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1 

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 
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dimensions of his ideas. Nevertheless, Richard Feynman’s statement 

is considered as the commencement of nanotechnology. The main 

goal of nanotechnology, which to some 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 
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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-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 
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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 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.  
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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). 

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 



INTRODUCTION 

6 

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 (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-
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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 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. 
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CHAPTER 2 

Fundamentals 

The purpose of this chapter is to familiarize the reader with the 

experimental and theoretical background used for performing and 

analyzing the experiments presented in this thesis. First self-

assembly is discussed which is the essential method for the 

preparation of the various samples that are presented throughout this 

thesis. As measurement techniques scanning tunneling microscopy 

(STM), x-ray photoelectron spectroscopy (XPS) and x-ray standing 

wave (XSW) are introduced. In the last part, the experimental setup 

as well as sample preparation is presented. 
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2.1 Molecular self-assembly1 

2.1.1 Introduction 

Supramolecular chemistry is the science of the intermolecular 

bond based on non-covalent interactions. Since 1987, when the Noble 

Prize in chemistry was given to Pedersen, Cram, and Lehn for their 

work in supramolecular chemistry, this topic has been under 

intensive investigation in varied scientific and technological areas. 

The main common concepts in supramolecular chemistry are 

molecular self-assembly and molecular recognition. Molecular self-

assembly has been defined as “the spontaneous association of 

molecules under equilibrium conditions into stable, structurally well-

defined aggregates joined by non-covalent bonds” [Whi91]. 

Molecular recognition is the specific binding between molecules 

through non-covalent interactions. 

The key to applications based on self-assembly is represented 

by the design of the molecular building blocks2 (with predetermined 

intermolecular binding properties or specific recognition sites) that 

organize themselves into desired patterns exhibiting certain 

functions. The molecular programming, which leads to the formation 

of the desired functional nanostructures with predefined 

dimensionality and connectivity, is ensured by the nature and 

                                                            
1 This short overview is based on a the following reviews: [Bar05], [Cic08], 
[Stö12], [Bon09], [Lia09], [Sla11] 
2 Also called “tectons” [Sim91] or construction units, which are structurally and 
energetically defined active molecular units bearing within their backbone an 
assembling programme based on molecular recognition processes [Hos04]. 
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positioning of recognition sites within the structure of the molecular 

building blocks (Figure 2.1b). The desired structures can be 

generated through self-assembly involving either a self-

complementary component or several complementary components. 

The molecular recognition event between the complementary units 

can take place through a variety of reversible non-covalent 

intermolecular interactions. The toolbox of non-covalent interactions 

available to supramolecular chemists consists of hydrogen (H)-

bonding, electrostatic interactions, π π  interactions, van der Waals 

forces, metal-metal interactions and metal coordination bonding 

(Figure 2.1a). 

Even though a vast majority of supramolecular chemistry 

research has taken place in solution and has led to the creation of a 

variety of structures with an increasing number of potential 

applications [Rei02], solid state supramolecular chemistry is also a 

highly developed research field and is closely related with the field 

of crystal engineering. However, surface-based supramolecular 

chemistry, which favors the formation of two-dimensional structures, 

represents a particularly intriguing research field which has started to 

be exploited only recently [Aak10]. 
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Figure 2.1 Schematic representation for the formation of (multi-
dimensional) desired functional structures through self-assembly via 
molecular recognition. (a) Schematic illustration of the toolbox of 
reversible non-covalent interactions (Adapted with permission from 
[Hos04]. Copyright (2016) American Chemical Society). (b) Schematic 
representation of 1D, 2D and 3D assemblies formed through molecular 
recognition processes between complementary building blocks. The yellow 
torus (circle in (a)) represents the pre-programmed recognition pattern, 
and their translation into 1, 2 and 3 directions in space are represented by 
the black arrows. 

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, especially in the 

field of molecular electronics. Understanding the underlying 

interaction mechanisms for the formation of these well-defined self-

assembled nanostructures is a key towards the controllable 

fabrication of complex functional surfaces with desired properties 
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and functions. Accordingly, due to the local probe character of the 

STM (see section 2.2), which allows for real space investigations 

with sub-nanometer resolution of the assembled networks, a broad 

range of self-assembled systems of increasing size and complexity 

have been investigated over the past years, some of which will be 

later briefly discussed in the following.  

That self-assembly can occur on metal surfaces, and 

accordingly the desired supramolecular patterns develop, several 

parameters (molecular adsorption, diffusion, and the underlying 

interaction energetics) must be balanced, and the following 

requirements must be met:  

(i) The individual building blocks must be mobile on the 

surface, meaning that they can diffuse freely on the surface in order 

to position themselves in such a way that molecular recognition takes 

place as intended. At the same time, the interplay between molecule-

molecule and molecule-substrate interactions needs to be considered. 

If molecule-substrate interactions prevail over molecule-molecule 

interactions, the molecules will be pinned in predefined substrate 

sites. Consequently, the directional intermolecular bond formation 

will be most probably prevented and the supramolecular pattern 

formation is hampered. (ii) The individual building blocks must bear 

the appropriate information encoded in their geometric structure in 

order to provide the correct binding sites at the right places. (iii) The 

bonding between different components must be reversible. 

From the above mentioned remarks, it is obvious that the rules 

that govern the formation of supramolecular structures in the liquid 
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or in the solid state cannot necessarily be applied to surface-

supported supramolecular systems. Furthermore, due to the 

(chemical) influence of the substrate, together with the reduction of 

the molecules’ degrees of freedom due to confinement in two 

dimensions, the molecular bonding motifs are likely to be modified. 

For example, in the case of H-bonding, the bond length, bond angle 

and energetics might be affected, while for electrostatic interactions 

screening effects of the metal substrate have to be considered. In 

addition, metallic substrates can have a catalytic influence on the 

adsorbate and modification of the functional molecular groups can 

occur. For the case of van der Waals interactions, it is worth 

mentioning that they are always present. However, their contribution 

towards pattern formation is rather difficult to evaluate due to their 

relatively weak bonding strength. An overview of typical non-

covalent bonds and their associated energies (barriers) is given in 

Table I. 

Interaction 
type 

Energy range 
[eV] 

Distance 
[Å] 

Character 

Van der Waals 0.02 0.1   10 Nonselective 
Hydrogen 
bonding 0.05 0.7   1.5 3.5   

Selective, 
directional 

Electrostatic 
ionic 0.05 2.5   Long range Nonselective 

Metal 
coordination 0.05 2   1.5 2.5   

Selective, 
directional 

Table I. Intermolecular interaction types with typical interaction energies 
and bond lengths (Adapted with permission from [Bar07]) [Küh08]. 

This thesis focuses on supramolecular assemblies on metal 

surfaces at the vacuum-metal interface visualized by STM under 
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UHV conditions. A brief literature survey will be given in the 

following, which is intended to support the understanding of the 

results presented in this thesis. 

2.1.2 Assemblies based on H-bonding 

The formation of supramolecular nanostructures on solid 

substrates (particularly on single crystal metal surfaces) based on H-

bonding has been intensively exploited due to the high directionality 

and selectivity of the bonding scheme. The threefold symmetric 

benzenetricarboxylic acid (trimesic acid, TMA, 9 6 6C H O ) is a 

textbook example of a self-assembling molecule on solid surfaces 

which forms extended H-bonded networks. In particular, for TMA 

adsorbed on HOPG (highly ordered pyrolytic graphite) [Gri02], the 

co-existence of two different structures was revealed: honeycomb 

(Figure 2.2a and c) and flower (Figure 2.2b and d) structures. In both 

structures, the TMA molecules adsorb planar and are stabilized by H-

bonds. While the honeycomb structure is exclusively stabilized by 

dimeric H-bonding, the flower structure also contains trimeric H-

bonding (Figure 2.2b and d). It is known that graphite is a weakly 

interacting surface, therefore self-assembly is mainly governed by 

intermolecular interactions. Changing the substrate to a more reactive 

Cu(100) substrate results in stronger molecule-substrate interactions 

that hamper the self-assembly and facilitate only a highly defective, 

strained TMA honeycomb network [Dim02]. On a reconstructed 

(22 3) Au(111)   surface (a less reactive surface than Cu) both 



2.1 MOLECULAR SELF‐ASSEMBLY   

16 

structures were reported [YeY07]. Furthermore, other structures 

were found on the Au(111) surface, with higher densities, where the 

densest packing being a hexagonal pattern, consisting exclusively of 

H-bonded trimers. 

Figure 2.2 STM images for TMA adsorbed onto HOPG. (a) The honeycomb 
structure. (b) The flower structure. (c) and (d) represent the molecular 
models for (a) and (b) (Adapted with permission from [Gri02]). 

H-bonding interactions have been used to direct the self-

assembly of multicomponent systems as well. Another textbook 

example is the binary system formed by perylene tetracarboxylic di-

imide (PTCDI) and 1,3,5-triazine-2,4,6-triamine (melamine) (Figure 

2.3a, b) on Ag/Si(111) and Au(111) [The03] [Per06]. The structures 

formed by PTCDI and melamine (M) are shown in Figure 2.3. The 

choice of molecules is motivated by the formation of triple H-bonds 

between the PTCDI-M pair (Figure 2.3c), which leads to the 
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formation of highly stable networks (Figure 2.3d). Melamine is a 

molecular unit with threefold symmetry and forms the vertices of the 

porous network, whereas PTCDI molecules sit at the edges. The 

pores of the network, larger than the ones of the TMA honeycomb 

network, are large enough to host up to seven 60C  molecules within 

a single cavity. This result is particularly important, as it 

demonstrates that the dimensions of the network can in principle be 

systematically tailored through the appropriate selection of the 

molecules. Accordingly, a wide range of template structures, with 

varied pore dimensions, which can trap (host) different molecular 

species, can be constructed on metal surfaces. 

Figure 2.3 Molecular models of (a) PTCDI and (b) M. (c) The PTCDI-M 
junction which is stabilized through triple H-bonding. (d) STM image of the 
porous hexagonal network formed by PTCDI and melamine. The inset 

shows an atomically resolved STM image of the Ag/Si(111)- o3× 3R30

substrate. Scale bars, 3 nm (Adapted with permission from [The03]). 

Another H-bonding recognition motif, the rather weakly 

bound, yet versatile uracil diacetylamino pyridine complex (U∙DAP, 

Figure 2.4d) has proven to be an often used motif for engineering a 

large variety of supramolecular nanostructures both in solution and 

at interfaces [Mar13]. The U∙DAP complex is characterized by an 

alternating distribution of the H-bonding donor (D) and acceptor (A) 
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sites (Figure 2.4d). Accordingly, due to their high complementarity, 

the molecular recognition units within the U∙DAP complex interact 

via three parallel H-bonds. 

In our group, using the U∙DAP complex, pre-programmed 

linear chain-like structures were assembled on Ag(111) from a 

bicomponent system consisting of two specially designed linear 

linkers (1 and 2 in Figure 2.4a, b) bearing complementary recognition 

units [Pal08]. Furthermore, control over the length of the 1D chains 

was achieved through the introduction of a stopper molecule (3, 

Figure 2.4 c) [Pal08]. In Chapter III of this thesis the controlled 

formation of H-bonded bicomponent networks on metal surface 

based on the U∙DAP recognition pattern is presented. 

Figure 2.4 (a), (b) and (c) represent the chemical structure for the linear 
linkers 1, 2 and for the stopper molecule 3. (d) The U∙DAP bonding motif. 

(e) STM images 2
t t(43× 43 nm ,U = -1.3V, I = 12 pA) for a mixture of 1 and 
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2 on Ag(111) after annealing at 383 K. The area marked in blue is shown 
in detail in (f). (f) Detailed STM image 

2
t t(12× 12 nm ,U = -1.3V, I = 12 pA)  of the molecular assembly in which 

molecules 1 and 2 are alternately arranged in a linear fashion through 
triple H-bonds. The molecular models of 1 and 2 are superimposed on the 
STM image (Adapted with permission from [Pal08]). 

2.1.3 Assemblies based on metal coordination 

While the bond strength for H-bonding is in the range of 0.05 

– 0.7 eV (Table I), the one for metal-ligand coordination interactions 

are in the range of 0.5 – 2 eV (Table I). Furthermore, similar to H-

bonding, specificity and directionality characterize this interaction 

type as well. There are two possibilities to supply the metal adatoms 

on the surface: (i) by co-deposition (via evaporation), or (ii) by the 

substrate itself, by “evaporation” from step edges at elevated 

temperatures. 

A pioneering example is presented in [Spi03] where a 

systematic study regarding the formation of 2D networks from Fe 

atoms and different polyaromatic carboxylates was reported. For 

TMA codeposited with Fe atoms on Cu(100), chiral 4Fe(TMA)  

clusters are formed (Figure 2.5a). This is associated with the 

deprotonation of the carboxylic acid groups of TMA upon adsorption 

on the substrate at temperatures above 250 K. Upon annealing of the 

4Fe(TMA)  clusters at 400 K, hierarchical homochiral porous 

network structures were formed (Figure 2.5b). The cavities of these 

networks have been used as hosts for the accommodation of 60C  and 
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small biomolecules [Ste06]. Furthermore, in the same research 

group, for a library of linear dicarboxylates and bipyridines co-

deposited with Fe atoms on Cu(100), other important key factors for 

self-assembly based on metal-coordination (such as self-recognition, 

self-selection, self-repair, and dynamic self-organization) were 

investigated [Lan07].  

Figure 2.5 Co-adsorption of TMA and Fe adatoms on Cu(100). (a) At 300 

K, chiral 4Fe(TMA)  clusters form which exist as S and R enantiomers. 

(b) Annealing the sample at 400 K results in the formation of homochiral 

nanocavity domains which are built up from 4Fe(TMA)  clusters in a 

hierarchical fashion. The inset shows a high resolution STM image of a S-
type nanocavity. Corresponding models (c) and (d) for the chiral 

4Fe(TMA)  clusters and for the S enantiomer of the nanocavity array 

(Adapted with permission from [Spi03]. Copyright (2016) American 
Chemical Society). 
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Another example of a metal-coordinated network is 
represented by the perylene derivative 4,9-diaminoperylene-quinone-
3,10-diimine (DPDI) (Figure 2.6a) on Cu(111). More precisely, the 
network is obtained for coverages below 0.73 ML, upon annealing at 
200° C. At elevated temperatures DPDI eliminates three molecules 
of H2 resulting in the so-called 3deh-DPDI (Figure 2.6a), which 
interacts with Cu adatoms to form a highly ordered and stable porous 
network [Mat14]. 

Figure 2.6 (a) Chemical transformation of DPDI into its dehydrogenated 
derivative 3deh-DPDI upon annealing the sample at 200° C (b) STM image 

2(50× 50 nm ,5 K)for submonolayer coverage of DPDI adsorbed on 

Cu(111) held at room temperature. (c) STM image 2(18× 11 nm ,77 K)  for 

submonolayer coverage of DPDI adsorbed on Cu(111) after annealing the 
sample at 200° C. The molecules form a highly stable porous network. (d) 
DFT calculations which reveal the adsorption site of DPDI with respect to 
the substrate: DPDI molecules adsorb preferably with their perylene core 
centered above a bridge position and with each nitrogen atom on top of a 
surface atom. (e) Molecular model for the porous 3deh-DPDI network. The 
three native adatoms in each vertex interact with the N functionalities of 
three 3deh-DPDI molecules. Each adatom coordinates two adjacent 
molecules. The adatoms are illustrated darker than the surface atoms. 
(Adapted with permission from [Mat14]. Copyright (2016) by the American 
Physical Society). 
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2.1.4 Assemblies based on electrostatic interactions 

Electrostatic interactions are nonselective. The polar moieties 

can be involved in H-bonding or in other electrostatic coupling 

schemes and screening effects due to the substrate can occur. The 

first example where the variability of the dipolar cyano group was 

exploited to build up 0D, 1D, and 2D structures on a surface will be 

shortly presented. In Yokoyama et al. [Yok01], porphyrins which are 

substituted with either one or two cyano groups were used to form 

0D monomers, trimers, tetramers and extended 1D wire-like 

assemblies on Au(111).  

Trimeric structures are formed from porphyrins to which only 

one cyano group is attached and thereby, three molecules interact via 

weak CH NC  H-bonds (trimeric motif). The tetrameric structures 

are obtained from porphyrins substituted with two cyano groups at 

the right angle (cis-isomer) (Figure 2.7a, d). For the wire-like 

structures, the cyano groups are substituted opposite to each other 

(trans-isomer) (Figure 2.7b, e). Both, the tetrameric and wire-like 

structures, are stabilized through antiparallel dipole-dipole 

interactions. 

In our group, the trans-isomer was deposited on the more 

reactive Cu(111) and a 2D hexagonal porous network was observed 

(Figure 2.7c and f) [Win07]. In this case, the porphyrins interact via 

the same trimeric motif as in the case of the porphyrins substituted 

with only one cyano group deposited on Au(111). 
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The dominating molecule-substrate interaction is the reason for 

the change in bonding scheme since the molecules adsorb in certain 

positions with respect to the principal directions of the underlying Cu 

substrate. This strong porphyrin-substrate interaction enables a much 

broader variety of structures, including also less favorable 

intermolecular bonding motifs and geometries. Continuing our 

studies on differently modified porphyrins and their behavior on 

surfaces, we elongated by one phenylene unit each arm of the 

porphyrin where the cyano groups were substituted. In Chapter V the 

behavior of such extended porphyrins adsorbed on Cu(111) is 

reported. 

Figure 2.7 Self-assembly of cyanophenyl-substituted porpyhrins into 

0D (a, d), 1D (b, e) and 2D (c, f) structures. (a) STM image 2(5.3× 5.3 nm )  

and (d) corresponding model for the cis-isomer adsorbed on Au(111). (b) 
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STM image 2(5.3× 5.3 nm )  and (e) corresponding model for the trans-

isomer adsorbed on Au(111) (Adapted with permission from [Yok01]). (c) 

STM image 2(12.5× 12.5 nm ) and (f) corresponding model for the trans-

isomer adsorbed on Cu(111) (Adapted with permission from [Win07]. 

2.2 Scanning tunneling microscopy3 

2.2.1 Introduction 

Scanning tunneling microscopy (STM) was invented as an 

imaging technique in 1981 by Binnig and Rohrer ([Bin82] [Bin87]) 

at the IBM Research Laboratory in Rüschlikon, Switzerland. Their 

invention made it possible to obtain real space images, with atomic 

resolution, of conductive surfaces. Later on, in 1986, they were 

awarded the Nobel Price for their invention. The phenomenon behind 

STM is the quantum mechanical tunneling effect of electrons 

between two electrodes separated by a thin (typically a few Å) 

classically impenetrable potential barrier. Precisely, a sharp 

conductive tip is brought within proximity of a planar sample surface 

(Figure 2.8). When a bias voltage (U, with values between ±0.01 and 

±3 V) is applied between tip and sample, a finite probability exists 

that electrons will tunnel through the barrier between them, causing 

an electrical current to flow (typically in the pico to nanoampere 

range) (Figure 2.8). This phenomenon has been known since the early 

days of quantum mechanics, and the first observation of vacuum 

                                                            
3 This section is based on [Che93] and [Wie94]. 
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tunneling was made in 1971 [Yon71a]. Nevertheless, no spatially 

resolved tunneling was possible until the successful combination of 

vacuum tunneling and scanning capabilities into the development of 

STM4. The idea of Binnig and Rohrer was to mount a sharp tip, which 

acts as a local probe, on a three-dimensional piezoelectric drive 

(which consists of three mutually orthogonal piezoelectric 

transducers5: x, y and z piezo). Using the x and y piezo, the tip is 

scanned in the x – y plane above the sample, while the z piezo is used 

to control its height. The technological breakthrough happened when 

the distance between the sample and the tip and the lateral position 

of the tip could reach picometric precision and extensive knowledge 

in vibration isolations was gained.6 

In Figure 2.8 the working principle of an STM is shown. The 

STM can be operated in two different modes. In the so called constant 

height mode, the tip is raster scanned over the surface at a constant 

vertical position (the vertical position of the tip is not changed), the 

potential between the tip and the surface (the bias voltage) is kept at 

a constant value, while the tunneling current is measured (Figure 

2.9a). In general, the constant height mode is used for fast scanning 

(dynamic atomic scale processes like diffusion can be studied), with 

the conditions of imaging an almost perfectly flat surface 

                                                            
4 The ‘topografiner’ was the predecessor of the STM. It had two orthogonal (x and 
y) piezodrives, allowing raster scanning of the tip relative to the sample. Using a 
servo system containing the z piezodrive, the tip was kept at a constant distance of 
a few hundred Å from the sample. In this way, a first topographic map z(x,y) of the 
surface was obtained [Yon71b] [Yon72]. 
5 By applying a voltage, a piezoelectric transducer expands or contracts. 
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(corrugations not higher than a few Å) and as less as possible thermal 

drift (in order to prevent the tip from crashing into the surface). 

Figure 2.8 Schematic illustration of the working principle of STM. (a) 
Macroscopic view, showing its principal components. The piezoelectric 
tube scanner is shown in (light) red and the moving directions are 
represented by (x,y,z) axes, the tip is shown in magenta and the sample is 
yellow. (b) Atomic view. The sample is represented by a (111) metal surface 
on which a supramolecular porous structure is present (the backbones of 
the molecules are represented in black). The tunneling process between the 
tip (more precisely, the tip apex, shown by the pink atom of the tip) and the 
sample is illustrated. A negative bias has been applied to the tip, and 
electrons can tunnel from the tip into the sample. This process is shown 
with the red (helical) arrow. The final result (an STM image) after a 
complete raster-scan of the surface line by line in the x–y plane is 
represented on the computer monitor in (a). 

The other imaging mode, actually the most frequently used one, 

is the constant current mode (Figure 2.9b), where during scanning a 

feedback loop adjusts the height of the tip in order to keep the 

tunneling current between tip and sample constant.7 The height 

adjustments are achieved by applying an appropriate voltage ZU  to 

the z piezo, while the lateral tip position (x,y) is obtained by the 

                                                            
7 All the images presented in this thesis are recorded in the constant current imaging 
mode.  
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corresponding voltages X YU , U  applied to the x and y piezo, 

respectively. By monitoring the vertical position z of the tip as a 

function of the lateral position (x,y), the recorded signal can be 

interpreted as the ‘topography’ z(x,y). Even though the contour maps 

z(x,y) are usually referred to as ‘topographic images’ of the sample 

surface, to interpret them appropriately, the correct contributions of 

specific sample and tip properties to the tunneling current have to be 

considered (see Section 2.2.2). As these maps are derived from the 

tunneling current, it is important to mention that they contain 

information on both the topographic and the electronic properties of 

the sample. 

Figure 2.9 STM operating modes. (a) Constant height imaging mode. (b) 
Constant current imaging mode. The magenta line represents the trajectory 
followed by the tip during the respective scanning mode. 

2.2.2 Basic theory of STM 

The simple 1D potential barrier (with height U, and width d, 

Figure 2.10a) problem from quantum mechanics text books captures 

the basic principle of how STM works. 
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Consider an electron of mass m and energy E moving in the 

following potential (a): 

U z
0				for		z 0,					 I 															
U				for		0 z d,										 II
0				for		z d,					 III 												

			 (1) 

In classical mechanics, an electron with E U cannot penetrate 

the barrier (the region inside the barrier, II, is classically forbidden). 

The electron can overcome the barrier U only if E > U, otherwise it 

is reflected. In quantum mechanics, however, the electron is 

described by a wave function ψ(z), and has a nonzero probability to 

tunnel through such a potential barrier. 

