 1s (C2, C3, C5) 0.84±0.03 0.26±0.01 3.00±0.01
Main II C 1s (C1, C4, C6) 0.46±0.03 0.39±0.01 3.27±0.02

Table 6.2: Results of the NIXSW data analysis. Coherent fraction (Fc), coherent position
(Pc) and vertical adsorption height (dc) with respect to the topmost Ag(111) lattice plane are
reported for the different nitrogen and carbon species. The distance dc was calculated as t� �
� ��am���a , where ��a ��� � bat� �.

Figure 6.4: Representative spectra for reflectivity (triangles) and photoelectron yield
(circles) obtained during the NIXSW measurements of the close-packed DPPyP network on
Ag(111). Photoelectron yield curves for different nitrogen and carbon species are shown in
different colours. The solid lines represent the fits.
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The analysis of the N 1s photoelectron yield curves revealed an adsorption
height dc3 of 2.65 Å for iminic (N2), 2.41 Å for pyridylic (N1) and 2.78 Å for pyrrolic
nitrogen atoms (N3). The adsorption heights of the carbon atoms were determined
from the C 1s photoelectron yield curves. They amounted to 3.00 Å for the Main I
carbon atoms and to 3.27 Å for the Main II carbon atoms. All results are summarized
in Table 6.2.

In Figure 6.5, the adsorption heights of the nitrogen and carbon atoms above
the Ag(111) surface are depicted for the DPPyP molecule within the close-packed
network.

The pyridylic nitrogen atoms (N1) are situated closest to the Ag(111) surface
(2.41 Å). For them, the coherent fraction Fc4 is 0.91 and indicates the vertical order is
close to ideal. By comparing the distance of 2.41 Å with the sum of the van der Waals
(vdW) radii of silver (1.72 Å) and nitrogen atoms (1.55 Å) [42], one can conclude that
the interaction between the pyridylic nitrogen atoms and Ag atoms has a
chemisorptive character. Such interaction is in line with the interpretation that the

Figure 6.5: Side view of the vertical arrangement of the chemically different nitrogen and
carbon atoms composing a DPPyP molecule in the close-packed network on Ag(111). The
averaged vertical distances of the nitrogen and carbon atoms with respect to the topmost Ag(111)
lattice plane are indicated in the figure.

lone electron pairs of the pyridylic nitrogen atoms bind to Ag atoms causing the
strongest interaction with the Ag surface. The nitrogen atoms within the DPPyP
macrocycle, the iminic (N2) and pyrrolic nitrogen atoms (N3), are located at higher

3 The adsorption height dc of an atomic species is related to the coherent position Pc via
t� � � ��am���a , where ��a ��� � bat� � and is the lattice spacing between the (111) planes of

an Ag(111) crystal.
4 The coherent fraction (Fc) varies within the range of 0≤Fc≤1 and reflects the degree of

vertical order. Fc = 1 indicates ideal vertical order of the probed atoms having the same
distance to the surface while Fc = 0 stands for a completely disordered vertical arrangement of
the atoms.
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distances from the surface (2.65 Å for N2 and 2.78 Å for N3). The sum of the vdW radii
of silver (1.72 Å) and nitrogen atoms (1.55 Å) are larger than the adsorption heights of
the N2 and N3 species. We concluded that also for the macrocycle nitrogen atoms, the
interactions with the surface is chemisorptive. The macrocycle nitrogen atoms have a
lower vertical order compared to the pyridylic nitrogen atoms, the coherent fractions
for N2 and N3 are 0.86 and 0.72, respectively. Interestingly, the adsorption heights
and coherent fractions obtained for the N2 and N3 species give insight into the
conformation and interaction strength of the DPPyP macrocycle with Ag(111). In
particular, the iminic nitrogen atoms (N2) having a lone electron pair interact
stronger with the Ag surface. They are situated lower above the surface and have the
higher coherent fraction compared to the pyrrolic nitrogen atoms (N3). The
differences in the adsorption heights and interaction strengths for N2 and N3 are
caused by the presence of lone electron pairs mediating stronger interactions with the
surface for the iminic nitrogen atoms. The pyrrolic nitrogen atoms are bonded to
hydrogen atoms and thus, have different reactivity compared to iminic ones. The
different reactivity affects the conformation of the DPPyP macrocycle and leads to
tilting of the aromatic pyrrole rings with the iminic nitrogen atoms towards the
surface, while the ones with pyrrolic nitrogen atoms remain more parallel to the
surface. Similar conformation of the porphyrin macrocycle was reported earlier for
2H-tetrapyridylporphyrin molecules on Ag(111) [30] and on Cu(111) [43] and for 2H-
tetraphenylporphyrin molecules on Cu(111) [27,41,44].

