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Introduction 

In the 5th century B.C. the Greek philosophers Leucippus and 

Democritus suggested that, when matter is continuously divided, it 

would eventually lead to an indivisible unit they called ‘atom’. However, 

Aristotle and other remarkable thinkers of that time dismissed the idea 

of the atom. Thus, the concept was buried until the 18th century when 

John Dalton modernized the ancient Greek idea of elements, atoms, 

compounds and molecules. In the 19th and 20th centuries, tremendous 

progress in scientific understanding, not only proved the existence and 

nature of atoms, but also its subatomic constituents. The emergence of 

quantum mechanics in the early 20th century led to a deeper 

understanding of the properties of matter and in particular a more 

realistic view of the atomic structure was achieved. 

In 1959, Richard Feynman suggested through his statement “When 

we get to the very, very small world – say circuits of seven atoms – we 

have a lot of new things that would happen that represent completely new 

opportunities” [Fey60], that it would be possible through controlled 

manipulation of atoms to miniaturise electronics and information storage 

to extremely small dimensions. One of his given examples was, if each 

word could be written with only a few atoms, the whole 24 volumes of 

the Encyclopedia Britannica could be written on the head of a pin. 

Unfortunately, at the time of his talk technologies were not yet developed 

enough to perceive the dimensions of his ideas. Nevertheless, Richard 

Feynman’s statement is considered as the commencement of 

nanotechnology. The main goal of nanotechnology, which to some 
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extent can be close to fulfilling the dream of the medieval alchemists, is 

to be able to design new materials with the necessary properties at the 

ultimate length scale of atoms and molecules. 

In the following years, lithography techniques have been 

developed (the so called “top-down” approach) and are now commonly 

used for fabricating devices with dimensions on the order of tens of 

nanometers. However, these techniques have a resolution limit, being 

able to produce nanostructures with a minimum feature size of ~10 nm, 

still larger than the dimension of an atom. This limitation has driven 

interest in ‘bottom-up’ routes to nanofabrication, where atoms and 

molecules are arranged into a desired structure. Only after the invention 

of the Scanning Tunneling Microscope (STM) by Rohrer and Binnig in 

1981 was it possible to visualize atoms on conductive surfaces in real 

space for the first time [Bin82] [Bin87], hence realizing Feynman’s vision 

and revolutionizing surface science. In 1990, D. Eigler and co-workers 

succeeded in arranging “single atoms the way they wanted” [Eig90]. The 

STM could not be used only to build the smallest structures atom by 

atom, but also to provide unprecedented access to local physical 

properties on the atomic scale. 

Inspired by examples from biology where the organization of 

simple units into complex structures exhibiting high functionality takes 

place (e.g. the spontaneous formation of the DNA double helix by 

association of the complementary nucleic bases), a large and 

continuously growing interest emerged for the deliberate design of low-

dimensional nanoscale structures (with specific structural and/or 

functional properties in mind). This is often achieved by self-assembly 

of well-defined molecular building blocks [Whi02]. This so-called 

supramolecular approach is based on the combination of various non-
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covalent interactions. It is a powerful tool for the preparation of novel 

materials on the nanoscale in one (1D), two (2D), and three dimensions 

(3D) both in solution and in the solid state. These artificially constructed 

materials exhibit properties interesting for a wide range of potential 

applications [Spe06] [Men02] [Hos04] [Hos05] [Ele06]. Driven by the 

need for patterning technologies at the nanometer scale, a particularly 

intriguing research area is the one of surface-confined supramolecular 

self-assembly, where specially designed molecules are used to form 

desired 1D and 2D extended supramolecular arrays on surfaces [Bar05]. 

Molecular self-assembly at surfaces has been proven to be an excellent 

path towards the production of supramolecular nanostructures, both at 

the solid-liquid [Ele09] and the solid-vacuum interface [Bar07]. Among 

the various non-covalent interactions, H-bonds due to their 

directionality, specificity, reversibility and cooperativity provide (i) 

access to a large synthetic palette of complex functional assemblies and 

(ii) a high level of control over molecular self-assembly processes. In 

particular, the combination of two molecules in a so-called bicomponent 

system featuring complementary recognition groups is one of the most 

straight forward pathways towards pre-programming supramolecular 

structures [Leh95] [Whi02] for the formation of both 1D [Rui06] 

[Ven07] [Pal08] [Per08] [Cie09] and 2D [The03] [Swa06] [Per06] 

[Xu07] [Sta07] [Per08] [Ven11] [DeF03] [Pal09] [Bon09] [Kud09] 

[Gar10] [Cie10] [Cie13] molecular assemblies. 

The use of molecular self-assembly to fabricate well-defined 

nanostructures on solid surfaces is not only an intriguing subject for 

fundamental surface science studies, but also closely related to many 

emerging technologically important applications, particularly in the field 

of molecular electronics. With the realization of organic-based devices 
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in which self-assembled molecules are in contact with a (metal) surface, 

the dependence of the overall device characteristics on the local 

geometric, chemical, and electronic structure of the molecule-substrate 

interface has become evident. In particular, the specific bonding of the 

molecules on the metal (electrodes) is crucial for the device properties. 