Figure 2.10 Schematic illustration of a 1D rectangular potential barrier. 
(a) Schematic drawing of a 1D rectangular barrier with height U and width 
d. The potential is 0 in regions I and III, but U in region II. (b) A schematic 
representation of the wavefunction of an electron penetrating the potential 
barrier is shown in (a). The electron travels from left to right.  is the 
incoming wave function of the electron(z 0)  and it shows an oscillatory 

behavior.  is the wave function of the electron inside the barrier 
(classically forbidden region) (0 < z < d)  and it shows an exponential 

decay.	  is the outgoing wavefunction of the electron, which has a 
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reduced amplitude (probability). (d) Schematic illustration of a tip–
vacuum–sample junction (extrapolation of (a) to the STM case). The tip 
(sample) is represented in blue (orange). The filled blue (orange) area 
represents the occupied density of states of the tip. A positive bias U has 
been applied to the sample, which means that the electrons are tunneling 
from occupied tip states into unoccupied sample states. The size of the 
horizontal blue/orange arrows indicates the different tunneling 
probabilities for electrons of different energies. Φt (Φs) is the work function 

of the tip (sample); n (n )st  represents the density of states of the tip 

(sample); F,t(E )  represents the Fermi level of the tip. 

ψ(z)  : Wave function of the electron 

m  : Mass of the electron. 

The solutions for the different regions are: 

Region I: ikz -ikz
Iψ Ae Be   (2) 

Region II: 
'' ik 'z -ik z - z

II
zψ C e D'e Ce De      (3) 

Region III: ikz
IIIψ Ge , where (4) 

2 '2
2

2m(U-E)
-k 


  (5) 

  : Decay rate 

k : Wave vector 

A, B, B ',C, C ', D,G  : Coefficients which can be found 

from the boundary conditions and from the 
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requirements that the wave function and the 

derivatives should be continuous. 

The incident current density Ij , and the transmitted current 

density IIIj can be described by: 

I

k
j

m



 (6) 

*
2* III III

III 3 3

i dψ (z) dψ (z) k
j ψ (z) ψ (z) G

2m dz dz m

 
    

 

 
, (7) 

The transmission coefficient T is given by the transmitted 

current density divided by the incident current density: 

2III

I

j
T G

j
   (8) 

In order to construct the overall wave function of the system, 

by matching the wave-functions and their derivatives at the 

discontinuity of the potential U(z) (at z = 0 and z = d), the coefficient 

G and the transmission coefficient (which is of importance in this 

model) can be obtained:  

2

2

2

2

2

2

1
T

(k )
1

4 sinh ( )k d


 




 (9) 

If we consider ≫ 1 (strong attenuating barrier) T becomes: 

2
2

2

2
d

2

16k
T e

(k )






, with (10) 
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2m(U E)





 . 

As the main contribution in T is given by the exponential factor 

2 de  , tunneling in this model depends exponentially on the barrier 

width d times the square root of the effective barrier height U E.  

This extreme sensitivity of T as a function of d led Binnig, Rohrer 

and coworkers to the idea that a microscope based on tunneling 

should provide extremely high spatial resolution (atomically resolved 

images). A good rule of thumb is that the tunneling current increases 

with about an order of magnitude for every Angstrom that the tip-

sample distance is reduced with. The lateral resolution in STM is in 

the range of ~1 Å, while the vertical resolution is in the sub-Å regime. 

Although the simple model presented above captures the 

exponential dependence of the tunneling current on the tip-sample 

distance, it fails to explain any dependence of the current on the 

electronic structure of the tip or the sample. To explain the electron 

tunneling between two weakly coupled electrodes, Bardeen used 

first-order time-independent perturbation theory [Bar61], and 

expressed the value of the elastic tunneling current I in the following 

form: 

  2

t s s t ts s tts

2π
I f (E )[1 f(E eU)] f(E eU)[1 f(E )] M δ(E E )


        

 (11) 

f (E)   : Fermi distribution function (in the low temperature 

regime can be approximated as a step function) 
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U  : Applied sample bias voltage 

tsM  : Tunneling matrix element between denoting the wave 

function overlap between tip and sample 

tE   : Energy of the state ψ  in the absence of tunneling 

sE  : Energy of the state ψ  in the absence of tunneling 

δ E E  : Term which describes (ensures) the energy conservation 

in the case of elastic tunneling.  

The difficulty of the problem is given by the calculation of the 

tunneling matrix element, which according to Bardeen [Bar61] is 

given by: 

2
* *

ts t s s tM (ψ ψ ψ ψ )dS
2m


      (12) 

The integral has to be evaluated over any surface lying entirely 

within the vacuum barrier region separating the two electrodes. In 

analogy with Eq. 7, the term within parentheses can be identified as 

a current density tsj . To derive tsM  from Eq. 12, explicit expressions 

for tψ  and sψ  are required. Unfortunately, the atomic structure of 

the tip is generally not known and thus its wavefunction cannot be 

determined explicitly. Consequently, a model tip wave function has 

to be assumed in order to calculate the tunneling current. 
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Tersoff and Hamann8 [Ter83], [Ter85] used the simplest 

possible model for the tip, assuming a tip with a local spherical 

symmetry9. In this model, tsM  is evaluated for an s-type tip wave 

function. Any other contributions from the tip wave functions were 

neglected. 

In the limits for low temperature and small applied bias voltage, 

Eq. 11 becomes: 

2
2

ts s F t Fts

2πe
I U M δ(E E )δ(E E )


    (13) 

In the s-wave approximation for the tip, the expression for I 

becomes: 

R
2

22
t F s 0 s Fs

2πe
I Un (E )e ψ (r ) δ(E E )


   (14) 

t Fn (E )  : Density of states of the tip at the Fermi level 

R  : The tip radius 

0r  : The center of curvature of the tip 

                                                            
8 Who were the first to apply the transfer Hamiltonian approach to STM. 
9 The ideal tip would consist of a mathematical point source (as for maximum 
resolution the smallest possible tip is required. Furthermore, one would like to 
measure the properties of the bare sample and not of the more complex surface-
tip system).  
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s F 0n (E , r )  : Local density of states (LDOS) of the surface at the 

Fermi level10 

2

s F 0 s 0 s F s Fs
n (E , r ) ψ (r ) δ(E E ) LDOS (E )    (15) 

Therefore, the STM images obtained at low bias voltages in the 

constant current mode represent contour maps of constant surface 

LDOS at FE  evaluated at the center of curvature of the tip. In other 

words, the tip properties can be taken out from the problem, and the 

STM image reflects only the properties of the sample (instead of the 

joint surface-tip system). 

Accordingly, for low bias voltages11 and low temperatures12, 

combining Eq. 14–15, and considering that s F 0n (E , r )  and t Fn (E )  

are constant in this energy range, the expression of I becomes: 

s F 0 t FI U n (E , r ) n (E )    (16) 

which is well known as the Tersoff-Hamann expression for the 

tunneling current and shows the sensitivity of the tunneling current 

to the electronic structure of the sample. In other words, in terms of 

the Tersoff-Hamman approximation, the variations of the tunneling 

current while scanning the tip over the sample depends only on the 

local properties of the sample (and not on the tip). 

                                                            
10 The charge density from the electronic states at	E  evaluated at the center of 
curvature r  of the tip. 
11 The bias and energy dependence of T can be disregarded. 
12 The integration limits are reduced. 
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However, the Tersoff-Hamann model failed to explain the 

atomic resolution observed on the fcc metal surfaces. Eventually, this 

was achieved by C. J. Chen in 1990 when the 2z
d  states of the tip 

were accounted for. 

To summarize, although rough simplifications were used to 

deduced the expression of the tunneling current I, Eq. 16 contains the 

essential information and is good enough for qualitative (and under 

certain conditions quantitative) discussions and will be used to 

interpret the STM images in this thesis. 

2.2.3 Imaging adsorbates with the STM 

Until the first successful STM images of organic adsorbates 

were reported [Bar85] [Gim87], it was debated whether it would be 

possible to image molecules. The doubts were mainly generated from 

Tersoff and Hamman’s result that the tunneling current is 

proportional to the LDOS at the Fermi level. As most organic 

molecules have a relatively large gap between the highest occupied 

molecular orbital (HOMO) and the lowest unoccupied molecular 

orbital (LUMO) as compared to the low bias voltages applied in 

STM, due to this relatively large energy gap one might expect that 

the molecules are not visible in STM at low biases. But the adsorbate 

states (or molecular orbitals) away from the Fermi level can also 

induce changes in the LDOS at the Fermi level as they interact not 

only with a single state, but rather with a continuum of states in the 

(conduction) band of the metal substrate [Lun79]. Accordingly, the 
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adsorbate’s molecular orbitals (e.g. HOMO and LUMO) are altered 

(e.g. hybridization) in such way that imaging of the molecule 

becomes possible. 

Lang [Lan85] [Lan86] was the first who tried to clarify the 

contrast mechanism of simple atomic adsorbates on a metal surface. 

Lang’s results proved that the results of Tersoff and Haman are also 

valid for atomic adsorbates. Thus, adsorbates are imaged as either 

protrusion or depression depending on how they modify the LDOS 

at the Fermi level (as compared to the bare surface), i.e. if they add 

or deplete the electron density. As a rule of thumb, with increasing 

electronegativity (decreasing polarizability) of the atomic adsorbates, 

they tend to be imaged as depressions [Sat97] [Til98]. 

Based on Lang’s theory, Eigler et al. [Eig91] discussed 

(qualitatively) for the first time what makes an ‘insulating’ atom 

visible in STM. In particular, the case of Xe adsorbed on Ni(110) was 

discussed. The Xe atom is imaged in the STM as a protrusion with a 

height of 1.5 Å, even though the gap between the highest occupied 

Xe5p states and the lowest Xe6s states is approximately 12 eV in gas 

phase. Physisorption causes a weak mixing of the Xe6s state with the 

metal substrate states, generating a strong broadening of the atomic 

resonance. Nevertheless, the contribution to the density of states at 

the Fermi level is low and cannot explain the observed corrugation 

of Xe atoms in STM. However, the Xe6s resonance13 extends 

                                                            
13 The size of the orbital associated with that resonance. 
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considerably further out into vacuum than the bare surface wave 

functions, which leads to the ‘visibility’ of Xe. 

For (larger) molecular adsorbates, the appearance in the STM 

images can depend on various factors such as: (i) applied bias 

voltage, [Bjö10] (ii) adsorption site, [Krö07] (iii) surface orientation, 

[Jun97] (iv) tip contamination. Furthermore, due to intermolecular 

interactions, a single molecule (or one molecule at the edge of a 

network) can look different as compared with one within a network 

(Figure 3.5, Section 3.2). Some ligands, such as alkyl chains, attached 

to a central molecular core, can continuously change their 

configuration14 while the molecular core itself is immobile on the 

surface. When the movement of such a side group is faster than the 

characteristic scanning speed of the STM, a certain fuzziness in the 

STM images occurs. 

From this short introduction it is obvious that the imaging 

mechanism in STM is not straightforward. A detailed discussion of 

different theoretical approaches to the contrast mechanism of 

adsorbates in STM is for example given in [Sau97a]. As already 

mentioned, in the STM experiments the tip is scanned over a sample 

and the signal of interest (z, I) is recorded. As the tip is usually raster 

scanned (in the x-y plane) over a square area, the output of an STM 

measurement is a two dimensional data array15 which is shown in an 

image format by using a color code.16 The most common color code 

                                                            
14 If the molecule is not confined into a network, or if the entire system is not yet 
frozen on the surface. 
15 Thereby, for the STM measurements the expression ‘STM images’ is used. 
16 For the STM images in this thesis the so called “gold” color mode was used 
[Hor07]. 
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is the greyscale code, where bright and dark tones of grey correspond 

to high and low values of the recorded signal.

2.3 The x-ray standing wave technique 

With the x-ray standing wave (XSW) technique, the adsorption 

height of adsorbates relative to the Bragg planes of a substrate lattice 

can be accurately17 determined with chemical sensitivity. The 

prerequisites for this technique are a tunable monocromatized photon 

source, a sample that has a distinct lattice spacing (such as a single 

crystal), and a vertically well-defined interface (preferably 

adsorbates that possess a long range order). This technique is 

described in detailed in [Bat64] [Woo05] [Woo98] [Zeg93][Zeg13] 

and only a brief introduction will be given here. 

First, a short description of how the x-ray standing wavefield is 

created at the sample will be given. After that, the deduction of the 

x-ray standing wavefield intensity formula will be described. Further, 

the discussion will focus on how to detect the x-ray standing 

wavefield. Finally, how the adsorption height of an atom is derived 

will be presented. 

The basic principle of the XSW technique is summarized in 

Figure 2.11 and shortly described below. When a substrate (e.g. 

single crystal) is exposed to an incoming photon beam and a Bragg 

scattering condition is met, the incident and the scattered X-ray 

                                                            
17 Usually, the statistical errors within the experiment are below 0.05 Å. 
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travelling waves interfere and generate a standing wavefield18. The 

X-ray standing wavefield exists not only within the crystal, but also 

above the crystal. Accordingly, atoms which are adsorbed on the 

crystal surface are immersed in the x-ray standing wavefield. With 

the XSW technique, structural investigations of atoms and molecules 

on surfaces are possible. 

As mentioned, the scattering occurrence is determined by 

Bragg’s law, which can be expressed as: 

Bragg hkl Braggλ 2d sin(θ )  (17) 

or in the vector form (Laue equation) as: 

H 0 hklK K K 
  

(Figure 2.11c) (18) 

0 HK ,K
 

: Propagation vectors of the incident (reflected) wave 

hklH


: Scattering vector (Figure 2.11c) 

hkld : Lattice plane spacing of the family {hkl} of lattice planes 

Braggλ : x-ray wavelength 

Braggθ :  Bragg angle with respect to the lattice planes 

Considering the two planar x-ray waves (incident and 

reflected) having their electric field vectors given by the following 

equations: 
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002π(ν t K r)
0 0ε E e  

 
 (19) 

H02π(ν t K r)
H Hε E e  

 
 (20) 

o Hε ,ε
 

: Electric field vector of the incoming (reflected) wave 

0 HE ,E : Amplitude of the incident (Bragg-reflected) wave 

0 Hυ ,υ : Frequency of the incident (reflected) wave 

r


:  Vector which defines the position at which the intensity 

is measured (the atomic adsorber position). 

If the two waves are coherent (and thus their frequencies are 

identical 0 Hυ υ υ  )19, one can relate the two electric field vectors 

by an amplitude and a phase via: 

iυ
H 0E RE e  (21) 

R:  Reflectivity (the reflected fraction HI of the incident 

intensity 0I ), which depends on the photon energy and scattering 

angle, and its value is given by: 

2
HH

2
0 0

EI
R

I E
   (22) 

The x-ray standing wavefield (in the overlap region between 

the incident and reflected plane waves) is characterized by: 

                                                            
19 And H 0K = K
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0 hkl

0 H

2πi(υt K r) i(υ 2πH r)
0ε ε ε E e (1 Re )      

     
 (23) 

If z is defined to be the vertical distance (relative to the Bragg 

plane) between the point r


 and the lattice plane, the scalar product 

between hklH


and r


can be written as (Figure 2.11c): 

hkl

hkl

z
H r

d
 

 
.20 (24) 

Finally, the intensity of the x-ray standing wavefield is given 

by:21 

XSW
hkl

z
I 1 R 2 R cos υ 2π

d

 
    

 
 (25) 

                                                            
20 The periodicity of the standing wavefield is given by the (Bragg) lattice plane 

spacing, 
1

hkl hkld H λ / 2.
   

21
*

XSW 2
0

εε
I

E
  the normalized intensity of the wavefield. 
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Figure 2.11 (a) Schematic representation of the x-ray standing wavefield 
which is created by the interference of the incident and scattered waves 
inside the crystal and above the surface, at a Bragg reflection. The position 
of the minima and maxima (or the nodes and antinodes) of the x-ray 
standing wavefield is determined by the phase υ . When the photon energy 
is scanned through the Bragg condition, υ changes its value by π . 
Accordingly, the nodes and the antinodes change their positions. Thus, the 
intensity of the standing wavefield depends on both, the height of the 
adsorbate where the intensity is measured, and the photon energy. (b) The 

intensity of the XSW field XSW(I )  is shown as a function of z axis (  on the 

Bragg planes). The maximum intensity of the standing wavefield (dashed 
red lines) coincide with the position of the lattice planes parallel to the 
surface (gray circles represent the atoms the crystal atoms). The periodicity 

of the wavefield intensity is given by the lattice plane spacing hkld . (c) The 

wave vector of the incident (scattered) wave 0K H(K ) fulfilling the Bragg 

condition (Eq. 18). hkld  is the spacing of the {hkl} Bragg planes. Braggθ  is 

the angle formed by the incident (scattered) wave vector and the Bragg 

plane. λ  is the wavelength of the incident wave.  

Up to this point, the x-ray standing wavefield is created and its 

intensity is given by Eq. 25. Having the standing wavefield present 

at the sample, the next step is to use XPS as a detection method for 
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the detection of the photoelectrons emitted from the sample. 

Alternative methods which detect fluorescence or Auger electrons 

signals can also be used for this purpose, but XPS is surface and 

chemical sensitive, because one can distingue not only different 

elements within a sample, but also the same element in different 

chemical environments. If the incident photon energy hυ  is greater 

than the sum of the electron binding energy BE  and the work 

function Φ ( B(hυ E Φ)  , photoelectrons are emitted from the 

sample. From the detection of the photoelectrons emitted by atoms at 

a certain position z (the photoelectron yield XSWY (z) ), the absorption 

a(I (z))  of the XSW from a specific element at the position z can be 

measured and is given by the following equation: 

xsw aY (z) I (z)   (26) 

Furthermore, in the dipole approximation [Zeg93], the photon 

absorption is proportional to the intensity of the standing wavefield: 

a XSWI (z) I (z)  (27) 

All the above equations neglect the fact that the atoms of 

interest can have different positions on the surface. This is accounted 

for with the help of two parameters: coherent position cp  and 

coherent fraction cf . The coherent position represents the average 

position modulo hkld . 

hklc d

z
p  , or more correctly: c hkl 0z (p n)d ,n N   . (28) 
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The coherent fraction represents a measure for the structural 

order of the atoms relative to the Bragg planes, and it can have values 

between 0 and 1. 

If one considers an atom at a position r


 above the surface, the 

integrated photoelectron signal, the so-called photoelectron yield 

XSWY , is proportional to the x-ray intensity ( xsw xswI Y ). We can use 

Eq. 28 to directly fit the yield profile and extract, the distance above 

the Bragg plane of the atom at position r


. However, the example of a 

single atom is not realistic, because in the real experiment, it will be 

an ensemble of N atoms which will therefore show a certain z 

distribution instead of a single distance. To account for this, a 

distribution of the adsorbates needs to be introduced: 

n

i
i 1

1
f (z) δ(z z )

N 

  , which fulfills the normalization: (29) 

hkld

0
f (z)dz 1. Eq. 25 now becomes: 

 XSW cI 1 R 2 R cos υ 2πp     (30) 

Up to now only the dipole approximation (used to describe the 

photoemission process) was taken into account. This approximation 

is valid if the wavelength of the incident beam ( λ  in Figure 1a) is 

larger than the dimension of the atom probed. In the experiment 

described in this thesis the wavelength of the incident beam is 4.3 Å, 

while the diameter of a Cu atom is 2.55 Å. Furthermore, in an 

NIXSW experiment (see section 2.3.1), there are simultaneously 

incident and reflected x-ray waves with opposite propagation 
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directions. As a consequence, the photoemission cross sections for 

the absorption of the incident photon wave and of the reflected wave 

are different. In this case, the photoemission signal is not proportional 

to the total x-ray absorption, and hence not proportional to the 

intensity of the XSW at the absorbing atom. Accordingly, deviations 

from the dipolar approximations have to be taken into account. 

Vartanyants and Zegenhagen [Var99] developed the following 

expression for the photoelectron yield within the quadrupole 

approximation: 

 XSW R c I cY (z, E) 1 S R(E) 2F R(E) S cos φ(E) 2πP Ψ ,    

 (31) 

The parameters R IS , S and Ψ  are the so called non-dipolar 

correction parameters. The parameter IS  is a complex number with 

the absolute value IS  and the phase iΨ
I IΨ, S S e .  Another 

parameterization of these non-dipolar contributions was introduced 

by Nelson [Nel02] and consists of the two independent parameters 

q and Δ.   

2.3.1 Normal incidence x-ray standing wave technique 

(NIXSW) 

For investigation of molecules on metal surfaces, the XSW 

experiment has to be performed under (near-)normal incidence 

geometry of the incident photon beam with respect to the Bragg 
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planes (for Bragg angles close to 90°). The reason for this 

requirement is the lower degree of perfection of metal single crystals, 

as compared to semiconductor crystals for example [Woo05]. The 

mathematical explanation for this requirement is given by the fact 

that the width of the Darwin reflectivity curve (the ‘rocking curve 

width’) is extremely narrow, depends on the Bragg angle and is 

proportional to Braggtan(θ ) [Hua89]. Thus, for Braggθ π / 2  it 

approaches infinity. Furthermore, if the sample (e.g. single crystal) 

mosaicity is larger compared with the rocking curve width, the effect 

of the standing wave is washed out. A more detailed study shows that 

for Braggθ π / 2  the width of the reflectivity curve becomes 

significantly large (in the order of hundreds of meV) 

[Woo94][Zeg13].  

As an example, let us assume an atom (blue circle in Figure 

2.12) adsorbed at the Bragg plane22 on top of a (111) surface. The 

following situations can occur during an XSW scan (while the photon 

energy is tuned around the Bragg energy Bragg(E ) ): 

(i) If the photon energy hυ  is far below BraggE ,  the amplitude of 

the reflectivity is 0 (Figure 2.12b). Under the assumption that there 

is no absorption inside the crystal, the intensity of the incident x-ray 

wave is constant inside the substrate and above it (Figure 2.12a, c). 

Thus, the (normalized) absorption yield value of the atom is 1 (i.e. 

the intensity of the incident x-ray wave, Figure 2.12c). 

                                                            
22 Bragg plane doesn’t necessary has to coincide with the crystal/surface plane. 
Here, for simplicity, this assumption is made. 
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(ii) As the photon energy reaches the Bragg energy

Bragg(h υ E ),  the incident wave is diffracted, and a standing wave 

can form. Thus the reflectivity increases (Figure 2.12d, e). The nodal 

planes of the standing wavefield coincide with the Bragg planes, 

which in this case are also the atomic planes. 

(iii) As hυ  is scanned through the Bragg condition, the 

following changes take place: 

- The phase φ shifts, while the amplitude of the reflectivity is 

still large (but lower compared with the previous case (ii)) (Figure 

2.12h). Actually, the XSW is still present but its nodal and antinodal 

planes are shifted with hkld

2
 (as compared with the previous case (ii)). 

Accordingly, the atom sits now at the node of the XSW. 

(iv) For Bragghυ E  no diffraction is taking place (no XSW), 

hence the reflectivity is again zero. The values for the absorption 

profile are back to the values as in the initial case (i). The phase φ 

completed the shift and equals to zero.23 

                                                            
23 The asymmetric shape of the reflectivity is due to X-ray absorption inside the 
substrate, which increases as the XSW antinodes approach the atomic planes. 
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Figure 2.12. Schematic representation of the formation of the XSW in a 
(111) single crystal. While tuning the photon energy the following (i) – (iv) 
situation can occur: (i) the photon energy is far below the Bragg energy; 
(ii) the photon energy approaches the Bragg energy; (iii) the photon energy 
is scanned through the Bragg condition; (iv) the photon energy is far above 
the Bragg energy. For each case, the intensity of the incident x-ray wave 
(a, j) or of the x-ray standing wave (d, g) is shown as a function of the 
position (z) and displayed in figures (a, d, g, j). In figures (b, e, h, k) the 
corresponding reflectivity and phase are shown. In figures (c, f, i, l) the 
corresponding absorption profiles of the considered atom are displayed. 
Adapted from [Zeg93], [Woo05][Mer12]. 
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To conclude, the strong correlation between the absorption 

profile and the vertical distances of an absorber (with respect to the 

scatterer planes) gives access to the structural properties of the 

absorber. The NIXSW technique was exploited for the XSW 

measurements shown in Chapter IV of this thesis.