On average, the carbon atoms associated with the Main I component (C2, C3, C5,
see Figure 6.1) are situated at a distance of 3.00 Å with respect to the Ag surface,
while the carbon atoms associated with the Main II component (C1, C4, C6, see Figure
6.1) have a distance of 3.27 Å. The aforementioned adsorption heights are smaller
than the sum of the vdW radii of silver (1.72 Å) and carbon atoms (1.77 Å) taken from
Ref. [42], which indicates a weak chemisorptive character. The adsorption heights are
larger compared to the ones for the nitrogen atoms (2.41 Å for N1, 2.65 Å for N2 and
2.78 Å for N3). The higher position of the carbon atoms compared to the nitrogen ones
evidences that the molecule-Ag(111) interactions are mainly mediated by the nitrogen
atoms. For the carbon atoms of the Main I component, the coherent fraction is high
(0.84). It indicates similar well-defined adsorption heights of the comprising carbon
species C2, C3 and C5. For the carbon atoms of the Main II component, the coherent
fraction is lower (0.46). Such low coherent fraction can be explained by different
adsorption heights of the comprising carbon species (C1, C4 and C6). We assume that
the C6 species has a higher adsorption height compared to C1 and C4. The higher
adsorption height is expected due to thermal agitation of the DPPyP pentyl chains
which are composed from C6. This assumption is in line with the fact that high-
resolution STM images of DPPyP molecules in the close-packed network were never
obtained despite many attempts during the STM measurements at room
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temperature [28]. The adsorption heights of carbon species observed in our study is
comparable with the ones observed for copper phthalocyanine (3.00 Å) on Ag(111)
[45] and perylene tetracarboxylic dianhydride on Ag(111) (2.86 Å) [46].

One may compare the interaction strength of the DPPyP molecule on Ag(111)
with the one of the similar 2H-tetraphenyl porphyrin derivative (2HTPP) on Cu(111),
which was also studied with NIXSW [27]. In the reported study, the adsorption heights
were 2.02 Å for the iminic (N2), 2.41 Å for the pyrrolic nitrogen (N3) and 2.40 Å for all
carbon atoms within the 2HTPP molecule. For a proper comparison, the adsorption
heights, which represent bonding distances, have to be normalised to the size of the
atoms involved in the bonding [47]. In our study, we define the size of an atom by its
van der Waals radius. Table 6.3 shows the comparison between normalised
adsorption heights for 2HTPP on Cu(111) and DPPyP on Ag(111). Each tabulated
value in Table 6.3 is a corresponding adsorption height divided by the sum of the vdW
radii. The values are expressed in percentage.

N atoms 2HTPP on Cu(111) DPPyP on Ag(111)
Iminic (N2) 68.5% 81.0%
Pyridylic (N1) 75.6% 85.0%
Pyrrolic (N3) n.a. 73.7%

C atoms 2HTPP on Cu(111) DPPyP on Ag(111)
Main I (C2, C3, C5) n.a. 86.0%
Main II (C1, C4, C6) n.a. 93.7%

C (averaged) 75.7% 89.5%

Table 6.3: Comparison of the normalised adsorption heights for 2HTPP on Cu(111) and for
DPPyP on Ag(111). For the comparison, the van der Waals radii of the corresponding chemical
species were taken from Ref. [42]: ��t � �a� �, ��a � �aUb �, �� � �a�� �, �� � �aUU �a

In Table 6.3, one notes that all normalized adsorption heights for 2HTPP
molecules on Cu(111) are smaller compared to those for DPPyP molecules on
Ag(111), which implies that 2HTPP interacts more strongly with the Cu(111) surface
than DPPyP molecules with Ag(111), as expected because of the relatively higher
reactivity of Cu(111) as compared to the one of Ag(111).
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6.5 Conclusions

For the metal-free pyridyl-functionalized porphyrin molecules arranged in a
close-packed network on Ag(111), we conclude that the porphyrin molecules mainly
interact via their nitrogen atoms with the Ag surface, specifically through their
pyridylic end groups while the pentyl chains are further away from the surface. The
interaction with the surface is of chemisorptive character. Furthermore, the molecule
is deformed, with a large difference in maximum and minimum adsorption height of
0.86 Å, for the closest (pyridylic nitrogen atoms) and furthest atoms (pentyl carbon
atoms) with respect to the underlying Ag(111) surface.

6.6 Experimental details

The experiments were performed in an ultra-high vacuum (UHV) system with a
base pressure of 2×10-10 mbar at the beamline I09 of the Diamond synchrotron. The
Ag(111) single crystal was prepared by several cycles of Ar+ sputtering and
subsequent annealing at temperatures between 700 K and 800 K. Multilayer
coverages of DPPyP molecules were deposited from a commercial molecule
evaporator (OmniVac) onto the Ag(111) substrate held at RT. Subsequently, the
Ag(111) sample was annealed at 220 °C and examined with LEED. Afterwards, the XPS
and NIXSW measurements were performed for the samples kept at RT. The obtained
XPS and NIXSW data were analysed with the software provided by at the Diamond
syncrotron.
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Summary

In order to improve the performance of semiconductor electronic devices,
miniaturization involving a higher level of structural complexity is required. This
scaling down process is soon expected to face fundamental physical limits, for
instance, insufficient electrical insulation, which will adversely affect the performance
of the fabricated devices. Therefore, it is important to explore new approaches for
fabricating (nano)electronic devices. A promising alternative approach is based on
molecular self-assembly which is defined as the spontaneous association of well-
defined molecular building blocks into ordered structures stabilized by non-covalent
bonds. Ubiquitous in biological systems, molecular self-assembly can be used for
building nanoscale functional systems which are envisaged to find their applications
in (nano)electronic devices. On a surface, molecular self-assembly is governed by the
subtle interplay between non-covalent, intermolecular and molecule-substrate
interactions. By carefully designing the molecular building blocks, the interplay
between the interactions can be tuned leading to the formation of complex organic
nanostructures exhibiting versatile functional properties. The aim of the work in this
thesis was to understand how we can create self-assembled nanostructures with
desired functional properties in a controllable manner. Such an understanding is,
among others, fundamental for applications in organic and molecular electronics. In
this regard, we gained insight into the self-assembly of organic functional molecules
on well-defined metal surfaces by means of scanning tunnelling microscopy (STM)
and spectroscopy (STS), low-energy electron diffraction (LEED) and X-ray
photoelectron spectroscopy (XPS) as well as normal incidence X-ray standing wave
(NIXSW) and near-edge X-ray absorption fine structure (NEXAFS) measurements.