The x-ray standing wave (XSW) technique is a powerful tool for 

determining the adsorption height of molecules with respect to the metal 

substrate with an accuracy of approximately 0.05 Å. Furthermore, the 

experimental adsorption heights resulting from XSW measurements can 

also be used to benchmark different density functional theory (DFT) 

schemes.  

In this thesis, the self-assembly of specially synthesized organic 

molecules adsorbed on well-defined metal surfaces was studied by 

means of STM, X-ray photoelectron spectroscopy (XPS), and XSW The 

aim of this work is to understand the underlying interaction mechanisms 

for the formation of well-defined self-assembled nanostructures as this 

represents the key towards the controlled fabrication of complex 

functional surfaces with desired properties and functions.  

Chapter 2 provides a brief introduction into the concepts of self-

assembly. Subsequently, the chapter describes the principles of the 

experimental methods used within this thesis (Section 2.1). The theory 

of STM is presented first (Section 2.2) followed by a short introduction 

into its imaging of adsorbates. The XSW technique is described next 

(Section 2.3) and the chapter ends with a short description of the 

experimental setups used and the sample preparation details (Section 

2.4). 
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Chapter 3 discusses the controlled formation of bicomponent 

networks on Ag(111) through molecular recognition via triple H-bonds 

between two molecules having complementary end groups. The two 

molecular linkers where specifically designed to build pre-programmed 

1D or 2D assemblies on the surface. Molecule 1, a linear linker, bears 

two 2,6-di(acetylamino)pyridine recognition sites (NH–N–NH, 

donor(D)-acceptor(A)-donor(D)) connected to a 1, 4-disubstituted 

central phenyl ring through ethynyl spacers (the angle between the 

ethynyl spacers amounts to 180°). Molecule 2, an angular linker, has two 

uracil moieties (CO–NH–CO, ADA) attached to a 2,3-disubstituted 

phenyl ring through ethynyl spacers (with an angle of 60° between the 

ethynyl spacers). At each uracil group, a hexyl chain is attached. First, 

the self-assembly for each molecular linker is presented (Section 3.2 and 

3.3). Then, the bicomponent system is discussed (Section 3.3). After a 

detailed description of the bicomponent system, the discussion focuses 

on the porous network which is one of the structures found for the 

bicomponent system. The host-guest properties of this network were also 

investigated (Section 3.5). Moreover, the electronic properties of the 

porous network were theoretically analyzed, namely, the capabilities of 

the system to confine the surface state electrons (Section 3.7). 

In Chapter 4 the temperature induced phase behavior of a perylene 

derivative 1,3,8,10-tetraazaperopyrene (TAPP) deposited on Cu(111) is 

presented. The perylene core of TAPP has attached at each end a 

pyrimidine ring as a functional group. In the submonolayer regime, 

deposition of TAPP on a Cu(111) substrate held at -90 °C results in the 

formation of small patches of an ordered close-packed assembly. The 

TAPP molecules arrange in a so-called herringbone assembly, which is 

stabilized via van der Waals (vdW) forces and weak hydrogen bonding 
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(H-bonding) [Mat10] [MatThesis]. Deposition of TAPP on Cu(111) held 

at 150°C results in the formation of a highly ordered metal-coordinated 

porous network structure [Bjö10] [Mat10]. Deposition of TAPP on 

Cu(111) held at 250 °C leads to the formation of 1D chains made up from 

covalently linked TAPP monomers [Mat08] [Mat10]. The vertical 

adsorption height of the molecule was determined with XSW 

measurements for two particular phases, the herringbone phase and the 

porous network phase. Accordingly, the bonding mechanism of TAPP 

on Cu(111) in the herringbone phase and the porous network could be 

clarified. 

Chapter 5 discusses the self-assembly of two specifically designed 

porphyrin derivatives deposited on Cu(111). Continuing our studies on 

differently modified porphyrins and their behavior on surfaces, starting 

from an already known ZnII porphyrin, that had been studied extensively 

on Cu(111) [Win08] and, in the free-base form, on Au(111) [Yok01]; 

each of the two meso-bound, trans-oriented 4-cyanophenyl substituents 

of this molecule were elongated by one phenylene unit. Additionally, the 

same extended porphyrin with two 4’-cyanobiphenyl groups in an 

angular cis-orientation was synthetized. Here we report on the various 

intermolecular interaction motifs in supramolecular assemblies of the 

cis- (1) and trans- (2) bis(4’-cyanobiphenyl) ZnII porphyrins on Cu(111) 

surfaces. The cis isomer forms oligomeric structures on Cu(111) at low 

coverages. Everything from dimers to hexamers could be observed, 

although the trimers and tetramers were most abundant structures 

observed. Dimers assemble via two coordination bonds with single Cu 

adatoms released by the surface by annealing, despite the presence of a 

substantial strain. On Cu(111), the trans isomers formed chains at low 

coverage. At high coverage, a porous network held together by dipolar 
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interactions in one-dimension and van-der-Waals interactions in the 

other is formed. 

Chapter 6 summarizes the results and gives an outlook regarding 

future perspectives. 