 

2.4 Experimental details 

2.4.1 UHV systems and sample preparation 

At the University of Basel24 three operational UHV-STM 

systems were available: two homebuilt room temperature STMs (RT-

STM) and a commercial low temperature STM (LT-STM from 

Omicron NanoTechnology GmbH). At the University of Groningen, 

an Omicron LT-STM was available. The experiments were 

performed in an ultrahigh vacuum (UHV) system (base pressure in 

the low 10-10 mbar region) consisting of different chambers for 

sample preparation and characterization. The (111) oriented single 

crystals (Au, Ag, Cu) were prepared by repeated cycles of Ar+ ion 

bombardment and subsequent annealing at 550-700 K in order to 

obtain an atomically flat surface. The molecules were deposited onto 

the surface by thermal evaporation from a quartz crucible heated at 

the desired sublimation temperature using either a commercial 

(Kentax UHV equipment) or a homebuilt 3-cell evaporator. The 

                                                            
24 The first 26 months of the PhD project were conducted at the University of 
Basel. 
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preparation chambers of the LT-STM systems provide the possibility 

to deposit molecules on a cold or heated sample. The deposition rate 

was controlled by a quartz crystal microbalance. The constant current 

images were obtained with a PtIr tip and the bias voltages are given 

with respect to a grounded tip.  

For the RT-STMs, the Nanonis SPM control system (Specs 

GmbH) was used. The LT-STM was operated with either the Nanonis 

or the Matrix (Omicron Nanotechnology GmbH) control system. The 

free software WSxM [Hor07] was used for the data processing of the 

STM images. The principal substrate directions were obtained from 

atomically resolved STM images of the clean metal surface. All 

lateral dimensions reported are valid within an accuracy of <10%. 
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CHAPTER 3 

Bicomponent molecular networks based 
on H-bond recognition 

In this chapter, a particular concept from supramolecular 

chemistry is described which was tested for the construction of 

nanostructures on surfaces. Specifically, the controlled formation of 

supramolecular bicomponent networks through molecular 

recognition via triple H-bonds on Ag(111) is investigated. The work 

presented here was done in collaboration with the group of Prof. 

Davide Bonifazi, at the University of Namur. 
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3.1 Introduction 

Inspired by examples biology provides for the organization of 

simple units into complex structures exhibiting high functionality 

(e.g. the spontaneous formation of the double helix by association of 

the complementary nucleic bases, process which involves molecular 

recognition and cooperativity in base pairing), a large and 

continuously growing interest has been shown for the deliberate 

design of low-dimensional nanoscale structures (with specific 

structural and/or functional purpose in mind) through self-assembly 

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

supramolecular approach, based on the combination of various non-

covalent interactions, is a powerful tool for the preparation of novel 

nanostructured (functional) materials into one- (1D), two- (2D), and 

three- dimensional (3D) assemblies both in solution and in the solid 

state which exhibit properties interesting for an increasing number of 

potential applications in molecular information storage, catalysis, 

(opto)electronics etc. [Spe06] [Men02] [Hos04] [Hos05] [Ele06]. 

However, driven by the need for patterning technologies at the 

nanometer scale, a particularly intriguing research area is the one of 

surface-confined supramolecular chemistry, where molecules, which 

are specially designed to control the relative molecular organization, 

are used to form desired 1D and 2D extended supramolecular arrays 

[Bar05]. Following this approach, 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]. 
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Among the various non-covalent interactions, using 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 the molecular assembly of supramolecular 

structures [Leh95] [Whi02] for the formation of 1D [Rui06] [Ven07] 

[Pal08] [Per08] [Cie09] and 2D [The03] [Swa06] [Per06] [Xu07] 

[Sta07] [Per08] [Ven11] [DeF03] [Pal09] [Bon09] [Kud09] [Gar10] 

[Cie10] [Cie13]. 

Using the  U∙DAP complex (Figure 2.4d, Chapter 2.1.2) for the 

design of two linear linkers bearing complementary recognition 

units, pre-programmed linear chain-like structures were assembled 

on Ag(111) [Pal08]. Based on this approach, in the current work, one 

linear linker (shown in Figure 2.4a, Chapter 2.1) was modified to an 

angular form (Figure 3.1b) in order to vary the dimensionality and 

topology of the molecular assembly in a controlled way (by 

controlling both the molecular geometry and the functional groups 

attached to the molecular building blocks). 

Herein, using scanning tunneling microscopy (STM) under 

ultrahigh vacuum (UHV) conditions, the controlled formation of 

supramolecular bicomponent networks on Ag(111) is investigated as 

a function of coverage and temperature. 
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The molecular linkers 1 and 2 (Figure 3.1) feature the 

complementary molecular recognition sites DAP and U, 

respectively. Molecule 1 (Figure 3.1a), a linear linker, bears two 2, 

6-DAP moieties (NH–N–NH, DAD) connected to a 1, 4-

disubstituted central phenyl ring through ethynyl spacers (the angle 

between the ethynyl spacers amounts to 180°). Molecule 2 (Figure 

3.1b), an angular linker, has two U moieties (CO–NH–CO, ADA) 

attached to a 2, 3-disubstituted phenyl ring through ethynyl spacers 

(at an angle of 60° between the ethynyl spacers). At each U group a 

hexyl chain is attached. The molecules were synthetized in the group 

of Prof. Davide Bonifazi, University of Namur. 

Figure 3.1 (a)-(b) Chemical structures and respective schematic 
representations of the employed molecular modules (1 and 2) bearing 
complementary H-bonding recognition sites. (c) Schematic representation 
of the triple H-bonded array of the U∙DAP complex showing the disposition 
of the donor (D) and acceptor (A) sites. The H-bonds are represented by 
the magenta dotted line. 

Before the heteromolecular system will be discussed (Sections 

3.4, 3.5, 3.6), the adsorption of 1 (Section 3.2) and 2 (Section 3.3) on 

Ag(111) will be presented. After a detailed description of the 

bicomponent system (Section 3.4), the focus will shift towards a 

specific structure formed by 1 and 2 on Ag(111), namely a molecular 

porous network (Section 3.5). First the host-guest properties of the 

system will be presented (Section 3.6). Second, the electronic 
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properties of the pores are theoretically investigated, namely the 

capabilities of the system to confine the surface electrons (Section 

3.7). 
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3.2 Molecule 1 on Ag(111)1 

This system was studied and presented in detail elsewhere 

[Mat09] and in the PhD thesis of Dr. M. Matena [MatThesis] 

performed at the University of Basel, Switzerland. Only the elements 

that are important for understanding the bicomponent system will be 

presented here. 

When deposited on Ag(111) at room temperature and in the 

submonolayer regime, the linear linker 1 arranges in a commensurate 

hexagonal porous network held together through double H-bonds 

formed between neighboring molecules (Figure 3.2). In the STM 

images, molecule 1 appears as three aligned lobes and four terminal 

spokes that correspond to the aromatic rings and the acetyl residues, 

respectively. The rhombic unit cell has a size of 230.4 30.4 Å , and 

the lattice vectors define an angle of 60°. 

                                                            
1 The work presented in this chapter is based on the publication “Conformation-
Controlled Networking of H-Bonded Assemblies on Surfaces”, by M. Matena, L. 
Llanes.– Pallas, M. Enache, T. A. Jung, J. Wouters, B. Champagne, M. Stöhr and 
D. Bonifazi, published in Chemical Communications, 2009, 3525-3527. 
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Figure 3.2 STM images (recorded at 77 K) of molecule 1 on Ag(111) 
showing the porous network. (a) Overview STM image 

2
t t(50× 50 nm ,U = -1.7 V, I = 20 pA) . (b) Detailed STM image 

2(7×7 nm )  with the schematic model of 1 superimposed. The orientation 

of the underlying substrate is given by the white arrows. (Scanning 

parameters: t tU = -1.7 V, I = 20 pA)  [Mat09]. 

Molecule 1 has a preferential orientation with respect to the 

underlying substrate, having its long symmetry axis aligned along the 

[112]  high symmetry direction of the substrate (Figure 3.3). 

Figure 3.3 Possible adsorption geometries of molecule 1 on the Ag(111) 
surface demonstrates the preference of the nitrogen atoms (blue circles) of 
the pyridine rings to be adsorbed in threefold hollow sites. The 
configurations marked in red are experimentally observed for the 
bicomponent system on Ag(111). The Ag(111) surface is represented by 
light grey circles. The crystallographic directions were deduced from 
atomic resolution STM images. From the homomolecular organization of 
molecule 1 on Ag(111) [Mat09] it is known that its long symmetry axis 
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aligns parallel to the [112]  direction. Here that is taken as 0°. This way, 

the nitrogen atoms occupy the threefold hollow sites [Hos07] [Ros07] 
[Küh09], the oxygen atoms (red circles) occupy the bridge positions and 
the central aromatic ring (green circle) sits in an on top position. Rotation 
of molecule 1 by 15° again leads to a configuration where the nitrogen 
atoms are situated in threefold hollow sites. For a 30° rotation, the nitrogen 
atoms of the pyridine end groups cannot occupy the threefold hollow site, 

even though the long symmetry axis aligns along the [110]  high symmetry 

direction. Since this orientation was never observed experimentally, this 
adsorption geometry seems energetically less favorable. Due to symmetry 
considerations, a rotation by 45° (60°) leads to an identical configuration 
as the 15° (0°) case. 
 

3.3 Molecule 2 on Ag(111)2 

Uracil (U), (Figure 3.5a, black dashed circle) a RNA 

nucleobase, has been intensively studied not only because of its 

importance in biological interactions [Sow98], but also because of its 

possible nanotechnological applications [Sow01]. U, due to its imidic 

group (CO–NH–CO), presents both H-bond acceptor (CO) and H-

bond donor (NH) sites manifesting a high ability to self-assemble 

through weak homo-complementary double H-bonding interactions 

with the simplest structure formed being the U homopair (Figure 3.4). 

In the crystal structure, U assembles in a centrosymmetric dimer 

                                                            
2 The work presented in this chapter is based on the publication “Coverage 
Dependent Disorder-to-Order Phase Transformation of an Uracil-Derivative on 
Ag(111)”, by M. Enache, L. Maggini, A. Llanes. – Pallas, T. A. Jung, D. Bonifazi, 
and M. Stöhr, published in Journal of Physical Chemistry C, 2014, 118, 15286-
15291. 
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configuration with two C=O···H–N H-bonds arranged in planar 

sheets parallel to the (001) surface [Par54]. 

Molecule 2 (Figure 3.5a), as previously mentioned, has two U 

groups attached to a central aromatic ring through ethynyl spacers 

with an angle of 60°. Each U moiety is functionalized with a hexyl 

chain (at position 1, as labeled in Figure 3.5a bottom) leaving only 

the imidic group CO–NH–CO (which corresponds to the labeled 

positions 2, 3 and 4 in Figure 3.5a) available for H-bonding 

interactions. An important feature of this molecule is the variability 

of the angle enclosed by the ethynyl arms (pink arrow, Figure 3.5a). 

As a consequence, the angle between the ethynyl linkers can deviate 

from the ideal value of 60°, distorting the symmetry of the molecule 

[Fen09]. Furthermore, this flexibility can contribute to the 

optimization of the intermolecular interactions. 

Figure 3.4 (a) Schematic representation of molecule 2 adsorbed on 
Ag(111). For the U groups the possible (active) H-bonding sites (that can 
participate in H-bonding) are explicitly indicated. The symmetry axis of 
molecule 2 is shown in red. Due to the flexibility of the ethynyl arms, the 
angle α can slightly vary [Fen09]. The adsorption site of the molecule on 
the substrate was randomly chosen but the orientation of molecule 2 with 
respect to the substrate directions is as derived from our findings (see main 
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text). (b) The preferred bonding sites that participate in the formation of the 
U dimer are explicitly shown. The pink area highlights the preferred U 
homopair configuration (through two identical C=O(2)∙∙∙H(3)–N H-
bonds). The dimer has C2 symmetry due to a 180° rotational axis, which is 
perpendicular to the dimer plane and passes through its center. The H-
bonds are represented by the dotted blue lines. The black arrows indicate 
the high symmetry directions of the underlying substrate. In the gas phase, 
the U dimerization is explained as follows: the dipole moment of the 

individual U monomer is μ 6.64  Debye, while for the dimer formed 

through two C=O(2)∙∙∙H(3)–N H-bonds μ 0.02  Debye, meaning that the 

antiparallel configuration results in the cancellation of the total electric 
field [Bie09] [Fre07]. Furthermore, it has been reported that a charge 
redistribution within the U pairs on the remote oxygen atoms, which are 
not directly involved in double H-bonding, can take place [Kel05] and that 
the oxygen atoms can have an enhanced ability to accept the extra charge 
from another molecule. In our case, such a process might facilitate the 
single H-bond between neighboring molecules 2. 

Figure 3.5 (a) Ball and stick model of molecule 2 and its schematic 
representation (below). For the right U moiety (encircled by a black dashed 
line) the atoms are numbered. The pink arrow indicates the variability of 

the angle enclosed by the ethynyl arms. (b) STM image 2(30× 30 nm , 
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t tU =1.5V, I =21 pA) for a coverage of ~0.65 ML of molecule 2 on 

Ag(111) showing the formation of amorphous structures made up of double 
rows and clusters. The area marked by the dashed white rectangle is shown 
in detail in Figure 3.6. 

When deposited on the Ag(111) surface, at room temperature 

and submonolayer coverage, molecule 2 is found in a 2D mobile 

phase (2D fluid). In order to minimize the surface mobility of 

molecule 2 on the Ag(111) surface, the samples were cooled to 77 K 

for imaging. 

For coverages < 0.2 ML, short segments of 1D chains (double 

row structures) decorate the metal terraces. Such a structure is 

indicated by the white rectangle in Figure 3.5b, and presented in 

detail in Figure 3.6 (see also Figure A2, Appendix A). The chains 

develop in a rather linear fashion over a short distance (~ few 

molecules) after which a kink induces a change in the chain direction 

(Figures 3.10 and Figure A1, Appendix A). As can be seen in Figure 

3.6, the 1D chain structure consists of double rows of molecule 2. 

Within the structure, a single molecule 2 can be clearly identified. 

The three rings of molecule 2, adsorbed flat on the surface [Pap12], 

give rise to a V-shape appearance of the inner aromatic part of the 

molecule in the STM image, with the benzene ring at the vertex, at 

which the two U groups are attached through the ethynyl spacers. The 

hexyl chains appear as lateral curled wings resulting in an overall M-

shape appearance of the molecule. 
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Figure 3.6 Bonding geometries observed for the double row structure. (a) 

High-resolution STM image 2
t t(5.5× 3 nm ,U = 1.5 V, I = 100 pA)  of the 

area marked by the dashed white rectangle in Figure 3.5b. The molecular 
arrangement within a double row can be seen in detail. (b) Proposed 
molecular model superimposed on the STM image shown in (a). The dotted 
yellow lines indicate the H-bonds formed between the molecules while the 
blue dashed circles indicate the repulsive interaction between the O atoms 
of neighboring molecules. The areas highlighted in pink point to double H-
bonds formed between U moieties (which lead to the formation of the 
centrosymmetric U dimer) of neighboring molecules. 

The molecules within one molecular row are oriented parallel 

to each other and rotated 180° with respect to the units in the adjacent 

row. In this configuration, the molecules within the double row 

structure are always oriented with their U groups (active H-bonding 

sites) pointing inside in order to facilitate H-bonding. A proposed 

model of the bonding geometries within the double row structure is 
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shown in Figure 3.6b (H-bonds are represented by dotted yellow 

lines). Within the double row superstructure, each molecule 2 

interacts asymmetrically with four neighbors having only one U 

involved in U dimerization dimerization [Par54] [Vet65] [DeL94] 

[Sow97] [Dre97] [Hai99] [Sow00] [Cav98] [Pap12] [Pal09] [Yoo11] 

[Pal11] [Pal08] [Sow98] [Kel06] [Wan08] [Sze12] through two 

identical C=O(2)···H(3)–N H-bonds (the area highlighted in pink in 

Figure 3.6b). The O(4) atom of the U moiety involved in the 

homopair formation is involved in a single H-bond with the H(3) 

atom belonging to a molecule from the adjacent row 

(C=O(4)···H(3)–N). The second U moiety of the same molecule 

shares two single H-bonds (at positions 2 and 3): one with another U 

group and the second one with a C–H bond of the hexyl chain of a 

neighboring molecule. 

With a systematic increase in coverage up to ~0.8 ML, in 

addition to the previously discussed double row structures, the 

formation of clusters was observed. Within the 2D amorphous 

structures, clusters with a triangular shape were observed on the 

surface (Figure 3.7). 
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Figure 3.7 (a) Close-up STM image of the triangular clusters formed by 

molecule 2 for a coverage of ~0.65 ML 2
t t(13× 12 nm ,U = 0.8V, I = 33 pA)

. (b) Space filling model of molecule 2 superimposed on the STM image. 
The inset shows the bonding mechanism: blue dotted lines represent 
intermolecular H-bonds; pink dashed circles indicate the repulsive 
interaction between O atoms of neighboring molecules. Double H-bonding 
between U moieties of neighboring molecules is highlighted in pink (the U 
dimer formed through two identical H-bonds C=O(2)∙∙∙H(3)–N). 

A closer analysis of such triangular clusters (Figure 3.7) reveals 

that on each side of the triangle, molecules 2 are oriented parallel 

with respect to each other, and with the U groups pointing towards 

the inside of the cluster. Mostly, the molecular distribution along the 

sides of such an amorphous structure is similar to the one in the 

double row structure while the inner part of the triangular structure 

(or of any 2D aggregate) is fuzzy. The fuzziness in the STM images 

is attributed to the mobility of the alkyl chains at 77 K indicating 

ineffective alkyl chain packing between neighboring molecules. 

Interestingly, inside the clusters, the V-shape appearance of molecule 

2 could be identified, i.e., that the hexyl chains are not imaged (Figure 

3.8). Within the clusters, an additional trimeric H-bonding motif 

consisting of three single H-bonds (two C(2)=O···H(3)–N and one 

C=O(4)···H(3)–N H-bonds) linking three adjacent bis-U units could 
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also be identified (Figure 3.9). We attribute our observations of the 

complexity of the structure formed to the subtle interplay between 

the various possible molecule-molecule and molecule-substrate 

interactions. 

Figure 3.8 STM image 2
t t(19× 19 nm ,U = 0.8 V, I = 33 pA)  showing the 

amorphous structures of molecule 2 on Ag(111) for a coverage of ~0.65 
ML. Two different configurations (with respect to the alkyl chains 
configuration) of molecule 2 can be observed. The yellow dashed circle 
marks a molecule at the edge of a cluster whose alkyl chains are parallel 
to the metal surface (M-shape appearance); the yellow inset shows the 
corresponding space filling model for the suggested configuration. The 
purple dashed circle points towards a molecule within the cluster whose 
alkyl chains are partly upright. It is assumed that the last four C atoms of 
the alkyl chain are not in contact with the Ag surface. The three bright 
protrusions, which are observed in the STM image, are attributed to the 
aromatic rings while the alkyl chains are not visible (V-shape appearance). 
The purple inset shows the corresponding space filling model for the 
suggested configuration. 
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Figure 3.9 Bonding motifs observed for molecule 2 deposited on Ag(111) 
at ~0.65 ML coverage. (a) STM image 

2
t t(60×60 nm ,U = 1.3V, I = 100 pA) showing the variability of the 

molecular arrangements. (b) Proposed molecular model superimposed on 
the STM image shown in (a) revealing the intermolecular interactions. The 
dotted yellow lines indicate the H-bonds formed between the molecules. The 
areas highlighted in orange point to double H-bonds between U moieties of 
neighboring molecules (U dimerization through two different H-bonds: N–
H(3)∙∙∙O(2)=H and C=O(4)∙∙∙H(3)–N). The pink triangle highlights a 
trimeric H-bonding motif (two C=O(2)∙∙∙H(3)–N and one C=O(4)∙∙∙H(3)–
N H-bonds) which occurs between U moieties of three adjacent units of 
molecule 2. The blue dashed circles indicate the repulsive interaction 
between O atoms of neighboring molecules. 

By further increasing the molecular coverage (Figure 3.10) on 

the Ag(111) surface (for coverages between 0.8 ML and 1 ML), a 

structural phase transformation [Bis13] takes place: the disordered 

phase “collapses” into a well-ordered 2D close-packed phase (Figure 

3.10c, Figure 3.11). 
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Figure 3.10 Development of the structures formed by molecule 2 as a 
function of the molecular coverage. (a) Overview STM image 

2
t t(100× 100 nm ,U = 2V, I = 19 pA)  for the low coverage regime (~0.2 

ML). The double row structure is predominant (single molecules were not 
observed). (b) Overview STM image 

2
t t(200× 200 nm ,U = 1.3V, I = 14 pA)  for a coverage of ~0.65 ML which 

shows double row structures and clusters, as described in the main text. (c) 

STM image 2
t t(60× 60 nm ,U = 1.7V, I = 50 pA)  for a coverage of ~0.9 ML 

showing the co-existence of amorphous (double rows and clusters) and 
ordered structures (2D close-packed arrangement). 

In Figure 3.11a, the STM image reveals the formation of well-

ordered islands. In Figure 3.11b, within the close-packed 

arrangement, individual molecules can be identified. Within the 

close-packed arrangement, similar to the findings for the 2D 

aggregates, two different appearances were found for the molecules. 

The terminating molecules (white arrow, 1b) exhibit a M-shape and 

are imaged as three protrusions (corresponding to the three aromatic 

rings) and two laterally attached curled wings (corresponding to the 

hexyl chains), while the molecular units inside the assembly exhibit 

a V-shape and are imaged only as three bright protrusions with their 

hexyl chains not being imaged. The ordered pattern consists of 

parallel rows of molecules 2. Within one molecular row, the V-shape 
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molecules all point in the same direction while the direction of the 

molecules for adjacent rows alternates by 180°. 

Figure 3.11 For 0.95 ML, a 2D close-packed arrangement of molecule 2 
develops on Ag(111). (a) Overview STM image 

2
t t(40× 40 nm ,U = 1.3V, I = 100 pA)  in which two rotational domains of 

the close-packed assembly marked by red arrows and labeled I and II are 

visible. (b) Close-up STM image 2(10 7 nm )  for the area indicated by 

the white dashed rectangle in (a). The unit cell is indicated by the black 
rectangle, and schematic representations of two molecules are shown to 
illustrate the molecular arrangement within the assembly. The white arrow 
points to a molecule located at an island border. It is arranged such that its 
U groups point towards neighboring molecules in order to undergo H-
bonding. (c) Tentative molecular model for the arrangement of molecule 2 
in the close-packed structure (the alkyl chains are omitted for clarity). The 
intermolecular H-bonds are shown by blue dashed lines. The unit cell is 
indicated by the black rectangle. The areas highlighted in pink point to 
double H-bonds between U moieties. 