In Chapter 3, the self-assembly of pyridyl-functionalized triarylamine molecule
1 on Au(111) is studied with STM, LEED, XPS and NEXAFS. The STM and LEED data
showed that the molecules can arrange into three long-range ordered phases
stabilized by different non-covalent interactions. One of the phases is held together by
hydrogen bonding, while the other two phases are stabilized by metal-ligand
interactions between the molecules and Au atoms, which originate from the
underlying substrate. The two metal-coordinated phases exhibit Au-coordination with
two- and three-fold symmetry. Which of the observed structures is present on the
surface, can be controlled via the substrate temperature. For instance, deposition of
submonolayer coverage of molecule 1 onto the substrate kept at room temperature
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resulted in the coexistence of all three phases. In contrast, annealing at 180 °C
promoted the formation of the phase stabilized by two-fold metal-coordination, which
was identified as the phase with highest thermal stability. We suggest that the three-
fold coordinated phase is kinetically trapped, while the two-fold coordinated one
represents thermodynamic equilibrium. This can be rationalized by the fact that
elevated sample temperatures are required for generating enough Au adatoms that
only the two-fold coordinated phase forms. In addition, the XPS and NEXAFS data
showed that the chemical environment as well as conformation of the molecules is
different for the hydrogen-bonded phase compared to the two-fold metal-coordinated
phase. According to our XPS analysis, the binding energies of the C 1s and N 1s core
levels of the molecules increase when the molecules undergo two-fold Au-
coordination. For the N 1s core level of pyridylic nitrogen atoms which are directly
involved in the metal-coordination, the binding energy increases the most, around
+0.7 eV, while for the C 1s and N 1s core levels of other atoms, the binding energy
increases less, around +0.3 eV. Our NEXAFS analysis showed that the core of molecule
1 flattens, while the pyridyl functional groups bend more towards the surface for the
two-fold metal-coordinated phase compared to the hydrogen-bonded one.

For future work, it would be interesting to study the self-assembly of molecule
1 on Au(111) by means of NIXSW measurements. In this way, the adsorption
distances of the comprising molecular moieties to the underlying surface can be
obtained. The aforementioned distances will give deeper insight into the conformation
of the molecules as well as into the strengths of the related molecule-substrate
interactions. In addition, a STS study of the observed molecular phases on Au(111)
will shed light onto the electronic properties of the surface patterned by organic
molecules. Finally, it will be interesting to fill the observed porous phases with guest
molecules and study the resulting surface electronic properties.

In Chapter 4, a combined STM and STS study of the self-assembly of pyridyl-
functionalized triarylamine molecule 2 on Au(111) is described. The STM
measurements showed that two porous molecular structures coexist on the surface
after submonolayer deposition at room temperature. The short-range ordered
structure is held together by a combination of hydrogen bonding and Au-coordination
with two-fold symmetry while the long-range ordered two-dimensional phase is
exclusively stabilized by Au-coordination with three-fold symmetry. After annealing at
120 °C, the long-range ordered phase with three-fold Au-coordination remains on the
surface, while the short-range ordered phase disappears and a new long-range
ordered phase exclusively stabilized by metal-ligand interactions with two-fold
symmetry emerges. We concluded that the stabilization energies for the two long-
range ordered Au-coordinated phases are similar. In addition, the observed self-
assembly was compared to the one of molecule 1. We noticed that the formation of
similar structures with two-fold coordination became possible at different substrate
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temperatures, for molecule 1 at room temperature and for molecule 2 at 120 °C. This
difference is related to the structural differences of the two molecules, which results
in different molecule-substrate interactions. In addition, when studying the electronic
properties of the Au(111) surface covered with the two-fold Au-coordinated phase by
STS, we found that the aforementioned porous structure can confine the surface state
electrons inside its pores.

Subsequent studies are suggested for characterizing the observed confinement
in detail and to conduct a similar STS study for the molecular structure with three-fold
coordination. In this way, the surface electronic properties of the Au-coordinated
porous structures exhibiting different pore sizes can be compared, which is of
practical interest for building organic-based electronic devices.

In Chapter 5 we showed how the electronic properties of Au(111) can be tuned
by molecular patterning in a controllable manner. By using cyano-functionalized
molecular linker and Co atoms, we created a metal-coordinated porous network on
the Au(111) surface and investigated its surface electronic properties with STM, STS
and ARPES. The STM and STS data indicate that the aforementioned long-range
ordered porous network partially confined the surface state electrons inside its pores.
Such imperfect electron confinement allows coupling between neighbouring confined
states, leading to the formation of a new electronic band structure which was
confirmed by ARPES measurements. Our study demonstrates that molecular
patterning is a promising tool for controllable tuning of the surface electronic
properties of metals on a macroscopic scale.

For future experiments, one can think of filling the pores of the metal-organic
network with guest molecules or metal atoms to find out how the electron
confinement is affected by guest species and whether there is a correlation between
the adsorption behaviour of guest species and the electron distribution inside the
pores.

In Chapter 6, we illustrated our combined XPS and NIXSW study on the
conformation and molecule-substrate interactions of the pyridyl-functionalized free-
base porphyrin molecules in a close-packed arrangement on Ag(111). We determined
the binding energies of the C 1s and N 1s core levels as well as the adsorption heights
for the chemically different atomic species within the molecules. We concluded that
the molecule-substrate interaction is of chemisorptive character. The porphyrin
molecules mainly interact with the Ag surface via their nitrogen atoms of the pyridylic
end groups, while the porphyrin macrocycles interact less and the pentyl chains
remain further away from the surface. The mentioned molecule-substrate interaction
results in a molecular conformation with a large difference in maximum and minimum
adsorption heights of 0.86 Å, for the closest pyridylic nitrogen atoms and furthest
pentyl chain carbon atoms with respect to the underlying Ag(111) surface.
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For future work, it will be interesting to metalate the macrocycle of studied
porphyrin molecules with magnetic metal atoms such as Co or Fe and study their
chemical environment and conformation on Ag(111) with XPS and NIXSW. Such a
study will give insight on how magnetic metal atoms affect molecule-substrate
interactions and conformation of the molecules, paving the path towards applications
of metalated porphyrin molecules as single-molecule magnets.
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Appendix A

Figure A.1: a) The LEED pattern of phase α was taken for 0.84 ML of molecule 1 deposited
on Au(111) at a primary energy of 26 eV. The red dashed arrow indicates a principal Au direction.
The blue and cyan arrows indicate the domain orientations of the two mirror domains of phase α
with the unit cells rotated ±9⁰ relative to the principal Au direction. b) The simulated LEED
pattern of phase α with the lengths of the unit cell vectors of 1.56 nm and an internal angle of 60⁰
superimposed onto the measured LEED pattern in a). The red circle represents the (0, 0) spot,
while the blue and cyan circles represent the simulated LEED spots originating from phase α.

Phase α with superstructure matrix �a� �a�
r �a� �a� is incommensurate to the unreconstructed

Au(111) surface.
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Figure A.2: Overview STM image of islands of phase α exhibiting two different domain
orientations with respect to the Au(111) surface (150×150 nm2, U = -2.8 V, I = 20 pA). The blue and
cyan stars mark the islands with different domain orientations. The angle between the blue and
cyan line is 18⁰. The arrows in white and black indicate domain boundaries of the islands. The
inset at the bottom right corner represents the fast Fourier transform of the STM image. In the
inset, the two different domain orientations are marked by blue and cyan circles. The set of three
black lines at the bottom of the STM image indicates the principal Au directions.
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Figure A.3: STM image showing two domain boundaries within phase α (12×19 nm2, U = -
2 V, I = 20 pA). The two types of domain boundaries are indicated by the blue and white arrows.
The molecular tentative models of phase α are superimposed in order to detail the arrangements
of the molecules at the boundaries. The boundaries propagate along one of the unit cell vectors
(the unit cell is marked in blue). The unit cells of the adjacent molecular domains at the
boundaries are rotated 60⁰ relative to each other (the rotation angle is marked in black). The set
of three black lines at the bottom right corner indicates the principal Au directions.

Figure A.4: STM image of phase β (90×30 nm2, U = -2 V, I = 20 pA). The red line indicates a
principal Au direction, while the blue line is parallel to the direction of a unit cell vector of phase β.
From the STM data, phase β showed only one domain orientation of the molecular domains which
are rotated by 30⁰ with respect to a principal Au direction. The STM image was acquired with a
double tip. This is why the right island edge appears twice.
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Figure A.5: a) The LEED pattern was taken for 0.3 ML of molecule 1 after annealing at
180 °C. The pattern was acquired at a primary energy of 48 eV. The red dashed arrow indicates a
principal Au direction. The blue arrow indicates the unit cell vector of phase γ. Phase γ has single
domain orientation rotated by 30⁰ with respect to a principal Au direction. b) The simulated LEED
pattern of phase γ with the lengths of the unit cell vectors of 3.45 nm and an internal angle of 60⁰
is superimposed on the LEED pattern in a). The red circles represent the LEED spots originating
from the Au(111) surface. The blue circles represent the LEED spots which originate from phase γ.
The upper and lower insets show the area around the (-1, 0) spot with (the upper image) and
without (the lower image) the superimposed simulated LEED pattern, respectively. Phase γ with

the superstructure matrix �ta� �a�
r �a� �a� is incommensurate to the unreconstructed Au(111)

surface.

Total N 1s Pyridylic N 1s Aminic N 1s Total C 1s Au 4f 7/2

4.7 ML 98.14 62.8 35.34 867.31 1035.28

1.1 ML 23.02 13.6 9.42 197.45 2313.15

0.4 ML, 188 °C 7.79 3.14 4.65 82.35 2780.01

Table A.1: N 1s and C 1s XPS peak areas for coverages of 4.7 ML, 1.1 ML and annealed 0.4
ML of molecule 1 on Au(111), cf. Table 3.2 and Table 3.3.
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Total N 1s,
×10-4

Pyridylic N 1s,
×10-4

Aminic N 1s,
×10-4

Total C 1s,
×10-4

4.7 ML 424 271 153 3749
1.1 ML 100 59 41 854

0.4 ML, 188 °C 34 14 20 356

Table A.2: Relative XPS peak areas for coverages of 4.7 ML, 1.1 ML and annealed 0.4 ML of
molecule 1 on Au(111), cf. Table 3.2 and Table 3.3. All areas in this table were normalized to the
area of the Au 4f 7/2 peak in Table A.1.