In Figure 3.11c, the molecular packing within the close-packed 

arrangement is explained. The intermolecular H-bonds are shown by 

the dashed blue lines and the hexyl chains were omitted to enhance 
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the visibility. The 2-fold symmetric molecules arrange in a 

rectangular lattice on the metal surface. From the STM images, the 

following unit cell parameters are found: 

2(1.1 0.1) (2.4 0.2) nm , α (90 3)     °. There are two molecules 

per unit cell, and each molecule is involved in 8 H-bonds interacting 

with four neighbors as follows: along the long side of the unit cell 

each molecule has both U groups involved in double H-bonding; 

along the short side of the unit cell the O(4) atom of each U moiety 

is involved in a single H-bond with the H atoms of the phenyl ring of 

a neighboring molecule (C=O(4)···H–C). The fingerprint of the 

substrate is reflected in the preferential orientation of molecule 2 with 

respect to the Ag(111) surface. The symmetry axis of molecule 2 

follows either the [110]  or [112]  high symmetry direction of the 

underlying substrate. (Figure 3.12). Furthermore, consistent with the 

substrate’s symmetry, rotational domains having an angle of 30° (and 

multiples thereof) with respect to each other were observed on the 

surface (in Figure 3.11a, domains labeled I and II are rotated 30° with 

respect to each other). 

Figure 3.12 Possible adsorption geometries of molecule 2 on Ag(111). 
Molecule 2 shows a preferential alignment with respect to the substrate: 

the symmetry axis either follows the [112]  direction (0° configuration) or 
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the [110]  direction (30° configuration). The crystallographic directions 

were deduced from atomic resolution STM images. The main molecular 
axis is represented by the blue dashed line. The 0° configuration serves as 
a reference and corresponds to the situation when the main molecular axis 

is aligned along the [112]  direction of the Ag(111) surface. In the case of 

the bi-molecular system, for molecule 2, only the 30° configuration was 
experimentally observed and is marked in red. 

When the molecular models of molecule 2 are overlaid on the 

STM image of the close-packed arrangement, the van der Waals 

(vdW) radii of the alkyl chains of neighboring molecules overlap. We 

thus suggest that the alkyl chains partially detach from the surface, 

with the last four carbon atoms of each hexyl chain lifted from the 

surface (Figure 3.8). This has also been found in other surface-

confined self-assembled systems [Shi06] [Xu08] [Yan10] [Fra08] 

[Dub93] [Wet98] [Lee10] [Yin01]. In the case of molecule 2 on 

Ag(111), the molecular geometry with the hexyl chains (partially) 

detached is attributed to molecule 2 imaged as only three bright 

protrusions (V-shape appearance). Hence, only by lifting off the alkyl 

chains it is possible to allow access to the H-bonding interaction sites 

of the molecules in such a way that the molecules assemble in an 

ordered pattern driven by U dimerization. 

Following a thermodynamic approach, we present a qualitative 

discussion of the phase behavior of the system. Since molecule 2 

adsorbed on Ag(111) represents a 2D system, the molecules lose 

some of their degrees of freedom upon adsorption on the surface as 

compared with the gas phase (e.g. the degrees of freedom 

corresponding to the direction perpendicular to the surface are 
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cancelled). In order to gain a better understanding of the factors 

influencing the phase behavior of molecule 2 on Ag(111), we 

consider the statistical mechanical expression for entropy. The 

simplest approach is to use Boltzmann’s expression for the entropy 

(S) of an isolated system of N particles in a volume V at energy E: 

BS k ln W   (3.1) 

where kB is Boltzmann’s constant and W stands for the total number 

of accessible states (configurations) of the system [Des96]. A simple 

interpretation of the above equation is that W is a measure of the 

“disorder” in the system. According to Eq. 3.1, the greater the 

disorder, the larger the entropy becomes. According to the definition 

of glasses, which are kinetically frozen-in, nonequilibrium (i.e. non-

thermodynamic), amorphous solids [Sch11], we can associate the 

disordered phase of molecule 2 on Ag(111) (corresponding to 

coverages < 0.8 ML) with a glassy phase. When the system is at low 

temperatures, the dynamic behavior of the molecules on the surface 

slows down, and at 77 K the system is trapped in a kinetically limited 

state as can be observed in Figure 3.3b (see also Figure A2, A3, 

Appendix A). Only recently, such disordered condensed systems 

have been characterized on the molecular scale using scanning probe 

techniques [Ote08] [Mar10] [Eci12]. 

Molecular self-assembly is a thermodynamically driven 

process. Therefore, the system (under isobaric and isothermal 

conditions) can be represented by the Gibbs free energy equation, 

meaning that a (local) minimum in Gibbs free energy corresponds to 

a (meta)stable state of the system: 
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STHG   (3.2) 

where self-assembly is a spontaneous process if G  is negative. T, 

S and H represent temperature, entropy and enthalpy of the system, 

respectively. Since during our experiments the scanning of the 

samples always took place at the same temperature (T=constant), 

three contributions to the free energy of the system (G, whose 

minimum determines the equilibrium state) must be taken into 

account: the sum of all interaction energies between the substrate and 

molecule 2, the sum of all intermolecular interaction energies, and 

the total entropy of the molecular layer. According to Eq. 3.2, in 

terms of Gibbs free energy, a decrease in entropy has to be 

compensated by a reduction in enthalpy (adopting a larger but 

negative value) in order to have G < 0, i.e. mainly through the 

formation (and optimization) of the molecular bonds due to 

molecule-substrate and molecule-molecule interactions. In the 

disordered phase (< 0.8 ML), various assembly configurations from 

molecules 2 were observed. The main responsible factor for this 

behavior is the presence of the alkyl chains, which - due to their 

spatial demands - hinder the accessibility of potential H-bonding 

partners at the U moieties (i.e., the homopair formation is hampered). 

As a consequence, only one U moiety per molecule can participate in 

homopair formation. 

By increasing the coverage from 0.8 ML up to 1 ML, the 

assembly is driven into a well-ordered phase, which corresponds to a 

state with lower entropy compared with the glassy phase. Only by 

lifting off the alkyl chains of each molecule is it possible to have 
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access to the H-bonding interaction sites of the molecules 2 in such a 

way that the intermolecular interactions and the molecule-substrate 

interactions are optimized. This allows the molecules to assemble in 

an ordered pattern essentially driven by U dimerization. To lift up the 

chains, the system pays an energetic penalty, which is compensated 

by the gain in entropy and by minimization of the area occupied per 

molecule. All these interactions stabilize the system energetically, 

and eventually lead to a reduction in Gibbs free energy. In other 

words, the free energy is minimized through the maximization of 

both, the number of interactions and molecules per unit area. 

In summary, in this chapter the study the self-organization of a 

2-fold symmetric U derivate on Ag(111) as a function of coverage by 

means of STM under UHV conditions is presented. We found that, 

by increasing the molecular coverage, a transformation occurs from 

a disordered to an ordered 2D phase. Specifically, at low and 

intermediate molecular coverage a glassy phase consisting of 1D 

chains and 2D aggregates is observed, while close to a first complete 

molecular layer, a well-ordered 2D close-packed phase forms. The 

delicate balance of the various molecule-molecule and molecule-

substrate interactions is responsible for the complexity of the 

structure formation. The main driving forces responsible for the 

structure formations are: (i) the U self-complementarity, resulting in 

U-U pairs through two C=O(2)···H(3)–N H-bonds and (ii) the steric 

demands of the alkyl chains. We found that the coverage dependent 

phase behavior is due to a mutual interplay between entropic (mainly 

due to the alkyl chains) and enthalpic contributions to the Gibbs free 
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energy of the system, i.e. the system evolves towards a state of lower 

free energy and higher structural stability 

.
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3.4 Adsorption of molecules 1 and 2 on Ag(111): 

coverage dependent study3 

As mentioned in the introductory part, molecules 1 and 2 

feature complementary H-bonding recognition sites. In this chapter, 

the outcome of the experiments is described when depositing both 

molecules in a 11:12 on Ag(111) to investigate if molecular 

recognition takes place in such a bicomponent system. 

The subsequent deposition of small amounts of molecule 1 

(<0.2 ML1) and molecule 2 (< 0.2ML2), in a ~11:12 ratio on the 

Ag(111) substrate results in the formation of three different structures 

(Figure 3.13): straight chains (I), zigzag chains (II) and polygonal 

structures (III). In high resolution STM images (Figure 3.13a, b, d, 

f) molecules 1 and 2 can be clearly identified (see Chapter 3.2 and 

3.3). 

Within the straight chain structure (I, Figure 3.13a-c), 

molecules 1 are aligned parallel with respect to each other having 

both recognition sites involved in triple H-bonding with the U 

moieties of 2. The spokes of neighboring molecules 1 interact via van 

der Waals interactions. On the other side, each molecule 2 has one U 

involved in a triple H-bond with 1, while the second U is involved in 

double and single H-bonding. We will henceforth refer to this 

bonding geometry between molecule 1 and molecule 2 as a type A 

                                                            
3 The work presented in this chapter is based on the manuscript “Programming 
linear and cyclic bicomponent H-bonded supramolecular nanostructures: solution 
vs. surface studies”, by  L. Maggini, A. Llanes-Pallas, T. A. Jung, M. Riello, A. De 
Vita, D. Bonifazi, M. Stöhr. 
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interaction (Figure 3.14). Explicitly, molecule 2 has the imidic group 

(CO–NH–CO) of one U moiety involved in triple H-bonding with the 

complementary functional group (NH–N–NH) of molecule 1 

(marked in yellow in Figure 3.14, A). The other U moiety of molecule 

2 is involved in a double H-bonding event with the acetyl group of 

molecule 1 (marked in orange in Figure 3.14, A), while one carbonyl 

group is involved in a single H-bond with a phenyl hydrogen atom 

belonging to the central aromatic ring of molecule 1 (marked in blue 

in Figure 3.14, A). 

Figure 3.13 High-resolution STM images (acquired at 77 K) showing the 
supramolecular organization of the bicomponent system of molecule 1 and 
molecule 2 with a 11:12 ratio. (a) Overview STM image 

2
t t(18×19.1 nm ,U = 1.5 V, I = 25 pA)  showing the coexistence of three 

supramolecular structures: straight chains (I), zigzag chains (II) and 
polygonal structures (III). The white arrow marks the orientation of the 
underlying substrate. (b)-(g) Detailed STM images for the different 
supramolecular structures and their corresponding schematic 
representations (see also Figure 3.14): (b), (c) straight chains 
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2(5.3× 6.2 nm )  formed through type A interactions between molecules 1 

and 2; (d), (e) zigzag chains 2(4.9× 24.3 nm )  based on the type C1 

interactions. Due to a slight excess of molecule 2, molecular association of 
type B interactions occurs (see main text); (f), (g) polygonal structure

2(5.4× 5.2 nm )  based on the type C1 interactions. Again, type B 

interactions occur due to a slight excess of molecule 2. 

Within the zigzag structure (II, Figure 3.13d-e), each unit of 

molecule 2 has both U groups involved in triple H-bonding. The 

angle enclosed by the molecules amounts to 60°. This bonding 

geometry between molecule 1 and molecule 2 will be referred to as 

type C1 interaction (Figure 3.14). Explicitly, the molecular 

recognition is mediated by triple H-bond formation between the 

complementary groups of molecule 1 (NH–N–NH) and molecule 2 

(CO–NH–CO) (marked in yellow in Figure 3.14, C1). 
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Figure 3.14. Tentative structure models for the experimentally observed 
(H-bond driven) hetero-association geometries between molecule 1 and 
molecule 2 on Ag(111). H-bonds are shown with dashed red lines. Triple 
H-bonds between complementary H-bonding sites are marked in yellow. 
Double and single H-bonds are marked in orange and blue, respectively. 

The polygonal structure (III, Figure 3.13a, f-g) is held together 

through three type C1 interactions. The closed structure is formed by 

six molecules, with molecule 2 positioned at the vertices while the 

sides are made up from molecule 1. Each molecule has both 

recognition sites involved in triple H-bonds which results in 18 H-

bonds per polygonal unit. This structure will be discussed in more 

detail in Chapter 3.5. 

In addition to the pre-programmed ideal type C1 interactions 

between molecule 1 and molecule 2, a so-called type B interaction 
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was also observed (Figure 3.14, B). We attribute the type B 

interaction to a slight excess of molecule 2 on the surface. In the type 

B interaction, molecule 2 has U involved in both single and double 

H-bonding events with molecule 1 (no triple H-bonds events) that is 

similar to the type A interaction. The difference to the type A 

interaction is that now both U moieties are not involved in molecular 

recognition via triple H-bonds events. Explicitly, each U moiety of 

molecule 2 forms two H-bonds with the acetyl group of molecule 1 

(marked in orange in Figure 3.14, B) while one carbonyl group of 

molecule 2 is involved in a single H-bond with the hydrogen atom 

belonging to the central aromatic core of 1 (marked in blue, Figure 

3.14, B). 

Similar to the homomolecular systems, in the bicomponent 

system molecule 1 and molecule 2 were found to have a preferential 

orientation with respect to the substrate. Molecule 1 has its long 

symmetry axis (represented by the blue arrow in Figure 3.14, B) 

oriented along the [112]  direction of the underlying substrate, while 

the symmetry axis of molecule 2 (represented by the red arrow in 

Figure 3.14, B) follows the [110]  substrate direction. 

For a total coverage higher than 0.4 ML1,2 and keeping the  

molecular ratio, ~ 11:12, a close-packed arrangement is observed on 

the Ag(111) surface (Figure 3.15, Figure B3, Appendix B). The 

molecules 1 and 2 self-assemble in a rectangular unit cell (white 

rectangle in Figure 3.15a) which contains four molecules (two of 

each kind), which has a size of 2(1.8 0.1) (4.5 0.3) nm   , and the 

lattice vectors define an angle of α (90 3)  °. The well-ordered 
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close-packed assembly consists of molecular zigzag rows aligned 

parallel with respect to each other. Within the zigzag rows, the units 

of molecule 1 and molecule 2 alternate similar to structure II 

(individual 1D zigzag chains). However, the angle enclosed by two 

molecules 1 belonging to the same zigzag row is now 75° (this type 

of interaction will be called type C2 interaction in the following, see 

also Figure 3.14) that is in contrast to 60° observed for structure II. 

This increased opening angle of the zigzag chains is associated with 

the deviation of every second molecule 1 within the same zigzag 

chain by 15°4 from its ideal adsorption direction (along the [112]  

direction). The reason is the following: Within a zigzag row, the 

opening angle of molecule 2 and thus, also the angle between two 

consecutive units of molecule 1 has to be enlarged from 60° to 75° to 

create the necessary space to facilitate a 2D close-packed 

arrangement of parallel zigzag rows. This leads to an adsorption 

position of molecule 1 with the nitrogen atoms in the same adsorption 

position in comparison to the not-rotated case (Figure 3.3). This 

results in the following three implications: (i) Double H-bonding 

between two units of molecule 1 belonging to neighboring zigzag 

rows is enabled. The double H-bond occurs between the acetyl 

groups of neighboring molecules 1 (marked in orange in Figure B3, 

Appendix B), which together with van der Waals interactions 

between neighboring chains are stabilizing the dense packing of the 

parallel zigzag rows. (ii) Even though the type C2 interaction 

                                                            
4 In addition, the possible deviation of the opening angle of molecule 2 from its 
ideal configuration has to be considered. However, it is difficult to estimate from 
STM images the angle enclosed by the ethynyl legs of molecule 2. 
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geometry between molecule 1 and molecule 2 is not ideal, molecular 

recognition via triple H-bonding between them still takes place. (iii) 

The short axis of the unit cell is rotated by  7.5° with respect to the 

Ag [110]  direction which leads to a set of unit cells rotated clockwise 

(and anti-clockwise, respectively) and which have a rotational angle 

of 60° with respect to each other (Figure B4 , B5, Appendix B). 

Figure 3.15. High-resolution STM images showing the densely packed 
arrangement of molecule 1 and molecule 2 on Ag(111) for a total coverage 

of 0.5 ML1,2. (a) STM image 2
t(19.4× 18.4 nm ,U = -0.2 V, I = 4 pA)  

showing the alternating arrangement of molecules 1 and 2 within the zigzag 
rows. The unit cell is indicated by a white rectangle. (b) Detailed STM 

image 2
t(7.2× 5.8 nm ,U = -0.2 V, I = 4 pA)  with the schematic models of 

molecules 1 and 2 superimposed. The white arrow marks the orientation of 
the underlying substrate. 

The structure formation on the Ag(111) surface is driven by the 

delicate balance between molecule-molecule and molecule-substrate 

interactions. At low coverages (< 0.4 ML, ~11:12), the interplay 

between intermolecular (mainly molecular recognition based on H-

bonding) and molecule-substrate interactions (responsible for the 
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adsorption geometry of the molecular units and thus, for the registry 

of the molecular superstructure with respect to the Ag substrate) leads 

to a variety of structures (I, II, III) driven by multiple types of 

interactions (A, B, C1). Remarkably, at higher coverages (> 0.4 ML, 

~11:12), only one structure forms, which is based on only one type of 

interaction (C2). In comparison with the individual zigzag chains 

formed in structure II (based on C1 interactions), for the zigzag 

chains of the close-packed arrangement (driven by C2 interactions) a 

weakening of the intermolecular interactions within a zigzag chain is 

expected. However, the energetic penalty associated with the 

deviation of molecule 1 from its ideal adsorption position by 15° is 

compensated by the dense packing of the zigzag chains 

(minimization of the occupied molecular area) and by the additional 

attractive intermolecular interactions between the parallel zigzag 

rows (mainly double H-bonding between adjacent molecules). 

In particular, by changing the geometry of one molecular 

recognition unit (from a linear to an angular form) within the U∙DAP 

H-bonding complex, we control the molecular organization on the 

surface, and pre-programmed supramolecular structures are obtained. 

The subsequent deposition of two molecular units bearing 

complementary end groups, an angular molecule 1 and a linear linker 

molecule 2, results in ordered molecular arrays on Ag(111). Four 

assembly structures are detected which feature different 

dimensionality, but are all based on successful molecular recognition 

events. In the low coverage regime (< 0.4 monolayers), three 

coexisting supramolecular assemblies (zero- and one-dimensional 

structures) are observed while for the high coverage regime (>0.4 
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monolayers), only one two-dimensional assembly is observed 

exhibiting long-range order.  

For all detected structures on Ag(111), the substrate influence 

is visible. The hetero-association geometries between molecules 1 

and 2 on Ag(111) reveal a preferential orientation of the molecules 

with respect to the substrate: the long symmetry axis of unit of 

molecule 1 follows the [112]  direction, and the symmetry axis of 

molecule 2 follows the [110]  direction. Nevertheless, the molecular 

recognition via triple H-bonds between molecules 1 and 2 on 

Ag(111) takes place, proving that the Ag(111) metal surface is a 

suitable platform for steering and monitoring supramolecular 

organization of this bicomponent system. The formation of the 

various patterns is due to the optimization of the interplay between 

molecule–substrate interactions (certain molecular adsorption 

geometries are preferred) and intermolecular interactions (molecular 

recognition based on H-bonding) while the flexibility of the angular 

unit is important for the development of the two-dimensional pattern. 

In conclusion, by a rational choice of both (a) the complementary 

molecular building blocks and (b) the right template to guide the 

growth of the supramolecular structures, we have shown that well 

known motifs from supramolecular chemistry can be used to steer 

self-assembly on surfaces.
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3.5 Adsorption of molecules 1 and 2 on Ag(111): 

temperature dependent study5 

In Section 3.4, from a coverage dependent experiment, it was 

illustrated that for a 11:12 molecular ratio, in the low coverage regime 

(<0.4 ML) three different intermixed structures coexist (straight 

chains, zigzag chains and porous structures), while in the high-

coverage regime (>0.4 ML), only one long range ordered 2D 

assembly is observed, consisting of parallel rows of zigzag chains. 

As in the previous section, the molecular coverage was the trigger to 

drive the bicomponent system into one intermixed structure. We now 

investigate the effect of temperature on the self-assembly of 

molecules 1 and 2 on the surface, with the final aim to obtain only 

one intermixed structure, namely the polygonal structure (labeled III, 

Figure 3.13). Furthermore, the host properties of the polygonal 

structure are investigated. 

Sequential deposition of molecules 1 and 2 (molecular ratio 

11:12, and a total molecular coverage < 0.2 ML (see Appendix C) on 

the Ag(111) surface held at room temperature (RT), followed by a 

post-annealing step at 338 K, resulted exclusively in the formation of 

individual polygonal units (pores)6 (Figure 3.16). The annealing step 

                                                            
5 The work presented in this chapter is based on the manuscript “Programming 
linear and cyclic bicomponent H-bonded supramolecular nanostructures: solution 
vs. surface studies”, by  L. Maggini, A. Llanes-Pallas, T. A. Jung, M. Riello, A. De 
Vita, D. Bonifazi, M. Stöhr. 
6 Where most of the porous units are ‘empty’ = not filled with another molecule. 
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has a major contribution to the formation of the porous structures on 

the surface because it (i) supplies enough energy to the system to 

explore the reversibility of the H-bonds formation until an 

equilibrium structure is formed, namely the porous unit and it (ii) 

increases the molecular mobility on the surface overcoming any 

kinetic limitations and, as a consequence, enhances the collision rate 

between the molecules thereby increasing the probability for the 

complementary units to find each other on the surface [Bar07] 

[Küh08]. 

Figure 3.16 Self-assembly of the bicomponent system. The molecular ratio 
is 11:12 and the coverage is 0.2 ML. (a) Overview STM image

2
t t(35× 49 nm ,U = 1.7 V, I = 44 pA)  showing the supramolecular 

organization of the bimolecular system into individual polygonal structures 
through molecular recognition via triple H-bonding. The inset shows the 
triple H-bonding motif that drives the pore formation. The H-bonds are 
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represented by pink dotted lines. (b) Detailed STM image 
2

t t(5× 5 nm ,U = 2.5 V, I = 5 pA)  of an individual porous polygonal 

structure which consists of six molecules with molecule 1 making up the 
sides and molecule 2 making up the vertices. (c) Proposed molecular model 
for the polygonal structure shown in (b). The triple H-bonding motif 
between one angular and two linear linkers is highlighted by orange 
ellipses. The high symmetry directions of the underlying Ag substrate are 
indicated by white and black arrows, respectively. 

In Figure 3.16a, an overview STM image for a coverage of 0.2 

ML and a 11:12 molecular ratio is shown. The image reveals the 

exclusive formation of polygonal units. In Figure 3.16b, molecules 1 

and 2 can be clearly identified within the structures (see Chapter 3.2, 

Chapter 3.3). It is formed by six molecules, three of each kind. The 

distribution of the molecules within the pore is the following: a unit 

of molecule 2 sits at the vertices while the sides of the structure are 

taken by a unit of molecule 1. Molecules 1 and 2 interact via triple 

H-bonding proving that the intended molecular recognition works. 

Each molecule is involved in 6 H-bonds, which results in 18 H-bonds 

per porous unit. 

In the bicomponent system, consistent with the previous 

observations (see Sections 3.2, 3.3), it was experimentally observed 

that within the porous structure, molecule 1 is oriented with its 

molecular axis along the [112]  direction of Ag(111). As a 

consequence, molecule 2 follows only the [110]  substrate direction. 

Thus, due to the preferred adsorption orientation of molecule 1, 

molecule 2, in contrast with the previous observations, is bound to 

align into a single orientation on the surface. The resulting polygonal 

structure is commensurate with the Ag(111) surface (Figure 3.17b, 
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see Chapter 3.4 also). The apparent threefold symmetric porous unit 

has only one mirror plane, spanned by the [112]  direction and the 

surface normal Figure 3.17b), which results in only two orientations 

of the pore (no (pro)chirality). 