Fitting of the near-edge X-ray absorption fine structure spectra
depicted in Figures 3.10 and 3.11

The NEXAFS spectra were tentatively fitted to obtain quantitative insight into
the molecular conformation for the two different phases, α and γ. The fitting of the N
and C K edge spectra is shown in Figures A.1 and A.2, respectively. The numerical
values of the fitted absorption peaks are summarized in Tables A.3 and A.4. During
the fitting the full widths at half maximum (FWHM) for some absorption peaks were
set to be equal (see in Tables A.3 and A.4), all other fitting parameters were left free.
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Figure A.6: Fitted N K edge NEXAFS spectra acquired with two different light
polarizations for 0.4 ML (a, b), 1.1 ML (c, d) and 4.7 ML (e, f) of molecule 1 deposited on Au(111)
held at RT, -54 °C and -70 °C during deposition, respectively. The sample with 0.4 ML of molecule 1
was annealed at 188 °C. a, c, e) The spectra acquired with p-polarized light. b, d, f) The spectra
acquired with s-polarized light. The numerical values are summarized in Table A.3.
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N K edge 0.4 ML, 188 °C 1.1 ML 4.7 ML

Peak p-polarized,
Figure A.6a

s-polarized,
Figure A.6b

p-polarized,
Figure A.6c

s-polarized,
Figure A.6d

p-polarized,
Figure A.6e

s-polarized,
Figure A.6f

1
Area (a.u.) 0.149 0.015 0.236 0.017 1.769 0.496

PE (eV) 398.6 398.2 398.6 398.3 398.5 398.6
FWHM (eV) 0.89 0.69 0.75 0.88 0.58 0.50

2
Area (a.u.) 0.058 -//- 0.027 -//- 0.260 0.123

PE (eV) 399.7 -//- 399.3 -//- 399.0 399.0
FWHM (eV) 0.89 -//- 0.75 -//- 0.58 0.50

3
Area (a.u.) 0.058 -//- 0.107 0.032 0.451 0.080

PE (eV) 400.6 -//- 400.4 400.0 400.6 400.4
FWHM (eV) 1.69 -//- 1.80 2.00 1.30 1.37

4
Area (a.u.) 0.072 -//- 0.121 0.025 0.754 0.143

PE (eV) 402.2 -//- 402.2 401.9 402.3 402.5
FWHM (eV) 1.69 -//- 1.80 2.00 1.30 1.37

5
Area (a.u.) 0.069 -//- 0.095 0.054 0.441 0.186

PE (eV) 403.9 -//- 404.2 404.1 404.0 404.7
FWHM (eV) 1.69 -//- 1.80 2.00 1.30 1.37

6
Height (a.u.) 0.030 0.065 0.002 0.020 0.426 0.568

PE (eV) 405.0 404.6 405.0 404.8 405.1 405.2

7
Area (a.u.) -//- 0.170 0.447 0.001 1.366 2.171

PE (eV) -//- 407.8 407.4 407.2 407.1 407.5
FWHM (eV) -//- 1.00 8.00 3.00 5.24 4.94

Table A.3: Numerical values of the area, photon energy (PE) and full width at half
maximum (FWHM) of the fitted N K edge peaks, cf. Figure A.6.
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Figure A.7: Fitted C K edge NEXAFS spectra acquired with two different light polarizations
for 0.4 ML (a, b), 1.1 ML (c, d) and 4.7 ML (e, f) of molecule 1 deposited on Au(111) held at RT, -
54 °C and -70 °C during deposition, respectively. The sample with 0.4 ML of molecule 1 was
annealed at 188 °C. a, c, e) The spectra acquired with p-polarized light. b, d, f) The spectra
acquired with s-polarized light. The numerical values are summarized in Table A.4.
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C K edge 0.4 ML, 188 °C 1.1 ML 4.7 ML

Peak
p-polarized,
Figure A.7a

s-polarized,
Figure A.7b

p-polarized,
Figure A.7c

s-polarized,
Figure A.7d

p-polarized,
Figure A.7e

s-polarized,
Figure A.7f

1
Area (a.u.) 6.6 0.1 0.1 0.1 3.9 1.1

PE (eV) 284.8 284.6 283.3 283.7 284.9 285.0
FWHM (eV) 0.68 0.80 1.22 0.97 0.60 0.54

2
Area (a.u.) 13.4 0.1 5.7 0.2 8.3 2.4

PE (eV) 285.4 285.3 285.1 285.2 285.4 285.5
FWHM (eV) 0.68 0.80 1.22 0.97 0.60 0.54

3
Area (a.u.) 4.2 -//- 1.8 -//- 2.9 0.5

PE (eV) 286.2 -//- 285.9 -//- 286.2 286.1
FWHM (eV) 0.68 -//- 1.22 -//- 0.60 0.54

4
Area (a.u.) 1.4 -//- 1.5 -//- 1.0 -//-

PE (eV) 287.0 -//- 287.0 -//- 286.8 -//-
FWHM (eV) 0.68 -//- 1.22 -//- 0.60 -//-

5
Area (a.u.) 31.7 0.5 1.3 1.9 10.6 7.8

PE (eV) 288.8 288.4 288.4 288.4 288.3 288.4
FWHM (eV) 3.20 2.73 1.32 2.50 3.10 3.00

6
Height (a.u.) 2.6 0.0 0.4 0.4 0.6 0.9

PE (eV) 289.8 289.0 289.0 289.2 290.6 290.8

7
Area (a.u.) 71.2 2.8 12.9 7.9 28.6 18.4

PE (eV) 293.4 293.3 292.4 293.1 292.9 292.6
FWHM (eV) 6.81 7.57 11.09 6.43 8.46 6.26