Figure 3.17 Schematic representations of the supramolecular 
arrangements of the bicomponent system on Ag(111): (a) the zigzag chain 
structure [Ena13b]; (b) the polygonal porous structure. The red filled 
triangles represent the surface area enclosed by the structures. The area 
“occupied” by the zigzag chains in (a) (the red triangle) is identical to the 
one for the pores in (b). From an energetic point of view, the formation of 
the closed porous structures will be favored over the open zigzag structures. 
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By increasing the total molecular coverage up to ~0.4 ML, 

while keeping the same sample preparation protocol as described 

above, the number of polygonal units increases, resulting in arrays of 

polygons (Figure 3.18). As shown in Figure 3.18a, the porous units 

pack in a rhombic unit cell with parameters: 

2 2(4.2 0.4) (4.2 0.4) nm , α (60 3)     . The arrays of pores 

represent a 2D hierarchical self-assembled structure. At the first 

level, the directional triple H-bonds (orange ellipse in Figure 3.18b, 

Figure 3.16c) determine the formation of the supramolecular porous 

unit (Figure 3.16b, c). At the second level, further weaker H-bonds 

between the oxygen atom of the acetyl group of molecule 1 and the 

hydrogen atom belonging to the benzene ring of molecule 2 (light 

blue ellipse in Figure 3.18), and additional vdW interactions (due to 

alkyl chain interactions) (yellow circle in Figure 3.18b) direct the 

subsequent self-assembly of individual pores into arrays of porous 

structures. 
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Figure 3.18 Hierarchical supramolecular assembly of the bimolecular 
system. The molecular ratio is 11:12 and the coverage is ~ 0.4 ML. (a) High-

resolution STM image 2
t t(15.7× 19.7 nm ,U = 1.6 V, I = 37 pA)  showing 

the formation of a 2D array of porous polygonal units. The unit cell is 
drawn in white. (b) Proposed molecular model for the area marked by the 
blue dashed rectangle in (a). The orange ellipse indicates triple H-bonding 
occurring between molecules 1 and 2 which leads to the formation of a 
polygonal structure. The light blue ellipse points out weaker H-bonding 
between neighboring porous units and the yellow circle highlights van der 
Waals interactions among the alkyl tails of three molecules 2. The high 
symmetry directions of the underlying substrate are indicated by white and 
black arrows, respectively. 

In the following, the experimental observations are 

summarized for the bicomponent system. (i) For coverages < 0.4 ML, 

the deposition of molecules 1 and 2 in a 11:12 molecular ratio on the 

surface held at RT results in the formation of three coexisting 

intermixed structures: two types of chains and individual 

polygonal(/porous) units (Chapter 3.4). Annealing the sample at 338 

K exclusively results in the formation of the porous structures. The 



3.5 ADSORPTION OF 1 AND 2 ON Ag(111): TEMPERATURE DEPENDENT STUDY 

90 

pores are also obtained if the molecular deposition takes place on a 

sample held at 338 K (see also Appendix C). (ii) For coverages > 0.4 

ML, the deposition of molecules 1 and 2 with a 11:12 molecular ratio 

on the surface held at room temperature results in a 2D close-packed 

arrangement consisting of parallel rows of zigzag chains (2D chains). 

Annealing the sample at 338 K (up to 345 K) does not change the 

structure. Higher annealing leads to a phase separation of molecules 

1 and 2, and no intermixed structures were observed on the surface 

anymore.  

Based on the previous observations, the following remarks can 

be made: 

(i) For coverages < 0.4 ML, the formation of porous structures 

is favored upon increasing the substrate temperature, even though 

one would expect to drive the system into a close-packed 

arrangement. The molecular density per unit area for the close-

packed assembly (Chapter 3.4) is higher than for the arrays of pores 

(0.49 molecules∙nm-2 versus 0.39 molecules∙nm-2). From the point of 

view of minimizing the surface free energy, the close-packed 

arrangement should therefore be favored. This gives rise to the 

question of why the porous structures are formed instead. In order to 

understand this behavior, we can bring the following argument 

forward, based on the experimental observations: Comparing 

individual zigzag chains and pores, the surface area enclosed by the 

molecules (red triangle in Figure 3.17a-b) is identical for both 

arrangements, but the number of molecules per unit area is higher in 

the case of the porous structure (six molecules for the porous unit as 
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compared to four molecules in the case of the zigzag chains). Based 

on these observations, we suggest that the pores are the 

thermodynamically driven assembly structure, while the 1D chains 

are kinetically trapped structures. 

(ii) For coverages > 0.4 ML, even though the porous as well as 

the close-packed structure are driven by molecular recognition 

between molecules 1 and 2, in the case of the close-packed 

arrangement, in order to facilitate the dense packing of the zigzag 

rows, the molecular linkers undergo the following changes (Chapter 

3.4): (a) Molecule 2 changes its ‘opening’ angle to allow the dense 

parallel packing of the zigzag chains which is optimized by H-

bonding between molecules 1 and 2 belonging to neighboring rows; 

(b) every second molecule 1 within the same zigzag chain is 

consequently rotated by 15° from the preferred orientation direction 

([112] ). Based on these properties of the close-packed zigzag 

structure we suggest that a closed polygonal structure (with the 

maximization of interactions and molecules per unit area) is 

favorable for a coverages below 0.4 ML, since the overall energetic 

costs for increasing the opening angle of molecule 2 and for rotating 

molecule 1 from the preferred directions are too high in the low 

coverage regime, also when considering that the voids are 

unfavorable when one thinks of the optimization of the surface free 

energy. 

To investigate the relative stability between the zig-zag chains 

and the porous units we performed density functional theory (DFT) 
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calculations7, optimizing the structure of both assembly structures 

and leaving out the interaction with the substrate. As in [Pal09], to 

quantify the stability of the two assemblies, we define the binding 

energy per triple H-bond as: 

tot 1 2
H bond

E n(E E )
E

2n

 
    (3.2a) 

where Etot is the total energy for the respective system, E1 and 

E2 are the total energies for molecules 1 and 2, respectively, and n is 

the number of molecule 1-2 pairs per unit cell, which is 2 for the zig-

zag chain and 3 for the porous unit. It should be noted: the more 

positive the value of EH-bond the more stable the structure. EH-bond is 

0.59 eV for the porous unit and 0.61 eV for the zig-zag chain. Thus, 

the chain structure is about 20 meV more stable per triple H-bond 

compared to the pore. This amounts to approximately kBT at the 

temperatures of interest, suggesting that both pores and chains should 

be present under the experimental conditions. However, the effect of 

the underlying surface is not taken into account when determining 

these values. Both for the zig-zag chain (single chain or array of 

chains) and the porous unit the molecules have a strong preference 

with respect to the underlying substrate, which as a consequence will 

weaken the H-bonding compared to the ideal systems in gas phase.  

Another aspect is that the DFT modeling considers only the 

potential energy at 0 K, while for an accurate comparison we would 

need to compare free energies. However, it would not make much 

                                                            
7 The calculations were done by Dr. J. Björk, Linköping University, Sweeden. 
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sense to consider the effect of the temperature, unless also 

considering the effect of the surface, to elucidate which one of the 

two effects is responsible for the formation of pores instead of chains. 

Considering the size of the system, this is outside the scope of the 

current study. Importantly, the DFT calculations tell us that the 

stability is very similar for the two systems, and we can only 

speculate what the driving mechanism is for the pore formation.  

In summary, we could demonstrate that by controlling a 

bicomponent system (tuning the substrate temperature, and using 

molecular recognition between a linear molecule 1 and an angular 

linker molecule 2, we can successfully drive the system into only one 

pre-programmed structure consisting of pores. In this way we provide 

a rationale method towards the fabrication of novel patterned 

materials and templates for accommodating nanoscale objects 

(molecules) which may have specific functionalities of interest in a 

great variety of fields (see Chapter 3.6). Furthermore, the pores can 

act as hosts for specific organic molecules and his topic will be 

discussed in more detail in the next section. 
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3.6 The host properties of the porous unit 

Two-dimensional nanoporous structures are of interest for both 

fundamental research and possible future applications [Bar05], since 

such structures can accommodate functional units as guest molecules 

in a spatially ordered arrangement [The03] [Per06] [Sta07] [Per08] 

[Bon09] [Kud09] [Gar10], which enables addressing them in situ at 

the single molecular scale. 

Figure 3.19 (a) High-resolution STM image 
2

t t(5× 5 nm ,U = 2.5 V, I = 5 pA)  of the polygonal structure where the size 

of the pore is indicated. The high symmetry directions of the underlying Ag 
substrate are indicated by white arrows. (b) Schematic model for the 
structure in (a). The void is approximated with a truncated triangle (pink 
area). (c) Molecular model for the porous structure. The size of the porous 
unit is indicated (the vdW radii of the molecules were taken into account). 
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(d) The corresponding dimensions of the pink truncated triangle shown in 
(b). 

Accordingly, our pores (discussed in detail in Chapter 3.5) can 

serve as hosts for trapping guest molecules. The size of the voids of 

the polygonal structure is 2.58 nm (Figure 3.19d). Experimentally it 

was observed that, for a sample prepared with a ~11:12 molecular 

ratio, but with an excess of molecule 2 on the surface, the pores are 

formed and the filling of the pores with molecule 2 occurs (Figure 

3.20). To prove that the units of molecule 2 are self-trapped in the 

voids of the polygonal structures, the sample was prepared as 

follows: a subsequent deposition of molecule 2 and molecule 1 on the 

Ag(111) surface held at 338 K was done, with a ~22:11 molecular 

ratio (individual molecular coverage ~0.2 ML2, and ~0.1 ML1) and 

the outcome is shown in Figure 3.20. The units of molecule 2 do not 

show any mobility within the polygonal pores as each U moiety of 

molecule 2 is identically involved in H bonding with molecule 1 (type 

B interaction, Chapter 3.4). Interestingly, molecule 2 prefers to 

accommodate itself inside the polygonal structures, even though the 

outer sides of the polygonal structures should have a seemingly equal 

interaction probability (the U moiety of molecule 2 can interact in the 

same way with the outer acetyl groups of molecule 1). However, a 

molecular unit of molecule 2 trapped inside a pore also interacts with 

the other two molecular units of molecule 1 building the pore through 

weak vdW-interactions. We propose that only after all pores are filled 

molecule 2 will decorate the outsides of the pores. 
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Figure 3.20 STM image 2
t t(25× 22 nm ,U = 1.4V, I = 20 pA)  showing 

individual molecules 2 trapped in the pores. The system was prepared by 
subsequent deposition of molecule 2 and molecule 1 with a ratio of 12:11 on 
the Ag(111) substrate held at 338 K. 

Figure 3.21 (a) Chemical structure of ZnOEP. (b) STM image of ZnOEP 
molecules subsequently deposited onto the polygonal structures 

2
t t(9× 6 nm ,U = 1.5 V, I = 27 pA) . Two ZnOEP molecules are trapped in 

the pores of the bicomponent triangles (the white arrow points to a single 
trapped ZnOEP) while three ZnOEP attach to the outside of the pores only 
by H-bonding. 

To test if there is a ‘special’ affinity towards the voids of the 

polygonal structures, a different guest molecule was chosen. A class 

of well-studied molecules in surface science, and in particular in 
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STM investigations, are porphyrin molecules and their derivatives. 

During our studies, with the aim to test if there is a ‘special’ affinity 

towards the voids of the polygonal structures, it turned out that the 

zincoctaethylporphyin (ZnOEP) (Figure 3.13a), whose substituents 

consist of ethyl legs, fits conveniently into the pores formed by 

molecule 1 and molecule 2 on Ag(111) (the size of the polygonal 

structure discussed in detail in Chapter 3.5 is 2.58 nm). The results 

are shown in Figure 3.21b. Due to its specific fingerprint in the STM 

images [Wah07], due to the eight ‘ethyl legs’, the ZnOEP molecule 

can be clearly identified (white arrow, Figure 3.21b). It was 

experimentally observed that the ZnEOP molecules also prefer to sit 

inside the pores instead of attaching to its outside. The trapped 

ZnOEP interacts with the oxygen atoms of the acetyl groups of 

molecule 1 via H-bonding. Accordingly, even though experimentally 

it was observed that at 77 K the diffusive motion of the ZnOEP 

molecules on the free-metal area is close to frozen [Wah07], inside 

the pore ZnOEP does not rotate8, offering the advantage of being 

studied alone (addressed individually). The excess of ZnOEP 

molecules (the molecules which are left after all the pores were filled) 

are distributed outside of the polygonal structures and pinned at the 

edges. 

                                                            
8 In the case of ZnOEP trapped inside of the DPDI pores (see Chapter 2.1.3), they 
still exhibit a thermally activated rotational libration. 
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3.7 Electron confinement in the pore 

The physics of low-dimensional systems has attracted a wide 

interest in recent years due to both fundamental and technological 

reasons because of the fascinating new physical properties which 

arise with the size reduction of the material. One reason for the 

appearance of these new material properties is the effect of quantum 

confinement of electrons in regions of space that are comparable in 

size to their Fermi wavelength9 when the electrons start to feel the 

boundaries of the system. Such quantum states have been extensively 

studied for surface states of noble metals. An electron in such a state 

can be seen as a free electron in two dimensions, forming a two-

dimensional nearly free electron gas system. Due to the particle-wave 

duality [Dav27], the elastic scattering of a nearly free 2D electron gas 

at point defects [Miz89] [Sch96], step edges [Pet98] [Cro93b] [Li97] 

[Has93] [Bür98] [Sch10], quantum corrals [Cro93a] [Hel94] [Cro95] 

[Man00] [Bra02], islands [Li98] [Pon01] [Die03] [Pon03] [Sch08] 

[Del11] [Sch09] monoatomic chains [Föl04] [Ols04], vacancy 

islands [Jen05] and self-assembled molecular networks [Wyr11] 

[Che10] [Kla09] [Kla11] leads to the formation of quantum 

interference patterns which may be directly visualized in real space 

with STM as standing wave patterns. 

                                                            
9At absolute zero, the electrons will arrange into the lowest available energy state 
and form what is called a ‘Fermi sea’ of electrons. The Fermi level (Fermi energy) 
is the surface of that sea at absolute zero. The de Broglie wavelength at the Fermi 
energy is called the Fermi wavelength ( ). 
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In particular, nanostructures built on metal surfaces are a rich 

playground for the investigation of new electronic [Nil00], magnetic 

[Mos01], or catalytic [San99] properties of materials [Miz89]. One 

of the most astonishing illustrations of the quantum confinement 

behavior in atomic-scale nanostructures is the observation of the 

electronic confinement of surface state electrons in the Fe corral 

constructed with the STM in an atom-by-atom fashion on a Cu(111) 

surface [Cro93a]. Altering the size and shape of these artificial 

structures, one could affect their quantum states. 

Another route to design such a surface state quantum laboratory 

is provided by the self-assembly of adsorbed molecules on surfaces. 

In particular, the porous networks are good candidates for molecular 

systems that might exhibit a periodic electronic confinement 

behavior. Accordingly, the two-dimensional nearly free electron gas 

(of the noble metals) can be trapped within the pores of an organic 

nanoporous network, and due to the ‘leakage’ of these confined 

electronic states into neighboring pores, an artificial electronic band 

structure can be formed [Che10]. Self-assembled nanoporous 

networks which confine the electrons of the surface state have been 

obtained using hydrogen bonding [Wyr11] and metal-coordination 

motifs [Kla09] [Kla11] [Che10]. 

The purpose of this section is to obtain theoretically the 

eigenstates of an electron confined in the porous unit formed by 

molecules 1 and 2 on Ag(111) and to predict theoretically the 

resulting local density of states (LDOS) (see Chapter 2.2) patterns of 

the porous network. 
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Due to the fact that the exact boundaries of the confinement 

cavity determine, to some extent, the position where exactly the 

scattering of the electrons takes place, in order to determine to 

eigenstates of a surface state electron confined in the porous unit, a 

clear specification regarding the geometry of the confinement cavity 

has to be considered. If one compares the STM image for the porous 

unit (Figure 3.19a) with the proposed molecular model (Figure 3.19b, 

c), two possible geometries can be accounted for: regular hexagon 

and truncated triangle. Accordingly, the theoretical eigenstates were 

calculated for the following geometries of the quantum well (with 

infinite barrier height): 

i) The inner small hexagon (highlighted in green in Figure 

3.22b, 3.22e) with an area of 2
1Ω 259.8 Å . 

ii) The larger hexagon (circumscribed in the red circle shown 

in Figure 3.22c, drawn in black) with an area of 2
2Ω 542 Å . 

iii) The truncated triangle (see Figure 3.19b, d, and also shown 

in blue in Figure 3.22b, d) with an area of 2
3Ω 562.3 Å . From the 

STM images (Figure 3.19a), approximating the geometry of the well 

with a truncated triangle seems to be the most realistic estimation. 

For comparison, and to check the correctness of the models 

used to determine the numerical results, the eigenstates for each of 

the three considered geometries will be compared with a well-known 

and understood system: the porous network formed by a perylene 

derivative (DPDI) on Cu(111) (Chapter 2.1.3) [MatThesis], [Che10]. 
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This structure is labeled ‘iv)’ in the following, and the area of a DPDI 

pore corresponds to 2
4Ω 565 Å .  Experimentally it was found that 

the energy of the lowest eigenstate (E1) of the surface state electron 

confined inside of the DPDI pore  is DPDI
0,ExpE 0.220V  10 [Che10]. 

The confinement of surface state electrons to such artificial 

nanostructures was demonstrated to exhibit “particle in a box” 

behavior [Cro93a]. The simplest approach was to investigate the 

energy levels (energy position of eigenstates) in terms of two-

dimensional particle-in-a-box eigenstates, corresponding to electrons 

with effective mass m* confined within a two-dimensional domain of 

potential E0 (the surface state onset) by infinitely high barriers. To do 

so, the Schrödinger equation (Eq. 3.3) for the particle’s wavefunction 

has to be solved using the appropriate boundary conditions (Dirichlet 

boundary conditions for simplicity, where the amplitude of the 

wavefunction at the boundary is zero). 

n n nHψ (r) E ψ (r)   (3.3) 

H represents the Hamiltonian of the system, nE  is the energy 

eigenvalue, nψ  are the corresponding wavefunction, and n represents 

the main quantum number (which gives the quantum state’s number). 

Simpler systems such as spherical and rectangular quantum wells 

permit an analytic solution due to the efficient separation of the 

variables in spherical and Cartesian coordinates, respectively. To find 

a solution for other polygons (regular or irregular hexagonal 

                                                            
10 The onset of the surface state is taken as -65 mV for Ag(111) and -440 mV for 
Cu(111). 
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geometry as in the case of the pore) is considerably complicated (as 

no efficient separation of the variables is possible) and usually only 

numerical methods or embedding methods11 [Cra94] [Ing81] [Tri93] 

(variable in nature, where one is usually obliged to start from trial 

wavefunctions which do not vanish at the boundary walls) are used. 

In the following, three different approaches to solve such a 

problem will be briefly presented, and the calculated eigenvalues (for 

the first excited states) will be tabled. 

 

                                                            
11 The embedding method is a variational method for taking care of the boundary 
conditions, and it can be used to find the eigenstates of a quantum system 
confined by infinite potential barrier. 
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Figure 3.22. Various geometries considered for the quantum well made up 
from a porous unit of molecules 1 and 2 on Ag(111). (a) Schematic 
representation of the porous unit. (b) Possible geometries for the 
confinement cavity which are presented in detail (with their corresponding 
dimensions) in (c) – (e). (i)-(iii) represent the geometry labels used in the 
text. 

Model I [Li98] [Li99] 

Model I was initially used to investigate the confinement of 

electronic surface states to hexagonal nanostructures built on 

Ag(111). Accordingly, this model was used to calculate the 

eigenstates for an electron confined in a hexagonal pore formed by 

molecules 1 and 2 on Ag(111) (the geometries (i) and (ii)), and by 

the DPDI molecules (iv). 
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This model is based on a numerical approach using an 

embedding scheme [Cra95] (where for the electron within the 

hexagon, the zero-amplitude boundary condition is imposed 

(variationally) by adding an extra term to the system’s Hamiltonian 

(see Eq. 3.4)) [Li99].  Thus, it is assumed that the confinement cavity 

acts as a perturbation for the surface. Embedding means that it is 

possible to solve the Schrödinger equation for the confinement cavity 

by adding the extra effective potential (V) to the Hamiltonian of the 

cavity, which automatically ensures the matching of the 

wavefunctions at the boundaries (see also Chapter 2.2). Accordingly, 

the Hamiltonian of the system is given by: 

2
ss* * *

1 1 V
H δ(r r ) n

2m 2m 2m

 
      

 
  (3.4) 

In Eq. 3.4 the coordinate sr  lies on the boundary of the 

hexagonal domain, and the vector sn   is the outward normal. V is a 

parameter taken as large as numerically possible, corresponding to 

the (embedding/confinement) potential outside of the porous unit felt 

by the electrons. Accordingly, the formalism reveals that the potential 

outside the hexagonal domain cannot be infinitely large but has to be 

replaced by a constant of a very high potential. This inevitably leads 

to an error in the eigenvalues, due to leakage of the wavefunction 

outside the box, which has to be taken into account and corrected for. 

Accordingly, even though the variational principle will converge, it 

is expected that the lowest calculated eigenvalue to lie below the true 

eigenvalue of the completely confined system. Furthermore, there is 

no guarantee that the chosen basis set will contain sufficient 
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flexibility to satisfy the zero amplitude boundary conditions and in 

this way lead to a good convergence. 

Making a basis set expansion of the wavefunction (the basis 

functions are chosen as the product of angular and radial functions) 

transforms the Schrödinger equation into a matrix eigenvalue 

problem. Solving Eq. 3.4 determines the spectrum of the states 

(eigenvalues) and the corresponding eigenfunctions (Eq. 3.5). Li et 

al. [Li98] [Li99] found that the eigenvalues scale with the inverse of 

the area of the hexagon: 

n
n 0 *

λ
E E , n 1, 2, 3 ...

m Ω
     (3.5) 

where nλ  are the eigenstates of the system, m* is the electron’s  

reduced mass  (m*=0.42 me),  for Ag(111)), me is the electron’s mass, 

Ω  is the area of the hexagon and n represents the main quantum 

number. 

In Table I, the calculated energies of the ten lowest eigenstates 

for the regular polygons (i), (ii), and (iv) are summarized. 
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Model I12 i) ii) iv) 

n En-E0 (eV) En-E0 (eV) En-E0 (eV) 

1 0.616 0.261 0.248 

2 1.661 0.762 0.728 

3 3.025 1.41 1.356 

4 3.505 1.646 1.57 

5 4.470 2.10 2.020 

6 4.948 2.338 2.240 

7 5.659 2.678 2.567 

8 6.615 3.137 3.006 

9 8.400 4.060 3.897 

10 8.534 4.057 3.889 

Table I. Energies of the ten lowest eigenstates calculated using model I, for 
the two hexagonal geometries taken into account for the porous unit formed 
by molecules 1 and 2 on Ag(111), namely the small (i) and large (ii) 
hexagonal areas. For comparison, the same numerical calculations were 
done for the DPDI pore (iv) (see Chapter 2.1.3, [MatThesis], [Che10]). 

Model II [Lij08]  

This model can be applied to varied (regular and irregular) 

polygonal geometries. Accordingly, this model will be used to 

calculate the energies of the lowest eigenstates for the following 

geometries ((i), (ii), (iii) and (iv). Furthermore, the simulated LDOS 

for the truncated triangle geometry (iii) will be shown. 

                                                            
12 All the numerical values are given with respect to the onset of the surface state. 
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To overcome the inconveniences that occur with Model I 

(related to the potential outside the box, and regarding the basis of set 

choices to assure a good convergence), an alternative approach is 

suggested by Lijnen et al. [Lij08]. Their approach to solve the 

particle-in-a-box problem starts from the exactly known solutions for 

the particle in a circular disc, which are subsequently rescaled in a 

way to obey the desired boundary conditions. But, due to the corners 

of the polygononal boundary, the rescaled basis functions show 

nonanalytical behavior, which must be carefully taken into account 

when calculating the matrix elements involving these functions. This 

procedure can be applied to various polygonal geometries with the 

only limitation being the fact that the border geometry should be 

expressible as a single-value function ρ(φ) , where ρ  and φ  

represent the radial and angular coordinates (or radius and azimuth in 

polar coordinates). The key to this model is represented by the 

procedure used for the construction of such basis functions obeying 

Dirichlet boundary conditions for arbitrarily shaped polygonal 

geometries. 

First, one has to determine the size and position of the initial 

circular disc solutions. To get the most out of this procedure, it is 

important to keep the boundary function ρ(φ)  of the investigated 

geometry as close as possible to the radius of the original circular 

disc. Accordingly, it is wise to start from circular disc solutions which 

have the same surface area as the interested geometry and to 

maximize their mutual overlap. In order to obtain a basis set for an 

arbitrary geometry, the next step is to define a coordinate 
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transformation,13 which deforms the set of circular disc solutions into 

a set of rescaled functions which obey the newly defined boundary 

conditions. Accordingly, the functional form of this rescale needs to 

be specified. 

The main advantage of this approach, compared with the 

previous one, is that the constructed basis set functions already 

comply with the boundary conditions. Accordingly, the exact 

boundary conditions do not have to be imposed by the associated 

Hamiltonian operator, which now consists only of a kinetic energy 

term. The constructed basis set can be used to obtain the eigenstates 

and eigenenergies of the corresponding problem. It was shown that 

this method requires one or two basis functions to describe the lowest 

eigenstates with high accuracy. Further, the local density of states 

(LDOS) at a point r and at an energy level E is given by the following 

expression (see Chapter 2.2): 

2

i i ii
n (E, r) LDOS(E, r) ψ (r) δ(E E )  

  
  (3.6) 

where iE  is the energy eigenvalue of the state iψ (r) , and 
2

iψ (r)


 

represents the probability density for a specific state. 

With this model, the wavefunctions and eigenvalues of an 

electron confined in a truncated triangle (Fig. 3.22d) are calculated. 

                                                            
13 Although, in principle, one could rescale both the radial and angular 
coordinates, in this model only a purely radial rescaling is applied. 
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In Table II, the calculated eigenenergies are listed. In Figure 3.23 the 

LDOS14 for the ground state and the first five exited state are shown. 

Model II i) ii) iii) iv) 

n En-E0 (eV) En-E0 (eV) En-E0 (eV) En-E0 (eV) 

1 0.502 0.206 0.184 0.1950 

2 1.437 0.686 0.597 0.658 

3 1.437 0.686 1.497 0.658 

4 2.573 1.229 1.112 1.179 

5 2.573 1.229 1.717 1.179 

6 2.972 1.420 1.716 1.362 

7 3.780 1.806 1.773 1.733 

8 4.170 1.993 2.482 1.912 

9 4.770 2.279 2.692 2.187 

10 4.770 2.279 2.702 2.187 

Table II. Energies of the ten lowest eigenstates, calculated using model II, 
for the three geometries taken into account for the porous unit formed by 
molecules 1 and 2, namely the small (i) and large (ii) hexagonal area, and 
the truncated triangle (iii). For comparison, the same numerical 
calculations were done for the DPDI pore (iv) (see Chapter 2.1.3, 
[MatThesis], [Che10]). 

                                                            

14  In the low bias and low temperature regime 
2

iψ (r) LDOS


. 
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Figure 3.2. 2D plots for the lowest eigenfunctions (LDOS) of the pore 
formed by molecules 1 and 2. The pore geometry is approximated with a 
truncated triangle (geometry named (iii) in the text) (according to [Lij08]). 
Darker contrast corresponds to lower density of states [Lij08]. 

Model III [Hor13] 

This model focuses on finding an analytical expression for the 

wavefunction and energy of an electron confined in a hexagonal 

cavity. Accordingly, this model is used to calculate the lowest 

eigenstate (ground state) for the geometries (i), (ii) and (iv). 

Furthermore, the simulated LDOS for the geometry (iii) will be 

shown.15 

Vorobiev et al. [Hor13] suggest another alternative to solve the 

particle in a box problem (for varied regular polygonal geometries), 

namely to use the mirror boundary conditions. Although the 

                                                            
15 The features observed in the LDOS patterns of (iii) are found in the LDOS 
patterns of the other hexagonal geometries as well as (i) and (iv). 
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analytical treatment of multiple-reflection on such a polygonal cavity 

is quite complicated, the problem is significantly simplified by 

imposing the conditions for the formation of the standing wave 

pattern.  

This method treats the sides of the confinement cavity as a 

reflective surface. In the case of hexagonal nanostructures, the 

location of the image point can be found considering reflection in a 

flat mirror. In particular, the boundary condition equalizes absolute 

values of the particle’s wavefunction (ψ) in an arbitrary point inside 

of the hexagonal pore and the corresponding image point (outside of 

the pore) with respect to a mirror-reflective wall. Accordingly, 

depending on the sign of the equated wavefunction (ψ) values, one 

will obtain (a) odd (OMBC) and even (b) (EMBC) mirror boundary 

conditions.  

(a) Odd mirror boundary conditions (OMBC) 

In the case of odd mirror boundary conditions (OMBC), 

wavefunctions in real point and its images should have the opposite 

sign, which mean that the incident and reflected de Broglie waves 

cancel each other at the boundary [Vor09a] [Vie07]. This case is 

attributed to the impenetrable walls, when the wavefunction at the 

boundary vanishes, and represents the so called ‘strong’ confinement 

case. 

In the following, a study of the difference of probability density 

resulting under even and odd mirror boundary conditions for our 

porous unit (hexagonal geometry) will be detailed. 
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The probability density for an electron confined to the quantum 

cavity is defined as: 

2 * 2 2
Re Imψ ψ ψ ψ ψ   16 (3.7) 

where Re Imψ , ψ  represent the wavefunction’s real and imaginary 

component. 

When one considers that the vertical (perpendicular to the 

surface) and horizontal (parallel to the surface) motion of the electron 

are independent of each other, the wavefunction has the following 

form: 

XY Zψ(x, y, z) ψ (x, y)ψ (z)   (3.8) 

Under these conditions, a separation of variables is possible in 

the Schrödinger equation. The motion of the particle perpendicular to 

the surface can be treated as a simple problem of a particle confined 

in a one-dimensional quantum well which can be analytically solved. 

The analytic solution for the odd boundary conditions (OMBC) 

has the following form in Cartesian coordinates [Vor09a] [Vor09b]: 

Re 1 2 1 2 1 2

1 2 1 2 1 2

ψ (u, v) cosξ(q u q v) cosξ( q t q u) cosξ( q v q t)

cosξ( q v q u) cosξ( q t q v) cosξ(q u q t)

        
      

  

 (3.9) 

                                                            
16 The electron’s wavefunction is  defined as: Re Imψ ψ iψ   
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Im 1 2 1 2 1 2

1 2 1 2 1 2

ψ (u, v) sin ξ(q u q v) sin ξ( q t q u) sin ξ( q v q t)

sin ξ( q v q u) sin ξ( q t q v) sin ξ(q u q t)

        
      

 

 (3.10) 

with: i i

x 3 y x 3 y y 2π
u , v , t u v , ξ , q 2πk

6a 6a 3a 3

 
        , 

where ik  represents the quantum numbers. 

In Figure 3.24 the calculated Re Imψ , ψ  and the probability 

density 
2

ψ ( LDOS)  for the ground state and the first two excited 

states are shown for an electron confined in the porous unit. In Figure 

3.25, the same information as in Fig. 3.24 is given, however, a 3D 

representation was chosen for better visualization. An important 

feature here is that both real and imaginary parts of the wavefunction 

have a lower density of states (darker contrast) in the center of the 

hexagon17. Furthermore, in the probability density  2
ψ  patterns 

(Figure 3.24c, f, l and Figure 3.25c, f, l), all the diagonals of the 

hexagon are represented by dark contrast (meaning no states). 

For 1 2k k ,  the Reψ  vanishes for the entire hexagonal domain 

(in Figure. 3.24a, Figure 3.25a shown for 1 2k k 1  ). For 

1 2k k 1,   the probability density  2
ψ  is characterized by six 

triangular protrusions, each focused in the middle of each equilateral 

triangles of the hexagon (Figure 3.24c, Figure 3.25c). The six 

                                                            
17 A regular hexagon consists of 6 equilateral triangles sharing one vertex at the 
center of the hexagon. 
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protrusions are separated by the (dark) diagonals of the hexagon. For 

1 2k k 2;   there are 6 4 24  protrusions, while for 1 2k k 3   

there are 6 9 54  protrusions (neither case is illustrated). Thus, in 

the case of equal quantum numbers, the number of protrusions is 

equal to 26k . In the case of non-equal quantum numbers, the patterns 

shown for example for 1 2k 1, k 2   are identical with that for 

1 2k 2, k 1.   

For the higher excited states (Figure 3.24d-l, Figure 3.25d-l) 

the patterns become more complex. For example, for the probability 

density  2
ψ  for 1 2k 1, k 2   (Figure 3.24f, 3.25f), the (dark) 

diagonals of the hexagon delimit the six equilateral triangles. This 

time, the triangles have a protrusion at each corner, while the center 

displays a depression. 
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Figure 3.24 2D plots for the Re Imψ , ψ  and probability density 

2
ψ ( LDOS) for the ground state and the first two excited states of an 

electron confined in a hexagonal quantum well (referred to as (ii) in the 
text). The wavefunctions are obtained by solving the Schrödinger equation 

with OMBC for the quantum numbers: (a) – (c) 1 2k =1,k =1; (d) – (f); 

1 2k =1,k =2; (g) – (i). 1 2k =1,k =3.  
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Figure 3.25 3D illustration for the Re Imψ , ψ  and probability density 

2
ψ ( LDOS)  for an electron confined in a hexagonal quantum well 

(referred to as (ii) in the text). The wavefunctions are obtained by solving 
the Schrödinger equation with OMBC for the quantum numbers: (a) – (c) 

1 2k =1,k =1; (d) – (f); 1 2k =1,k =2; (g) – (i). 1 2k =1,k =3.  

(b) Even Mirror Boundary Conditions (EMBC) 

 For the case when the wavefunction will not vanish at the 

boundary, which suggests that the electron might penetrate the barrier 

(the so-called “leakage”), the system is considered as the ‘weak’ 

confinement case. This case corresponds to even mirror boundary 
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conditions (EMBC), when the wavefunction in real point and its 

images are the same. 

The solution of the Schrodinger equation for the EMBC has the 

following form [Vor09]: 

Re 1 2 1 2 1 2

1 2 1 2 1 2

ψ (u, v) cosξ(q u q v) cosξ( q t q u) cosξ( q v q t)

cosξ( q v q u) cosξ( q t q v) cosξ(q u q t)

        
      

 

 (3.11) 

Im 1 2 1 2 1 2

1 2 1 2 1 2

ψ (u, v) sin ξ(q u q v) sin ξ( q t q u) sin ξ( q v q t)

sin ξ( q v q u) sin ξ( q t q v) sin ξ(q u q t)

        
      

 

 (3.12) 

In Figure 3.26 the calculated Re Imψ , ψ  and the probability 

density 
2

ψ ( LDOS)  for the ground state and the first two excited 

states are shown for an electron confined in the porous unit. In Figure 

3.27, the same information as in Fig. 3.26 is given, however, a 3D 

representation was chosen for better visualization. 

In contrast with OMBC, for 1 2k k 1   the imaginary part Imψ

vanishes completely (Figure 3.26b, Figure 3.27b). Similar to the 

OMBC case, Imψ  (as compared with Reψ ) is always represented by 

a darker contrast in the center of the hexagon. In contrast with Imψ , 

Reψ  always has a maximum in the center due to the constructive 

interference of the waves. As a result, for EMBC, the probability 

density  2
ψ  features a peak in the center (but also at the middle 
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point of each side of the hexagon). Another important feature of the 

probability density  2
ψ  for the EMBC case is that the protrusions 

are arranged in a hexagonal geometry (while for the OMBC case, the 

protrusion are distributed in a triangular geometry). 

Figure 3.26 2D representation for the calculated wavefunction components 

Re Imψ , ψ  and probability density 
2

ψ ( LDOS)  for an electron confined 

in a hexagonal quantum well referred to as (ii) in the text. The 
wavefunctions are obtained by solving the Schrödinger equation with 

EMBC for the quantum numbers: (a) – (c) 1 2k =1,k =1; (d) – (f); 

1 2k =1,k =2; (g) – (i). 
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Figure 3.27 3D illustration for the calculated wavefunction components 

Re Imψ , ψ  and probability density 
2

ψ ( LDOS)  for an electron confined 

in a hexagonal quantum well referred to as (ii) in the text. The 
wavefunctions are obtained by solving Schrödinger equation with EMBC 

for the quantum numbers: ((a) – (c) 1 2k =1,k =1; (d) – (f); 1 2k =1,k =2; 

(g) – (i). 1 2k =1,k =3.  

The analytical expression for the energy levels has the form: 

2 2 22
1 1 2 2 i

* 2 2

k k k k q2h
E .

m 9a 16c

  
  

 
 (3.13) 
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where a represents the size of the hexagon’s side, and c represents the 

depth of the confinement cavity. As the depth of the quantum well 

(c) is difficult to estimate, it will be considered as infinite. As a 

consequence, the second term in Eq. 3.13 is set to zero.  

The numerical values for the lowest eigenstate 11(E ) of an 

electron confined in a hexagonal porous unit (geometry (i), (ii)), 

which correspond for the same quantum states for which the 2D and 

3D graphic representation was done, are shown in Table III. The 

higher eigenstates are given by the following equations:

12 11 13 11E 9E , E 20E .   

Model III i) ii) iii) iv) 

n En-E0 (eV) En-E0 (eV) En-E0 (eV) En-E0 (eV) 
1 0.560 0.268 - 0.257 

Table III. Energies of the lowest eigenstates calculated using model III, 
for the hexagonal geometries taken into account for the porous unit formed 
by molecules 1 and 2 on Ag(111), namely the small (i) and large (ii) 
hexagonal areas. For comparison, the same numerical calculations were 
done for the DPDI pore (iv) (see Chapter 2.1.3) [MatThesis], [Che10]). 

In Table IV, a comparison of the Models I, II, and III with 

respect to the calculated ground state (lowest energy eigenstate) for 

each geometry considered is shown. As already mentioned, 

experimentally it was found that the energy of the lowest eigenstate 

(E1) of the surface state electron confined inside of the DPDI pore is 

DPDI
0,ExpE 0.220 V  [Che10]. With an onset of the surface state for 

Cu(111) of -0.440 V, the theoretical value for the ground state of an 

electron in the DPDI network has the following values: 
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DPDI
0,TheoryE 0.212 (Model I),  DPDI

0,TheoryE 0.265 (Model II),   and 

DPDI
0,TheoryE 0.203 (Model I).   

 Model 1 
En-E0 (eV) 

Model II 
En-E0 (eV) 

Model III 
En-E0 (eV) 

i) 0.616 0.502 0.560 
ii) 0.261 0.206 0.268 
iii) - 0.184 - 
iv) 0.248 0.1950 0.257 

Table IV. Comparison of the Models I, II, and III with respect to the 
calculated lowest eigenstate for each geometry considered. 

Although the calculated eigenvalues for the ground states are 

fluctuating (in the tens of mV range, see Table IV) for all the models, 

the eigenvalues scale with the inverse of the area of the hexagon. 

Furthermore, the theoretical values might give a rough 

approximation regarding the energy range where the ground state of 

the electron can be found. 

Unfortunately, by the time this thesis was written up, the 

Scanning Tunneling Spectroscopy (STS) experiments were not 

performed. Nevertheless, it will be interesting to determine the 

experimental eigenvalues and the LDOS patterns for the porous unit. 

Further, a comparison of the STS spectra for an individual pore unit 

and an island of pores would be an interesting experiment. 
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CHAPTER 4 

Insight into the bonding mechanism of the 
perylene derivative TAPP adsorbed on 
Cu(111) 

In this chapter, an experimental as well as theoretical 

characterization of the adsorption of a perylene derivative on 

Cu(111) is presented. The main focus of this work is the analysis of 

molecule-substrate and molecule-molecule interactions by 

combining results from scanning tunneling microscopy (STM), x-

ray photoelectron spectroscopy (XPS), x-ray standing wave (XSW) 

measurements and density functional theory (DFT). The work 

presented in this chapter was carried out in collaboration with the 

group of Prof. L. H. Gade at the University of Heidelberg. 

Moreover, the theoretical studies were performed by Dr. J. Björk at 

the University of Linköping.  
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4.1 Introduction 

Organic semiconductors represent a key component in 

numerous electronic and optoelectronic devices within applications, 

such as photovoltaic cells, light-emitting diodes, and organic thin-

film transistors [Mis12][Kud01]. Even though recent advances in p-

type organic semiconductors (with large hole mobilities) have 

fulfilled many of the requirements of these applications, n-type 

organic materials (with large electron mobilities), needed for 

example for complementary organic circuits, are not readily 

available [Bra09] [Cha11]. Promising candidates for n-type 

semiconductors are N-polyheterocyclic aromatic compounds 

[Wur11] [Bun13] [Mia14] [Fig11] [Bun15]. This chapter is focused 

on such a compound, namely the perylene derivative, 1,3,8,10-

tetraazaperopyrene (TAPP, Figure 4.1), which can be viewed as a 

perylene condensed with a pyrimidine ring attached at each end as a 

functional group. TAPP was synthesized in the group of Prof. Gade 

[Rie07]. 

The performance of these organic-based devices, in which the 

first molecular layer of the organic thin film often is in direct 

contact with a metal surface, depends on the electronic structure and 

chemical properties of the molecule-surface interface [Xue03]. In 

particular, the specific bonding of the molecules to the metal 

surface is crucial for the device performance [Flo04]. Thus, the 

vertical adsorption height of the adsorbates is of paramount 

importance in understanding the interplay between molecule-

substrate and molecule-molecule interactions [Kah03]. In this 
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chapter, the X-ray standing wave technique (XSW) (Chapter 2.3) 

was used to investigate the TAPP/Cu(111) interface, and in 

particular to extract the vertical adsorption height of TAPP for the 

different observed assemblies. Combining these results with the 

results from scanning tunneling microscopy (STM), x-ray 

photoelectron spectroscopy (XPS) and density functional theory 

(DFT), provides new insight into the bonding mechanism of the 

TAPP/Cu(111) system. 

Figure 4.1. Chemical structure of 1,3,8,10-Tetraazaperopyrene (TAPP) 
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4.2 TAPP on Cu(111): temperature dependent 

assemblies 

Deposition of TAPP on the Cu(111) surface held at different 

temperatures results in different surface-assisted assemblies 

[Mat10] [MatThesis]. The same results are obtained if TAPP 

deposition takes place on a substrate held at low temperature 

followed by sample annealing. Deposition of TAPP on a Cu(111) 

substrate held at -110 °C results in a disordered assembly (Figure 

4.2a). The formation of small clusters is observed. This indicates an 

attractive intermolecular interaction. Annealing the sample at 

temperatures greater than -90 °C (Figure 4.2b) results in the 

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

Annealing the sample up to -45 °C results in the formation of 

slightly larger patches of the close-packed assembly. The unit cell 

size determined by STM is (17 1.7) (12 1.2)    Å2, with an angle of 

(84 4)   (inset Figure 4.2b). A tentative model is shown in Figure 

4.2e where the molecules arrange in a so-called herringbone 

assembly, which is stabilized via van der Waals (vdW) forces and 

weak hydrogen-bonding [Mat10] [MatThesis]. 
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Figure 4.2 Overview of the temperature dependent phase behavior of 

TAPP on Cu(111). (a) STM image 2(65×65 nm ,U =-1.5V, I =12 pA)t t  

for TAPP deposited on Cu(111) held at -110 °C. (b) STM image 
2(60×60 nm ,U =-0.8V,I =90 pA)t t  showing the first ordered patches of 

a close-packed assembly (herringbone) obtain after deposition of TAPP 
on Cu(111) at a substrate temperature of -90 °C. The inset STM image 

2(3×3 nm ,U = -0.8V, I = 90 pA)t t shows the herringbone assembly in 

detail. (c) STM image 2(100×100 nm ,U = -1.4V, I = 20 pA)t t of the 

porous network obtained after deposition of TAPP on Cu(111) at a 
substrate temperature of 150 °C. The inset STM image 

2(5×5 nm ,U =-0.8V, I =20 pA)t t  shows the porous network in detail. 

d) STM image 2(50×50 nm ,U = -0.1V, I = 20 pA)t t  of the TAPP chains 

obtained by deposition of TAPP on Cu(111) held 250 °C. The inset STM 

image 2(5×5 nm ,U = -0.8V, I = 20 pA)t t  shows a detailed view of an 

individual chain. (e), (f), and (g) represent the molecular models for the 
structures shown in (b), (c) and (d).The molecular structure of TAPP is 
given with a van der Waals based representation, which also shows the 
electrostatic potential of the molecule. The blue (red) areas represent 
electronegative (electropositive) areas. 
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Deposition of TAPP on Cu(111) held at 150 °C results in the 

formation of a highly ordered porous network structure (Figure 

4.2c, f). This square like commensurate network of TAPP was 

found to be metal-coordinated to native Cu adatoms [Bjö10] 

[Mat10]. Each Cu adatom coordinates to the nitrogen atoms of two 

adjacent TAPP molecules, resulting in four adatoms per crossing of 

four adjacent molecules (Figure 4.2f). Deposition of TAPP on 

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

from covalently linked TAPP monomers (Figure 4.2d, g) [Mat08] 

[Mat10]. 
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4.3 X-ray photoelectron spectroscopy results 

The core level spectra provide crucial information about the 

electronic and chemical properties of TAPP adsorbed on Cu(111). 

The relevant features in the XPS spectra of TAPP/Cu(111) will be 

briefly discussed, focusing on the aspects required for the 

interpretation of the XSW data. 

4.3.1. The carbon 1s core level of TAPP/Cu(111) 

TAPP has in total 22 carbon atoms, which can be subdivided 

into five chemically different categories as indicated by the 

chemical structures displayed in Figure 4.3, and the inset of Figure 

4.4a (see also the chemical structure of TAPP in Figure 4.1): the 

carbon atom of the pyrimidine group with bonds to nitrogen and 

hydrogen atoms (C1); the connecting carbon atom between the 

pyrimidine ring and the perylene core, which is singly bonded to 

nitrogen (C2); the connecting carbon atom between the pyrimidine 

ring and the perylene core, which is double bonded to nitrogen 

(C3); the carbon atom of the perylene core that is connected to two 

other carbon atoms and one hydrogen atom (C4); the carbon atom 

of the perylene core that is bonded to three other carbon atoms of 



4.3 X‐RAY PHOTOELECTRON SPECTROSCOPY RESULTS 

130 

the perylene core (C5). In summary, each TAPP molecule consists 

of 2xC1, 2xC2, 2xC3, 8xC4, and 8xC5 carbon atoms1.  

Figure 4.3 The five chemically different carbon species present in TAPP. 
The carbon atom referred to is shown in dark gray. 