8
Area (a.u.) -//- 1.1 -//- 2.0 -//- 7.4

PE (eV) -//- 298.5 -//- 297.8 -//- 296.0
FWHM (eV) -//- 8.00 -//- 5.25 -//- 6.97

9
Area (a.u.) -//- 1.0 -//- 12.2 75.6 62.6

PE (eV) -//- 304.1 -//- 303.0 302.0 302.1
FWHM (eV) -//- 6.30 -//- 10.26 24.71 14.71

Table A.4: Numerical values of the area, photon energy (PE) and full width at half
maximum (FWHM) of the fitted C K edge peaks, cf. Figure A.7.
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Figure B.1: Experimentally acquired dI/dV maps taken at different bias voltages: a) -0.6 V,
-0.5 V and -0.45 V; b) -0.45 V; c) -0.40 V; d) -0.35 V; e)-0.20 V; f) -0.25 V; g) -0.20 V; h) -0.15 V; i) -
0.10 V; j) -0.05 V; k) +0.05 V; l) +0.1 V; m) +0.15 V; n)+0.2 V; o) +0.3 V, +0.5 V and +0.7 V (9  9 nm2,
I = 150 pA). a1-o1) STM images respectively corresponding to the dI/dV maps in a-o).
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Scanning tunnelling spectroscopy study of phase β

The STS spectra were acquired inside the pores of phase β in order to detect
electron confinement. In Figure B.2, the STS spectrum marked by the blue curve was
acquired at the centre of the pore, while the STS spectrum marked by the red curve
was taken at the halfway between the centre and the rim of the pore. In the inset, the
acquisition positions are indicated by the blue and red squares with the colour coding
of the STS curves. The pronounced peak at -0.43 V (blue vertical line) was observed in
both spectra. The STS spectra in Figure B.2 don not have pronounced differences in
their appearances. One possible reason for a similar appearance of the STS spectra
taken inside pores of phase β is that the electron tunnelling for all STS spectra taken
inside the pore is similar due to close proximity of the molecules. Such a phenomenon
was observed earlier in literature [1]. A set of dI/dV maps was acquired for phase β on
Au(111). Due to a poor STS resolution, all features in the acquired dI/dV maps are
difficult to resolve. An example of these maps is depicted in Figure B.3. We conclude
that further STS investigations are needed in order to draw reliable conclusions on the
electron confinement within phase β.

Figure B.2: STS spectra taken within one pore of phase β at the centre (blue curve) and
halfway between the centre and the rim of the pore (red curve), the positions are marked by the
blue and red squares in the inset, respectively. The blue vertical line (-0.43 V) marks the position of
the STS peak observed for both acquired spectra.
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Figure B.3: a) Experimentally acquired dI/dV map taken on phase β at a bias voltage of -
0.15 V (3.5  3.5 nm2, U = -0.15 V, I = 150 pA). a1) STM image which corresponds to the dI/dV map
shown in a).

Reference

[1] Zhang Y.-Q., Björk J., Barth J. V. and Klappenberger F. Nano Lett. 16, 4274−4281 (2016).
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Figure C.1: a) Experimentally acquired dI/dV map of the porous network on Au(111) at a 
bias voltage of +0.1 V (8.4  ×8.4 nm2, U = 0.1 V, I = 150 pA). The map was taken with a non-
metallic STM tip which was sensitive to the electronic state of Co adatoms. Co adatoms are 
displayed as bright dots, while the NC-Ph3-CN molecules are depicted as dark contrast between 
the bright dots. The waviness of the dark contrast is assigned to alternative twisting of constituent 
phenyl rings of the NC-Ph3-CN molecules. a1) The STM image which corresponds to the dI/dV map 
shown in a).
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Figure C.2: Experimentally acquired dI/dV maps (a-s) and corresponding STM images (a1-
s1) of the porous network formed by NC-Ph3-CN molecules and Co adatoms on Au(111). The dI/dV
maps and STM images were simultaneously acquired at different bias voltages which are indicated
at left bottom corners. a, a1) 5  4 nm2, I = 150 pA. b-s, b1-s1) 5  5 nm2, I = 150 pA.
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Samenvatting

Om de prestatie van halfgeleider elektronische apparaten te verbeteren, is
miniaturisatie met een hoger niveau van structurele complexiteit nodig. Verwacht
wordt dat deze schaalverkleining binnenkort geconfronteerd wordt met fundamentele
natuurkundige limieten, bijvoorbeeld onvoldoende elektrische isolatie die de prestatie
van de gefabriceerde apparaten nadelig beïnvloedt. Daarom is het belangrijk om
nieuwe benaderingen te verkennen voor het fabriceren van (nano)elektronische
apparaten. Een veelbelovende alternatieve benadering is gebaseerd op moleculaire
zelf-assemblage die wordt gedefinieerd als de spontane assemblage van goed
gedefinieerde moleculaire bouwstenen tot geordende structuren, gestabiliseerd door
niet-covalente bindingen. Alomtegenwoordig in biologische systemen kan moleculaire
zelf-assemblage worden gebruikt voor het bouwen van nanoschaal functionele
systemen die worden beoogd om hun toepassingen te vinden in toekomstige
(nano)elektronische apparaten. Op een oppervlak wordt moleculaire zelf-assemblage
bestuurt door de subtiele wisselwerking tussen niet-covalente, intermoleculaire en
molecuul-substraat interacties. Door moleculaire bouwstenen zorgvuldig te
ontwerpen, kan de wisselwerking tussen de interacties worden afgestemd, wat leidt
tot de vorming van complexe organische nanostructuren met veelzijdige functionele
eigenschappen. Het doel van het werk in dit proefschrift was om te begrijpen hoe we
zelf-geassembleerde nanostructuren met gewenste functionele eigenschappen op een
controleerbare manier kunnen creëren. Een dergelijk begrip is onder meer
fundamenteel voor toepassingen in organische en moleculaire elektronica. In dit
opzicht kregen we inzicht in de zelf-assemblage van organische functionele moleculen
op goed gedefinieerde metaaloppervlakken door middel van scanning tunnelling
microscopie (STM) and spectroscopie (STS), lage-energie elektron diffractie (LEED)
en Röntgen fotoelektronen spectroscopie (XPS) net zoals normale incidentie staande
Röntgengolven (NIXSW) en Röntgenabsorptie buurt randstructuur (NEXAFS).

In Hoofdstuk 3 hebben we de assemblage van pyridyl-gefunctionaliseerde
triarylaminemolecuul 1 op Au(111) onderzocht door middel van STM, LEED, XPS en
NEXAFS. De STM en LEED gegevens toonden aan dat de moleculen zich kunnen
organiseren in drie fasen met lange-afstandsordering die gestabiliseerd zijn door
verscheidene niet-covalente interacties. Één van de fasen wordt bij elkaar gehouden
door waterstofbruggen, terwijl de andere twee fasen worden gestabiliseerd door
metaal-ligand interacties tussen de moleculen en Au-atomen, die afkomstig zijn van
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het onderliggende substraat. De twee metaal-gecoördineerde fasen vertonen Au-
coördinatie met twee- en drievoudige symmetrie. Welke van de waargenomen
structuren op het oppervlak aanwezig is, kan via de substraattemperatuur worden
geregeld. Deponeren van submonolaag bedekking van molecuul 1 op het substraat op
kamertemperatuur resulteerde bijvoorbeeld in het naast elkaar bestaan van alle drie
de fasen. Daarentegen bevorderde de verhitting bij 180 °C de vorming van de fase
gestabiliseerd door tweevoudige metaal-coördinatie, die werd geïdentificeerd als de
fase met de hoogste thermische stabiliteit. We suggereren dat de drievoudig
gecoördineerde fase kinetisch wordt opgesloten, terwijl de tweevoudig
gecoördineerde fase een thermodynamisch evenwicht vertegenwoordigt. Dit kan
worden gerationaliseerd door het feit dat verhoogde monster temperaturen vereist
zijn voor het genereren van voldoende Au-adatomen zodat alleen de dubbele
gecoördineerde fase vormt. Bovendien toonden de XPS- en NEXAFS gegevens aan dat
de chemische omgeving evenals de conformatie van de moleculen verschillend is voor
de waterstofbruggen gebonden fase in vergelijking met de tweevoudige metaal-
gecoördineerde fase. Volgens onze XPS-analyse nemen de bindingsenergieën van de C
1s en N 1s kernniveaus van de moleculen toe als de moleculen tweevoudige Au-
coördinatie ondergaan. Voor het N 1s kernniveau van pyridyl stikstofatomen die
direct betrokken zijn bij de metaal-coördinatie, neemt de bindingsenergie het meest
toe, ongeveer +0.7 eV, terwijl voor de C 1s en N 1s kernniveaus van de andere atomen,
de bindingsenergieminder toeneemt, ongeveer +0.3 eV. Onze NEXAFS-analyse toonde
aan dat het centraal onderdeel van molecuul 1 vlakker wordt, terwijl de pyridyl
functionele groepen meer naar het oppervlak buigen bij de tweevoudig metaal-
gecoördineerde fase in vergelijking met de waterstofbruggen gebonden fase.

Voor toekomstig werk zou het interessant zijn om de zelf-assemblage van
molecuul 1 op Au(111) te bestuderen met behulp van NIXSW metingen. Op deze
manier kunnen we de adsorptie-afstanden van de omvattende moleculaire delen tot
het onderliggende oppervlak verkrijgen. De voorgenoemde afstanden zullen dieper
inzicht geven in de conformatie van de moleculen alsmede in de sterkte van de
gerelateerde molecuul-substraat interacties. Bovendien zal een STS studie van de
waargenomen moleculaire fasen op Au(111) licht werpen op de elektronische
eigenschappen van het oppervlak dat is bedekt met organische moleculen. Ten slotte
zal het interessant zijn om de waargenomen poreuze fasen te vullen met
gastmoleculen en de elektronische eigenschappen van het resulterende oppervlak te
bestuderen.

In Hoofdstuk 4 wordt een gecombineerde STM en STS studie van de zelf-
assemblage van pyridyl-gefunctionaliseerd triarylaminemolecuul 2 op Au(111)
beschreven. De STM metingen toonden aan dat twee poreuze moleculaire structuren
naast elkaar bestaan op het oppervlak na submonolaag deponering bij
kamertemperatuur. De korte-afstand-geordende structuur wordt bij elkaar gehouden
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door een combinatie van waterstofbruggen en Au-coördinatie met tweevoudige
symmetrie, terwijl de lange-afstand-geordende tweedimensionale fase uitsluitend
wordt gestabiliseerd door Au-coördinatie met drievoudige symmetrie. Na verhitting
bij 120 °C blijft de lange-afstand-geordende fase met drievoudige Au-coördinatie op
het oppervlak, terwijl de korte-afstand-geordende fase verdwijnt en er een nieuwe
lange-afstand-geordende fase, uitsluitend gestabiliseerd door metaal-ligand
interacties, met tweevoudige symmetrie ontstaat. We concludeerden dat de
stabilisatie-energieën voor de twee lange-afstand-geordende Au-gecoördineerde
fasen vergelijkbaar zijn. Bovendien werd de waargenomen zelf-assemblage
vergeleken met die van molecuul 1. We merkten dat de vorming van vergelijkbare
structuren met tweevoudige coördinatie mogelijk werd bij verschillende substraat
temperaturen, voor molecuul 1 bij kamertemperatuur en voor molecuul 2 bij 120 °C.
Dit verschil is gerelateerd aan de structurele verschillen van de twee moleculen, wat
resulteert in verschillende molecuul-substraat interacties. Tijdens het bestuderen van
de elektronische eigenschappen van het Au(111) oppervlak bedekt met de
tweevoudige Au-gecoördineerde fase door STS hebben we bevonden dat de
bovengenoemde poreuze structuur de oppervlakte-elektronen binnen zijn poriën kan
opsluiten.