The C1s core level spectra for all phases of TAPP on Cu(111) 

are shown in Figure 4.4. However, the resolution of our 

experiments (Appendix D) is not sufficient to identify all 

chemically different carbon species. Nevertheless, for the fitting of 

the high-resolution XPS spectra, as well as for the XSW-XPS data 

(Appendix D), two main peaks are considered2. At lower binding 

energies (around 284.7 eV), all spectra are characterized by an 

intense peak called Main I (blue component in Figure 4.4). The 

peak position is marked by the blue line in Figure 4.4. Main I is 

attributed to the carbon atoms in the perylene core (backbone) of 

the molecule, namely C4 and C5 (Main I =8xC4+8xC5) [Sch04] 

[Ger07]. At the high binding energy side, all spectra show a 

shoulder (at around 286 eV), which was accounted for as a second 

peak in the fitting model, called Main II (red component in Figure 

4.4). Main II component is attributed to the carbon atoms of the 

pyrimidine ring, namely C1, C2 and C3 (Main II 

                                                           
1 According to their chemical environment, the C4 and C5 carbon atoms are 
expected to be found at lower binding energy as compared with the C1, C2 and 
C3 carbon atoms. 
2 With the aim of distinguishing between the vertical adsorption position of the 
carbon atoms in the functional groups and in the perylene core. 
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=2xC1+2xC2+2xC3) [Sch04] [Ger07]. Thus, the stoichiometric 

ratio of TAPP is Main I : Main II = 16 : 6 = 2.6. In addition, all the 

spectra show a broad peak at higher binding energies (~6.6 eV from 

the Main I peak) which corresponds to a shake-up satellite3 (Sat in 

Figure 4.4)4 [Sch04]. The features and the peak positions observed 

in the C1s spectra of TAPP are similar to the findings observed for 

other perylene derivatives, (PTCDA [3, 4, 9, 10-perylene 

tetracarboxylic dianhydride] for example) [Ger07], porphyrins (as 

2H-TPP [2H-tetraphenylporphyrin]) [Bür14] and graphene on 

copper surface [Kid13]. In the case of PTCDA on Cu(111), the 

binding energy of the principal carbon component (the component 

at the lower binding energy which can be compared with Main I) is 

285.1 eV [Ger07]. In the case of the 2H-TPP porphyrin on Cu(111), 

the binding energy of the dominant component (the carbon atom 

surrounded by other carbon atoms, similar with C5 in Figure 4.3, 

inset Figure 4.4a) in the C1s signal is 284.3 eV [Bür14]. The 

binding energy of the dominant component in the C1s signal of 

graphene grown on a copper surface (the sp2 carbon, identical with 

the C5 component in Figure 4.3) is 284.4 eV (or 284.7 eV for the 

oxygen-intercalated graphene) [Kid13]. For the fitting of the spectra 

shown in Figure 4.4, all components were left free during the fitting 

routine. No constraints were set in order to have more degrees of 

freedom for a better fit of the entire spectrum. 

                                                           
3 It represents photoelectrons that lost their energy through promotion of valence 
electrons from an occupied energy level to an unoccupied higher energy level. 
4 It includes contributions from carbon atoms of the perylene core as well as the 
functional pyrimidine group. 
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Figure 4.4 C1s XPS spectra of TAPP/Cu(111) for (a) the herringbone 
phase, (b) the porous network and (c) the chains. The fitting and the 
assignment of the peaks is shown. Besides the well-defined Main I 
component (blue component, peak position marked by the blue vertical 
line), the slightly visible shoulder in the C1s spectra is considered as a 
Main II component (red component, peak position indicated by the red 
vertical line). An overall satellite (Sat) (light blue dotted line) for both 
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Main components is taken into account for the fitting procedure. In the 
left inset table, the positions (eV), FWHM (eV) and relative area (%) of 
the fitting components Main I, Main II, and Sat  are given as obtained 
from the fitting of the raw data (no constraints were taken into account). 
In the upper right corner a TAPP molecule is shown where the chemically 
different carbon species are indicated by numbers. 

For the herringbone assembly, the Main I component is 

positioned at 284.7 eV, while the Main II component is situated at 

286.2 eV. Thus, Main II component is shifted by 1.4 eV towards 

higher binding energy with respect to Main I (marked with the 

black arrow in Figure 4.4a). The full width half maximum (FWHM) 

of Main I is 1.3 eV. The FWHM of Main II is 2.4 eV, almost twice 

the value as compared with the FWHM value of Main I. Inspecting 

the relative areas of Main I and Main II as obtained from the fitting 

model without any constraints imposed (Main I : Main II = 46.4 : 

28.1 = 1.6), the fitting model does not reproduce very precisely the 

stoichiometric ratio of TAPP (Main I : Main II = 16 : 6 = 2.6). 

In the case of the porous network, similar to the herringbone 

assembly, the Main I component is positioned at 284.7 eV (blue line 

in Figure 4.4b) and it has a FWHM of 1.3 eV. That suggests that the 

chemical environment of the carbon atoms of the perylene core is 

not perturbed by the coordination of TAPP to Cu adatoms. The Sat 

position for the porous network is similar to the Sat position for the 

herringbone assembly (~291.3 eV). The behavior of Main II, the 

peak assigned to the carbon atoms from the pyrimidine ring, is 

slightly different for the porous network as compared with the 

herringbone assembly. The FWHM of Main II is 2.4 eV, similar to 

that of the herringbone assembly, but the peak position shifts 
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towards lower binding energies by 0.2 eV (at 285.9 eV). 

Furthermore, compared with the herringbone phase, for the porous 

network the relative area of Main II is slightly larger, the relative 

area of Main I is slightly lower while the relative area for the Sat 

component remains the same. Thus, as compared with the 

herringbone assembly, in the case of the porous network the model 

fits less well with respect to the stoichiometry of TAPP (Main I : 

Main II = 42.1 : 32.2 = 1.3). 

For the chains, the main noticeable change in the C1s spectra 

as compared with the herringbone and the porous structure is the 

behavior of Main I (Figure 4.4c). Although the FWHM (1.3 eV) and 

relative area (42.9%) of Main I are similar as for the porous 

network structure, a peak shift towards lower binding energies is 

observed (blue line in Figure 4.4c). Such behavior has previously 

been observed and is considered a fingerprint for the covalently 

coupled structures on surfaces [Gut14] [Che14]. The Main II 

component has a broader FWHM (3.1 eV) as compared with the 

herringbone and porous structure. Furthermore, Main II, similar to 

the case of the porous network, shifts towards lower binding 

energies, the peak being positioned at 285.8 eV. For chains, the 

relative area of Main II is similar to that of the herringbone structure 

(42.9 %). The ratio between Main components is: Main I : Main II 

= 1.48). 

Fitting the raw data for all phases of TAPP on Cu(111) for the 

C1s core level with two main components (Main I, Main II) and a 

Sat component without any constraints resulted in a fit model 
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(Figure 4.4) where all the features in the C1s spectra are well 

resolved by the resulted envelope function (orange line in Figure 

4.4 a-c) but the model is not in good agreement with the 

stoichiometry of TAPP. Thus, an alternative model is considered, 

where the relative areas of Main I and Main II are fixed as dictated 

by the stoichiometry of the molecule. The FWHMs of Main I and 

Main II are left free. The results of this fitting model are shown in 

Figure 4.5 for all phases of TAPP on Cu(111). In Figure 4.5, as 

compared with Figure 4.4, there are no major changes concerning 

the way in which the features of the spectra are resolved. The 

resulted fitting envelope functions (the orange lines in Figure 4.4 

and Figure 4.5) look very similar. In Figure 4.5a, in the case of the 

herringbone phase, Main II is shifted towards higher binding 

energies with 1.6 eV with respect to Main I. For all phases of 

TAPP/Cu(111) (Figure 4.6a-c), the FWHMs of Main I and Main II 

are relatively similar. A most significant change is observed in the 

case of the chains (Figure 4.6c). The shifts towards lower binding 

energy of Main I and Main II are more significant as compared with 

the previous case, 0.4 eV and 0.2 eV, respectively. This is a direct 

consequence of the covalent coupling of the monomers of TAPP. 
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Figure 4.5 C1s XPS spectra of TAPP/Cu(111) for (a) the herringbone 
phase, (b) the porous network and (c) the chains. The fitting and the 
assignment of the peaks is shown. Besides the well-defined Main I 
component (blue component, peak position marked by the blue vertical 
line), the slightly visible shoulder in the C1s spectra is considered as a 
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Main II component (red component, peak position indicated by the red 
vertical line). An overall satellite (Sat) (light blue dotted line) for both 
Main components is taken into account for the fitting procedure. In the 
left inset table, the positions (eV), FWHM (eV) and relative area (%) of 
the fitting components Main I, Main II, and Sat  are given as obtained 
from the fitting of the raw data where the stoichiometry of TAPP was 
considered (Main I: Main II = 16:6 = 2.6). 

4.3.2 The nitrogen 1s core level of TAPP/Cu(111) 

The XPS N1s spectra for all phases of TAPP on Cu(111) are 

shown in Figure 4.6. For the fitting of the spectra all the 

components were left free during fitting. 

Figure 4.6a shows the N1s spectrum for the herringbone 

phase. The spectrum consists of two peaks (N1, N2). Although one 

would expect only one peak in the N1s core level spectrum of 

TAPP (the molecule has four chemically identical nitrogen atoms, 

see Figure 4.1 and Figure 4.4a inset), the existence of two peaks in 

the N1s spectra suggests the existence of two different chemical 

environments for the nitrogen atoms. The peak at lower binding 

energy (N1 at 398.4 eV, blue component in Figure 4.6a) is assigned 

to the aromatic nitrogen (-N=), which is a nitrogen atom that forms 

bonds exclusively with carbon atoms. N1 has a FWHM of 1 eV. 

The peak at higher binding energy is situated at 399.9 eV, which is 

shifted by 1.5 eV with respect to the aromatic nitrogen N1 (black 

arrow in Figure 4.6a) and by 1 eV  with respect to the nitrogen peak 

of the porous network (Figure 4.6b), attributed to a protonated 
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nitrogen (-NH-)5 (red component in Figure 4.6a) [Pap12] [Sch09] 

[Nic15] [Gon05] [Schi07] [Ihs90]  [Ste15] [Ste14] [Cla76] [Nic15] 

[Gon05] [Are15]. A similar N1s core level spectra was found for 

the metal free porphyrin 2H-5,10,15,20-tetraphenylporphyrin (2H-

TPP) deposited on Cu(111). The 2H-TPP molecule contains four 

nitrogen atoms, two nitrogen atoms which form bonds only with 

other carbon atoms (=N-) (which can be directly compared with the 

aromatic nitrogen N1 of TAPP) and two nitrogen atoms which form 

bonds with a hydrogen atom and carbon atoms (-NH-) (which can 

be compared with the protonated N2 component of TAPP), giving 

rise to two distinct N1s photoemission peaks at 398.2 eV and 399.8 

eV, respectively [Dil12]. The peak to peak distance between the 

protonated nitrogen (–NH-) component and the nitrogen (=N-) 

component of the 2H-TPP molecule is 1.6 eV. The 2H-TPP system 

was intensively studied, and similar values for the peak positions of 

the (-NH-) and (=N-) nitrogen species were reported [Bür14] 

[Xia12] [Röc13]. Thus, the peak positions and peak to peak distance 

for the nitrogen components of 2H-TPP coincide very well with the 

ones of TAPP, supporting the existence of a protonated nitrogen 

specie (-NH-) for TAPP in the herringbone phase. The reactive 

atomic hydrogen may originate from the residual gas (e.g. from the 

evaporator while degassing/sublimating the molecules, or from the 

ion pumps etc.) [Nat13] [Zik09]. Another possible explanation for 

the (-NH-) peak is radiation induced damage which was reported in 

particular for very low photon energies (soft X-rays regime) [Pil05]. 

Our data were acquired with a photon energy around 2970 eV. We 
                                                           
5 The protonated nitrogen (-NH-) forms bonds with a hydrogen atom and carbon 
atoms. 
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performed a thorough beam damage study on the herringbone 

assembly and it was found that no radiation induced changes in the 

XPS spectra were observed in the first 45 minutes of exposure of 

our sample to the photon beam. After measuring on the same spot 

for more than 45 minutes a decrease in intensity of the N2 peak 

occurs. Accordingly, we limited our measurement time per spot to 

maximum 45 minutes, in order to eliminate the radiation-induced 

changes on our sample. Another possible explanation for the (-NH-) 

peak is a tautomerization of TAPP [Mat10] [Mat08]. Accordingly, 

the hydrogen attached to the C1 carbon atom of TAPP (inset of 

Figure 4.4a) will migrate to any of the neighboring nitrogen atoms 

of the pyrimidine group. We can compare this hypothesis with the 

tautomerization of uracil on Cu(111) [Pap12]. Uracil is a small 

aromatic molecule that has two nitrogen atoms (see Chapter 3.3). 

Uracil deposited on Cu(111) in the multilayers regime has both 

nitrogen atoms protonated (-NH-). Uracil in a saturated monolayer 

on Cu(111) has one nitrogen atom protonated (-NH-) and one 

nitrogen atom deprotonated (-N=). After annealing the saturated 

monolayer to 500 K, uracil has both nitrogen atoms deprotonated (-

N=). Interestingly, upon close inspection of the C1s core level of 

uracil/Cu(111) in all phases (multilayers, saturated monolayer, 

annealed saturated monolayer), a fingerprint of the nitrogen 

deprotonation could be identified due to the rearrangement of the 

electron distribution after the chemical change6. It is important to 

mention that the uracil molecule does not recapture the proton. 

Thus, the carbon atoms closest to the nitrogen atom that is 

                                                           
6 It needs to be mentioned that the proton is not recaptured by the uracil molecule. 
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deprotonated undergo significant changes in the C1s spectrum (the 

peak shape changes considerable, which suggest significant charge 

redistribution within the molecule), and the corresponding peaks are 

shifted towards lower binding energies by ~1 eV. The peak 

corresponding to the carbon atoms further away from the nitrogen 

atom that is deprotonated maintains the same shape, but the peak 

position shifts towards lower binding energies as well (see 

Appendix D, Figure D.2a7). We can directly compare (i) the 

saturated monolayer of uracil on Cu(111) with the herringbone 

phase of TAPP on Cu(111) and (ii) the annealed (500 K) saturated 

monolayer of uracil on Cu(111) with the porous network.  

The XPS N1s core level spectrum for the saturated monolayer 

regime of uracil deposited on Cu(111) shows two peaks separated 

by 1.8 eV. The peak at 399.3 eV is assigned to the nitrogen (-N=) 

component (and can be compared with N1 of TAPP in the 

herringbone phase). The peak at 401.1 eV is assigned to the 

protonated nitrogen (-NH-) component (and can be compared with 

N2 of TAPP in the herringbone phase). In the case of TAPP, the 

carbon atoms closest to the nitrogen atoms that are deprotonated (-

N=) (the case of the porous network phase) are C1 and C2 (or C3) 

(which are included in the Main II component) carbon atoms (inset 

of Figure 4.4a). But, the Main II component of the porous network 

shifts by only 0.1 eV towards lower binding energies, instead of 

~1eV as compared with uracil/Cu(111) [Pap12]. That can be 

                                                           
7 The XPS spectra of a saturated monolayer of uracil is shown as a function of 
annealing temperature. In the bottom spectra, uracil has one (-NH-) and one (-N=) 
nitrogen species and in the top most spectra uracil has only one type of nitrogen (-
N=).  



CHAPTER 4 – INSIGHT INTO THE BONDING MECHANISM OF A PERYLENE DERIVATIVE 

141 

explained as follows: (i) The fact that the hydrogen atom is 

preserved in the case of TAPP molecule and is redistributed 

between the C1 carbon atom and the nitrogen atom which assist in 

the tautomerization process and not lost as in the case of uracil. 

Thus, in the case of the porous network, the C1 carbon peak, which 

is included in the Main II component  is expected to have a higher 

binding energy than in the case of the herringbone phase (where 

there is no hydrogen present at C1), reducing the overall shift of 

Main II towards lower binding energies. (ii) For the porous 

network, the carbon atoms in the pyrimidine end group of TAPP 

might feel the influence of metal coordination of the nitrogen atoms 

to the Cu adatoms (N-Cu). The N-Cu bond will move the N1s 

nitrogen peak towards higher binding energy as compared with the 

aromatic (-N=) nitrogen of the herringbone phase. Accordingly, this 

might contribute to a shift in the Main II component of the C1s 

spectrum of the porous network as well, but no conclusive remark 

could be drawn from our data regarding this issue 

 With this knowledge in mind, lets reconsider the assumption 

that TAPP in the herringbone phase is intact (no tautomerization, 

C1 carbon atom of TAPP bonds to a hydrogen atom) and the 

additional hydrogen atoms that protonate TAPP are picked-up from 

the chamber. This case is more similar with the one of uracil on 

Cu(111) [Pap12], because the proton is lost in the case of TAPP too. 

One would expect that in the case of the porous network ((-N=) 

where the nitrogen atoms are deprotonated, and the additional 

hydrogen atoms are lost via annealing the sample, the carbon atoms 

closest to the nitrogen atoms that were deprotonated should be 
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shifted by ~1 eV towards lower binding energies. That is definitely 

not the case for the Main II of TAPP in the porous network 

structure as compared with the herringbone phase. Thus, based on 

the current XPS data, we can suggest that the protonation of the 

nitrogen atoms in the herringbone assembly is more likely occurring 

due to a tautomerization of TAPP.  

From the fitting of the raw data, the relative areas for N1 and 

N2 are 47.6% and 38.2% (N1:N2= 1.2), which might suggest a 1:1 

stoichiometric ratio between N1 and N2 for TAPP in the 

herringbone phase (see Appendix D for a fit of the N1s core level of 

the herringbone phase with a N1:N2 =1:1 stoichiometric ratio). That 

would mean that each TAPP molecule would have two protonated 

nitrogen atoms (-NH-) and two (-N=) aromatic nitrogen atoms. At 

higher binding energy (~401 eV), the N1s spectra shows a very 

broad peak (labelled Sat in Figure 4.6) (which appears in the N1s 

spectra of the other phases as well, Figure 4.6b,c) and was 

previously observed for a related perylene derivative [Mat14]. This 

peak is tentatively assigned as a shake-off satellite [Per01] [Nil91] 

[Vic09]8. 

  

 

 

                                                           
8 If the ejected photoelectron transfers sufficient energy to the valence electron 
and ionizes it into the continuum. That is in contrast to a shake-up satellite (where 
a discrete energy appears at higher binding energies from the primary peak. The 
energy loss of the photoelectron is equivalent to a specific quantized energy 
transition). 
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Figure 4.6 N1s XPS spectra of TAPP/Cu(111) for (a) the herringbone 
structure, (b) the porous network and (c) the chains. The fitting and the 
assignment of the peaks is shown. (a) Two main components were 
considered (N1, N2) to fit the spectrum. An overall satellite for both main 
components (Sat) was also taken into account for the fitting procedure. In 
the left inset table, the positions (eV), FWHM (eV), and relative area (%) 
of the fitting components N1 (blue component), N2 (red component) and 
Sat (light blue dotted line) are given as obtained from the fitting of the 
raw data with no constraints imposed. The indicated chemical shifts are 
given with respect to the porous network. Only for the herringbone 
assembly two peaks are visible and taken into account into the fitting 
procedure (NI, N2). For (b) and (c) only one main component was 
assumed. 

Figure 4.6b shows the N1s spectrum of TAPP arranged in the 

porous network phase. As expected, the spectrum consists of only 
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one peak situated at 398.9 eV, which is attributed to the nitrogen 

coordinated to the Cu native adatoms (C-N-Cu) [Mat10] [Mat14]. 

The N-Cu peak is shifted towards higher binding energies with 0.5 

eV with respect to the aromatic nitrogen (C-N=C) of the 

herringbone phase. The FWHM of N1 is 1 eV, similar to the case of 

the herringbone phase. A similar shift (0.6 eV) towards higher 

binding energies was reported for the metalation of the 2H-TPP 

porphyrin with native copper metal adatoms [Dil12]. While before 

annealing the N1s spectra of 2H-TPP on Cu(111) shows two 

distinct peaks corresponding to a protonated (-NH-) nitrogen 

species and an (=N-) nitrogen specie, heating up the sample results 

in a metalated porphyrin where the four nitrogen atoms are 

equivalently coordinated to the metal center, yielding only one N1s 

peak. 

Figure 4.6c shows the N1s core level spectrum for the 

polymer chains. Similar to the porous network, the spectrum 

consists of only one peak, which is situated at 398.5 eV. The peak 

position is relatively close in energy to the one for the aromatic 

nitrogen (-N=) of the herringbone phase (398.4 eV). More precisely, 

the N1s peak position for the chains is shifted slightly towards 

higher binding energy (shift < 100 meV) with respect to the N1 

component of the herringbone phase. Due to that, one can 

tentatively assign the N1s peak for the chains to aromatic nitrogen 

(-N=). Interestingly, the FWHM of the N1s peak for the chains is 

slightly larger (1.25 eV) than in the case of the other two phases (~1 

eV). This broadening of the peak might speak for the existence of a 

second nitrogen species, but the resolution of our data does not 
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allow them to be distinguished as separate components. Most 

probably, the slight shift towards higher binding energies (as 

compared with the aromatic nitrogen of the herringbone phase) is 

also due to the presence of the metal coordinated nitrogen (C-N-Cu) 

on the sample. Thus, the covalently linked chains are assumed to be 

metal-coordinated [Mat10]. Compared with the metal-coordinated 

nitrogen of the porous network phase, the N1s peak position for the 

chains is shifted towards lower binding energies by 0.4 eV (Figure 

4.6c). 
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4.4. X-ray standing wave results: determination 

of the adsorption height 

In order to gain insight into the molecule-substrate 

interactions, normal incidence x-ray standing wave (NIXSW) 

measurements were used to determine the vertical adsorption height 

of TAPP/Cu(111) for the herringbone and the porous network 

phase. In Chapter 2.3 the NIXSW technique has been introduced. 

Furthermore, in Appendix D additional information regarding the 

NIXSW data analysis are given. Herein the focus is on the NIXSW 

experimental results (determination of the structural parameters 

coherent position (Pc) and coherent fraction (Fc)) (Chapter 2.3)9 and 

their interpretation.  

4.4.1 NIXSW measurements for the C1s core level  

In order to fit the XSW-XPS spectra for the C1s core level, 

the XPS fitting model described in Section 4.3.1 is used. 

                                                           
9 In brief, from the XSW-XPS spectra recorded at each photon energy during the 
NIXSW scan the photoelectron yield for each atomic species was extracted and 
plotted versus photon energy. From fitting these photoelectron yield curves 
(Chapter 2.3, Appendix D) the coherent positions and coherent fractions are 
obtained. The coherent position (Pc) is related to the vertical adsorption height 

c(d )  of an atomic species via 
c c C u (111)d (P 1)d  , where 

C u (111)d 2 .08 Å is the 

lattice space of the (111) Bragg reflection. The coherent fraction varies within the 
range of c0 F 1   and reflects the degree of vertical order. cF 1  indicates 

perfect order (all atoms of the analyzed chemical species have the same distance 
with respect to the surface), while cF 0  stands for a disordered layer (the 

analyzed chemical species have random distances with respect to the surface). 
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Accordingly, for the herringbone and porous network structure, two 

main components are considered (Main I and Main II), as well as a 

satellite (Sat). Furthermore, the position and the FWHM for the 

main components are fixed (the values are indicated in the insets of 

Figure 4.4), no constraints are imposed on the satellite peak and the 

area ratio between the peaks is left free. 