Daaropvolgende studies worden voorgesteld om de waargenomen opsluiting in
detail te karakteriseren en een soortgelijke STS studie voor de moleculaire structuur
met drievoudige coördinatie uit te voeren. Op deze manier kunnen de elektronische
oppervlakte-eigenschappen van de Au-gecoördineerde poreuze structuren met
verschillende poriegroottes worden vergeleken, hetgeen van praktisch belang is voor
het bouwen van organisch gebaseerde elektronische apparaten.

In Hoofdstuk 5 hebben we laten zien hoe de elektronische eigenschappen van
Au(111) op een controleerbare manier kunnen worden afgestemd door moleculaire
patroonvorming. Door cyano-gefunctionaliseerde organische lineaire molecuul en Co-
atomen te gebruiken, creëerden we een metaal-gecoördineerd poreus netwerk op het
Au(111) oppervlak en onderzochten we de elektronische eigenschappen van het
oppervlak met STM, STS en ARPES. De STM en STS gegevens wijzen aan dat het eerder
genoemde poreuze netwerk met lange-afstandsordering de oppervlakte-elektronen
binnen zijn poriën gedeeltelijk kan opsluiten. Een dergelijke onvolmaakte opsluiting
maakt koppeling mogelijk tussen naburige opgesloten staten, wat leidt tot de vorming
van een nieuwe elektronische bandstructuur die werd bevestigd door ARPES
metingen. Onze studie toont aan dat moleculaire patroonvorming een veelbelovend
hulpmiddel is voor beheersbare afstelling van de elektronische oppervlakte-
eigenschappen van metalen op macroscopische schaal.

Voor toekomstige experimenten, kan men denken aan het vullen van de poriën
van het metaal-organische netwerk met gastmoleculen of metaalatomen om te zien
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hoe de elektron opsluiting wordt beïnvloed door gastsoorten en of er een correlatie
tussen het adsorptiegedrag van gastsoorten en elektronenverdeling in de poriën is.

In Hoofdstuk 6 hebben we onze gecombineerde XPS en NIXSW studie over de
conformatie en molecuul-substraat interacties van de pyridyl-gefunctionaliseerde
porfyrinemoleculen met vrije base in een dichtgepakte structuur op Ag(111)
geïllustreerd. We bepaalden de bindingsenergieën van de C 1s en N 1s kernniveaus
evenals de adsorptie-hoogten voor de chemisch verschillende atoomsoorten van de
moleculen. We concludeerden dat de interactie tussen het molecuul en het substraat
een chemisorptie karakter heeft. De porfyrinemoleculen hebben voornamelijk
interactie met het Ag oppervlak via hun stikstofatomen van de pyridyl eindgroepen,
terwijl de porfyrin macrocycles minder interactie vertonen en de pentyl ketens verder
van het oppervlak blijven. De genoemde molecuul-substraat interactie resulteert in
een moleculaire conformatie met een groot verschil tussen maximale en minimale
adsorptie-hoogten van 0.86 Å, voor de dichtstbijzijnde pyridyl stikstofatomen en de
verste koolstofatomen van de pentyl keten met betrekking tot het onderliggende
Ag(111) oppervlak.

Voor toekomstig werk zal het interessant zijn om de macrocyclus van eerder
genoemde porfyrin moleculen te metalliseren met magnetische metaalatomen zoals
Co of Fe en hun chemische omgeving en conformatie op Ag(111) te bestuderen met
XPS en NIXSW. Een dergelijk onderzoek zal inzicht geven in hoe magnetische
metaalatomen moleculaire-substraat interacties en conformatie van de moleculen
beïnvloeden, wat tot toepassingen van gemetalliseerde porfyrinemoleculen als één-
molecuul magneten kan leiden.
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1. On the Au(111) surface, Au adatoms can be involved in two- and 

threefold coordination to pyridyl organic ligands. Chapters 3 and 4. 

2. A change in the structure of molecular building blocks can influence the 

thermal stability of the resulting self-assembled nano-architectures. 

Chapters 3 and 4. 

3. Porous Au-coordination networks can be used for controllable tuning the 

electronic properties of the Au(111) surface on a macroscopic scale. 

Chapters 4 and 5. 

4. A deep understanding of the chemical environment and conformation 

geometry of organic adsorbates on surfaces is essential for the 

development of molecular electronics. Chapter 3 and 6. 

5. The time spent at synchrotrons is quite memorable not only because of 

the obtained experimental results and hard work, but, to a larger extent, 

because of the wonderful colleagues with whom you work. 

6. The acknowledgment that each of us has an individual point of view is a 

first step towards healthy communication. 
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