The photoelectron yield of the Main I and Main II 

components were investigated. Figure 4.7 shows the photoelectron 

yield curves measured for the carbon species of TAPP in the 

herringbone and porous network structure. From fitting these 

photoelectron yield curves (Chapter 2.3, Appendix D) both the 

coherent positions (Pc) and coherent fractions (Fc) for Main I and 

Main II are obtained (insets of Figure 4.7) and summarized in Table 

4.1. The coherent position gives the vertical adsorption height 

modulo the distance between two [111] planes of the Cu substrate10. 

The coherent fraction represents a measure for the structural order 

of the atoms relative to the Bragg planes, and it can have values 

between 0 and 1, 1 corresponding to a complete ordered system. 

The average coherent position (see Appendix D.4) of both 

components are 0.29 (Main I) and 0.26 (Main II) for the 

herringbone phase (0.35 and 0.37 for the porous network) (Table 

4.1), which correspond to an average vertical height of the carbon 

atoms above the Cu(111) surface of 2.69 Å and 2.62 Å for the 

herringbone phase (2.82 Å and 2.85 Å for the porous network) 

(Table 4.1).  

                                                           
10 

C u (111)d 2 .08 Å 
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Figure 4.7 Photoelectron yield curves for the (a) Main I and (b) Main 
II components, for the herringbone phase (package Mlu119, see Table 
C1, Appendix D), and the (c) Main I and (d) Main II components for the 
porous phase (package Flu108, see Table C2, Appendix D) as a 
function of the photon energy relative to the Bragg energy (2972.11 
eV). The fitting curves are represented by continuous black lines; the 
relative errors are indicated in red.11. The results of the fit: (coherent 

fraction, coherent position, and reduced 
2
Redχ ) 12are reported for each 

profile. 

For the herringbone (porous network) phase, the Main I and 

Main II components have relatively similar average carbon heights, 

2.69 Å and 2.62 Å (2.82 Å and 2.85 Å). It is interesting to notice 

that, for the herringbone phase, for all the three samples prepared 

(see Table C1, Appendix D), Main I has a slightly higher vertical 

adsorption height as compared with Main II, while in the case of the 

porous network phase the situation is reversed (Table 4.1). 

                                                           
11 The error of each component is given by its standard deviation calculated on 
the basis of the fit of the Monte Carlo-simulated XSW-XPS raw data [Fai]. 

12 The small value of reduced 
2
Redχ  testifies to the good quality of the fit, which 

corroborates the accuracy of structural parameters [Mer12] 
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Table 4.1 Summary of the structural parameters for the C1s core level of 
the herringbone assembly (left) and the porous network (right). The 
energy position and the FWHM for the main components are fixed, no 
constraints are imposed on the satellite component and the area ratio 
between the peaks is left free. The coherent position (PC), coherent 
fraction (FC) and the distance (dC) from the Bragg plane, calculated as 

c Cu(111)(P +1)d  (where Cu(111)d =2.08Å), are reported for Main I and 

Main II. Mlu, Olu, Plu (Flu, Hlu, Qlu) represent different samples 
prepared with the herringbone (porous network) phase of TAPP on 
Cu(111) (Appendix D). 

Herringbone 
Data set C1s Main I Main II 

Mlu 
(STDEV )

Fc  
0.41 

(0.04) 
0.44 

(0.06) 

Pc  
0.27 

(0.01) 
0.26 

(0.01) 

dc (Å) 2.64 2.62 

Olu 
(STDEV )

Fc  
0.36 

(0.04) 
0.43 

(0.06) 

Pc  
0.34 

(0.01) 
0.29 

(0.25) 

dc (Å) 2.8 2.69 

Plu 
(STDEV )

Fc  
0.43 

(0.04) 
0.40 

(0.05) 

Pc  
0.26 

(0.01) 
0.23 

(0.01) 

dc (Å) 2.63 2.56 

Average
(STDEV )

Fc  
0.40 

(0.04) 
0.42 

(0.05) 

Pc  
0.29 

(0.01) 
0.26 

(0.09) 

dc (Å) 2.69 2.62 

Porous network  
Data set C1s Main I Main II 

Flu 
(STDEV )

Fc  
0.33 

(0.03) 
0.31 

(0.05) 

Pc  
0.35 

(0.01) 
0.37 

(0.02) 

dc (Å) 2.81 2.85 

Hlu 
(STDEV )

Fc  
0.54 

(0.06) 
0.45 

(0.07) 

Pc  
0.36 

(0.01) 
0.40 

(0.02) 

dc (Å) 2.85 2.91 

Qlu 
(STDEV )

Fc  
0.52 

(0.03) 
0.41 

(0.05) 

Pc  
0.34 

(0.01) 
0.33 

(0.01) 

dc (Å) 2.79 2.79 

Average
(STDEV )

Fc  
0.48 

(0.04) 
0.39 

(0.05) 

Pc  
0.35 

(0.01) 
0.37 

(0.02) 

dc (Å) 2.82 2.85 
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However, if one compares the height of the Main I (Main II) 

component for the pores with respect to the Main I (Main II) 

component for the herringbone assembly, definitely a height 

increase of the carbon backbone occurs. For Main I the height 

increase is 0.13 Å, while for Main II the height increase is almost 

double the value compared with Main I, 0.23 Å, respectively. 

4.4.2 NIXSW measurements for the N1s core level 

 In order to fit the XSW-XPS spectra for the N1s core level, 

the XPS fitting model described in Section 4.3.2 is used. For the 

herringbone phase two main components (N1 and N2) are 

considered, and a satellite (Sat) (Figure 4.6a). For the porous 

network structure only one main component (N1) and a satellite 

component (Sat) (Figure 4.6b) are considered. The position and the 

full width half maximum (FWHM) for the main components (N1, 

N2) are fixed (the values are indicated in the insets of Figure 4.6), 

while the area ratio between the peaks is left free and no constraints 

are imposed on the Sat component. 
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Figure 4.8 Photoelectron yield curves for the (a) N1 and (b) N2 
components for the herringbone phase (package Mlu119, see Table C1, 
Appendix D) and the (c) N1 component for the porous phase (package 
Flu108, see Table C2, Appendix D) as a function of the photon energy 
relative to the Bragg energy (2972.11 eV). The fitting curves are 
represented by continuous black lines; the relative errors are indicated in 
red.13. The results of the fit: (coherent fraction, coherent position, and 

reduced 
2
Redχ ) 14are reported for each profile.  

In the case of the herringbone phase, the photoelectron yield 

of the two N1 and N2 components were investigated (Figure 4.8). 

The corresponding structural parameters are summarized in Table 

4.2. The average (see Appendix D.4) coherent positions of the N1 

and N2 components are 0.21 and 0.44, respectively. This 

corresponds to an average vertical height of 2.53 Å and 3.00 Å, 

respectively. Interestingly, the N1 nitrogen is approximately 0.5 Å 

closer to the surface than N2, while both components have 

approximately the same coherent fraction. In the case of the porous 
                                                           
13 The error of each component is given by its standard deviation calculated on 
the basis of the fit of the Monte Carlo-simulated XSW-XPS raw data [Fai]. 

14 The small value of reduced 
2
Redχ  testifies the good quality of the fit, which 

corroborates the accuracy of structural parameters [Mer12]  
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network, the photoelectron yield of the main N1 component is 

investigated. The average vertical height of the nitrogen atoms is 

2.98 Å. The coherent fraction for the porous network is higher than 

in the case of the herringbone phase, because in the case of the 

porous network we have only one type of nitrogen atom that is 

situated at the same height with respect to the Cu surface.
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Table 4.2 Summary of the structural parameters for the N1s core level of 
the herringbone assembly (left) and the porous network (right). The 
energy position and the FWHM for the main components are fixed, no 
constraints are imposed on the satellite component and the area ratio 
between the peaks is left free. The coherent position (PC), coherent 
fraction (FC) and the distance (dC) from the Bragg plane, calculated as 

c Cu(111)(P 1)d  (where Cu(111)d 2.08 Å), are reported for N1 and N2. Mlu, 

Olu, Plu (Flu, Hlu, Qlu) represent different samples prepared with the 
herringbone (porous network) phase of TAPP on Cu(111) (Appendix D). 

 

 Herringbone 
Data set N1s N1 N2 

Mlu 
(STDEV )

Fc  
0.31 

(0.03) 
0.27 

(0.12) 

Pc  
0.22 

(0.01) 
0.40 

(0.06) 

dc (Å) 2.55 2.93 

Olu 
(STDEV )

Fc  
0.26 

(0.05) 
0.28 

(0.12) 

Pc  
0.21 

(0.01) 
0.47 

(0.08) 

dc (Å) 2.53 3.08 

Plu 
(STDEV )

Fc  
0.27 

(0.04) 
0.23 

(0.12) 

Pc  
0.20 

(0.02) 
0.44 

(0.08) 

dc (Å) 2.51 3.00 

Average
(STDEV )

Fc  
0.28 

(0.04) 
0.26 

(0.11) 

Pc  
0.21 

(0.01) 
0.44 

(0.10) 

dc (Å) 2.53 3.00 

Porous network 
Data set N1s N1 

Flu 
(STDEV )

Fc  
0.49 

(0.04) 

Pc  
0.42 

(0.01) 

dc (Å) 2.95 

Hlu 
(STDEV )

Fc  
0.59 

(0.04) 

Pc  
0.46 

(0.02) 

dc (Å) 3.04 

Qlu 
(STDEV )

Fc  
0.64 

(0.06) 

Pc  
0.41 

(0.01) 

dc (Å) 2.93 

Average
(STDEV )

Fc  
0.57 

(0.05) 

Pc  
0.43 

(0.01) 

dc (Å) 2.98 
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4.5 Discussion 

In Figure 4.9, the experimental vertical adsorption distances 

of the nitrogen and carbon atoms are depicted for the herringbone 

phase (Figure 4.9a) and the porous network phase (Figure 4.9b). 

For the herringbone phase, the carbon Main I component is 

situated at 2.69 Å above the Cu surface. Main I component is 

attributed to the carbon atoms in the perylene core (backbone) of 

the molecule, namely C4 and C5 (Main I =8xC4+8xC5, see Figure 

4.3 and inset Figure 4.4a). The carbon Main II component is 

situated at 2.62 Å with respect to the Cu surface. Main II 

component is attributed to the carbon atoms of the pyrimidine ring, 

namely C1, C2 and C3 (Main II =2xC1+2xC2+2xC3, see Figure 

4.3 and inset Figure 4.4a). These values agree well with reported 

literature values for the perylene derivatives [3,4,9,10-perylene 

tetracarboxylic dianhydride] (PTCDA) on Cu(111) [Ger07] and 

[4,9-diaminoperylene-quinone-3,10-diimine] (DPDI) (see Chapter 

2.1) on Cu(111) [Mat14]. 

If one compares the vertical adsorption heights obtained for 

the carbon atoms of the perylene (2.69 Å) and for the carbon atoms 

of the pyrimidine group of TAPP in the herringbone phase with the 

sum of the vdW radii of copper (1.4 Å) and carbon (1.7 Å), one can 

conclude that TAPP is chemisorbed, similar as reported for 

PTCDA on Cu(111) [Ger07] and DPDI on Cu(111) in the mobile 

phase [Mat14]. In the case of the nitrogen atoms, the situation is a 

bit more complex.  
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The N1 component of TAPP in the herringbone phase is 

situated at 2.53 Å above the surface but below the carbon backbone 

of TAPP. If one considers that the sum of the vdW radii of copper 

(1.4 Å) and nitrogen (1.5 Å) is 2.9 Å, it means that N1, which is 

very close to the surface, has its lone pair binding to the copper 

atoms of the surface. This situation is similar with the case of 

DPDI/Cu(111) in the mobile phase [Mat14], where the nitrogen 

atoms of the functional groups are even closer to the surface (2.4 

and 2.2 Å). N2, which was assigned to a protonated nitrogen (-NH-

), is situated at 3 Å above the surface, which suggests a 

physisorption regime (no strong interaction between N2 and the 

metal surface). That means the molecule-substrate interaction is 

mediated by: (i) The interaction of N1 with the Cu surface; (ii) the 

interaction of the aromatic system of the perylene core with the 

metal surface. The TAPP molecules interact with each other via H-

bonding. The H-bonding takes place between the protonated 

nitrogen of one TAPP and the non-protonated nitrogen of a 

neighboring TAPP. Another important aspect which has to be 

noted is the distortion of the molecule from its planar configuration 

induced by the different heights of the atoms in the pyrimidine 

groups compared to the average height of the perylene core (Figure 

4.9a). A similar effect was observed and discussed for PTCDA on 

Ag(111) and Cu(111) [Ger07]. 
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Figure 4.9 Front-view representation of TAPP/Cu(111) for (a) the 
herringbone phase and (b) the porous network. The experimental and 
theoretical vertical distances of the nitrogen and carbon atoms 
(perylene core) are explicitly given. 

For the porous network, the Main I component (the backbone 

carbon atoms) is situated 2.82 Å above the metal surface, 

approximately 0.3 Å higher than in the case of the herringbone 

phase. The Main II component (corresponding to the carbon atoms 

of the pyrimidine group) is positioned at 2.85 Å above the surface. 

The nitrogen atoms of the pyrimidine group are situated at 0.16 Å 

above the carbon backbone, and at 2.98 Å above the metal surface, 

almost at the same height as the N2 (-NH-) of the herringbone 

phase. These vertical adsorption height values for the carbon and 

nitrogen atoms fit well with the one reported for the porous DPDI 

network [Mat14]. If one compares the vertical distances for the 

carbon (nitrogen) with the sum of the vdW radii of copper and 

carbon (nitrogen), one can conclude that there is no significant 

interaction between the perylene core (functional groups) and the 

substrate. This indicates that the porous network structure on 

Cu(111) is a physisorbed system and there is no direct chemical 
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interaction between the molecules and the Cu(111) surface. Thus, 

the incorporation of the Cu adatoms in the porous network induces 

an overall height increase of the molecule as compared with the 

herringbone phase, which decouples the molecules from the 

surface. One Cu adatom coordinates to the nitrogens of two 

neighboring molecules (two-fold coordination). The coordination 

of the nitrogen to native adatoms mediates both the molecule-

molecule and the molecule-substrate interactions. Thus, the 

perylene backbone is not necessarily needed to anchor the 

molecule to the substrate, as the anchoring to the surface takes 

place via the nitrogen atoms of the functional groups. A similar 

effect was observed in the case of the DPDI porous network 

[Mat14]. Furthermore, this interpretation is supported by 

comparison with a study that involves another perylene derivative 

diindenoperylene (DIP), which has no functional chemical groups 

available for metal coordination. The DIP molecule has an 

adsorption height of 2.59 Å on Cu(111) [Bür13], which is very 

similar to the carbon adsorption height for the herringbone phase. 

Furthermore, the adsorption heights of TAPP/Cu(111) resulted 

from DFT calculations are in good agreement with the 

experimental values (see Figure 4.8). 

To conclude, using the NIXSW technique, the vertical 

adsorption height of TAPP on the Cu(111) surface was determined. 

In particular, the adsorption height represents a sensitive tool to 

understand the molecule-substrate interaction because it provides 

direct insight into the bonding mechanism of adsorbates on the 

surface. In the herringbone phase, the molecules interact with the 
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Cu surface through the non-protonated nitrogen species which are 

very close to the surface (2.53 Å) and through the perylene core 

(which is situated at 2.63 Å above the surface) of TAPP. The H-

bonding between neighboring TAPP molecules is responsible for 

the molecule-molecule interactions. The H-bonding takes place 

between the protonated nitrogen of one TAPP and the non-

protonated nitrogen of a neighboring TAPP. Furthermore, the 

difference in the vertical adsorption height of the protonated and 

non-protonated nitrogen atoms of TAPP induces a distortion in the 

planar shape of the molecule. In the case of the porous network, the 

incorporation of the Cu adatoms in the network leads to an increase 

of the vertical adsorption height of TAPP, which indicates a 

fundamental change of molecule-substrate interaction, attributed to 

the two-fold coordination between nitrogen and Cu adatoms. 

Furthermore, in the case of the porous network, the metal 

coordination mediates both, the intermolecular as well as the 

molecule-substrate interactions.  
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CHAPTER 5 

Modification of supramolecular binding 

motifs induced by substrate registry 

In this chapter, the self-assembly properties of two porphyrin 

isomers on Cu(111) are studied at different coverages by means of 

Scanning Tunneling Microscopy. The work presented here was 

done in collaboration with the group of Prof. François Diederich, at 

the ETH Zürich. 
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5.1 Introduction 

Organic nanomaterials are expected to be of critical 

importance for the construction of nanodevices to address 

tomorrow’s challenges in electronics, opto-electronics, photonics, 

and energy and information storage [Gri05][Zha08][Fuk08][Ari08]. 

Self-assembled supramolecular layers on surfaces, obtained from 

highly programmed molecular entities, are anticipated to play a 

leading role in the development of these future devices. For their 

fabrication, it is necessary to have a detailed understanding on how 

self-assembled structures are built up, and even more so, on how 

their building blocks can be designed in a way to generate 

predictable architectures and display all features requested for 

future applications. Furthermore, knowledge on substrate reactivity 

is essential, since differences in substrate reactivity can lead to very 

different behavior of adsorbed molecules [Zan90][Tau07]. Scanning 

tunneling microscopy (STM) has made the direct observation of 

molecular assemblies on solid surfaces possible, which caused a 

major break-through towards understanding the complex 

interactions in an assembly, both between the adsorbed molecules 

as well as between molecules and substrate  [DeF03][DeF00]. 

Porphyrins proved on many occasion to be the perfect building 

blocks to construct such molecular devices, as they are inexpensive, 

easy to modify, and possess a rigid, defined geometry. As a key 

feature, porphyrins prefer lying flat on metal substrates, due to their 

extended π - system that is in strong contact with the surface. 

Continuing our studies on differently modified porphyrins and their 
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behavior on surfaces, we started 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]; and we elongated 

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

substituents of this molecule by one phenylene unit (Figure 5.1b). 

Additionally we synthesized the same extended porphyrin with two 

4’-cyanobiphenyl groups in an angular cis-orientation (Figure 5.1a). 

Here we report on the various intermolecular interaction motifs in 

supramolecular assemblies of the the cis- (1) and trans- (2) bis(4’-

cyanobiphenyl) ZnII porphyrins on Cu(111) surfaces. 
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5.2 Conformation of porphyrins on surfaces 

Crystalline meso-phenyl-substituted porphyrins usually 

feature a nearly planar porphyrin macrocycle with the phenyl rings 

adopting an approximately orthogonal orientation towards this 

plane. In solution, rotation about the C–C bond connecting the 

porphyrin and phenyl rings is strongly hindered.  Out-of-plane 

distortions of the meso-phenyl have been observed for crystalline 4-

cyanophenylporphyrins, with the tilt angle between the porphyrin 

plane and the straight line passing through Ph PhC1 C4 C N    

amounting up to 10° [Bon02]. In crystalline tetrakis(4-

cyanophenyl)–ZnII–porphyrin, the 4-cyanophenyl rings are 

orientated orthogonally to the porphyrin macrocycle and undergo 

intermolecular, dipolar βC N H C      contacts with pyrrolic 

hydrogens of neighboring molecules in the crystal lattice [Kri98]. 

Figure 5.1. Molecular model of (a) cis- (1) and (b) trans- (2) ZnII 

porphyrin isomers. 
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Whereas meso-substituted porphyrins are rather rigid in the 

bulk and in solution, with conformational preferences as described, 

if deposited on metal surfaces, strong substrate interactions induce 

deformations to the overall structures that are not observed in the 

liquid and crystalline state.  Calculations from STM images of 

tetrakis[3,5-di(tert-butyl)-phenyl]–CoII–porphyrins on Ag(111) 

show a substantial out-of-plane tilt angle of 25° of the meso-phenyl 

rings with respect to the porphyrin plane, compared to the 10° tilt 

seen in the crystal [Buc07]. 

Furthermore, the intermolecular interaction motifs change on 

surfaces. Thus, the two-dimensional assembly of the bis(4-

cyanophenyl) analogue of 2, obtained on Au(111) surface under 

UHV conditions, was shown by STM to involve antiparallel dipolar 

C N C N      interactions as well as additional, hydrogen-bond-

type C N C  ortho  interactions involving the positive polarized 

hydrogen ortho to the CN group (see Figure 5.3 below) [Yok01]. 

This bonding motif requires the meso-phenyl rings to rotate away 

from their preferred perpendicular conformation and strive for 

closer coplanarity with the porphyrin macrocycle, an effect which is 

exclusively observed on surfaces due to strong interactions between 

the porphyrin core and the substrate [Jun97]. The rotation induces 

steric repulsion between the meso-phenyl hydrogens and the β -

hydrogens of the porphyrinic core, resulting in a saddle-shaped 

deformation of the macrocycle [Yok01]. High-resolution UHV-

STM, as shown in Figure 5.2 for cis-isomer 1, allows observation of 

this phenomenon by imaging the porphyrin core as two oblong 
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protrusions where two opposite pyrrole rings are pointing upwards, 

separated by a dark line representing the two rings that are twisted 

downwards. Due to the different nature of the porphyrin 

substituents, their identification by STM is straightforward: bulky 

3,5-di(tert-butyl)- phenyl side groups are visible as two bright 

circular spots of two sizes, whereas the rod-like 4’-cyanobiphenyl 

substituents appear as short lines with distinctively less intensity 

(Figure 5.2) [Yok04]. Since the upwards-pointing tert-butyl group 

of the 3,5-di(tert-butyl)phenyl substituent is forcing the pyrrole ring 

downwards, this group appears brighter than the other tert-butyl 

group close to the upwards-facing pyrrole ring. On the basis of this 

assignment of the orientation of the substituents, two 

conformational isomers of the cis-isomer can be identified: “Type 

A” is characterized by the bending line separating the 4’-

cyanobiphenyl from the 3,5-di(tert-butyl)- phenyl substituents and 

“type B” is characterized by the bending line being on the 

symmetry axis of the molecule. In trans-porphyrin 2 due to its point 

symmetry, this deformation does not lead to achiral conformational 

isomers, but instead to conformational enantiomers (i.e., mirror 

images). 
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Figure 5.2 Conformational isomers A and B of cis-porphyrin 1 with the 
“dark line” representing the two corner pyrrole rings that are twisted 
downwards (light green), whereas the other two corners are twisted 
upwards (dark green). This phenomenon is induced through the 3,5-
di(tert-butyl)phenyl substituents twisting sideways; therefore as a second 
artifact, the tert-butyl groups on top of the downwards-bent pyrrole ring 
appear bigger and brighter, while the other tert-butyl group appears 
smaller.
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5.3 The C-H···N binding motif 

The hydrogen-bond 2sp
C H N C     interactions featured 

by associating cyanophenyl rings are substantially weaker than 

classic hydrogen bonds involving more acidic O H,  S H,  or 

N H  H-bond donors. Therefore, they compete with other weak 

interactions, such as C H O,   π π,  halogen–halogen, and 

C H π    interactions, in solution, in the solid state, and in surface 

assemblies. Whereas classic hydrogen bonds are highly directional 

and therefore can organize molecules into networks with predictable 

architectures [Pal08] [Bar05] [Des02], the weak 2sp
C H N C    

hydrogen bonds can form in several competing binding alternatives, 

as displayed in Figure 5.3 [Mal06]. This makes two- and three-

dimensional structures built upon 2sp
C H N C    interactions 

harder to predict, but offers the advantage that this binding motif is 

able to adapt to very different geometries.  Therefore, numerous 

types of association patterns are possible, whereas those based on 

classic hydrogen bonds are geometrically very limited.  On metal 

substrates, geometries a) and b) have been observed for two-

dimensional assemblies [Yok01] [Win07], with b) being preferred 

for porphyrins with meso-4-cyanophenyl groups in trans-

orientation, and a) for porphyrins with meso-4-cyanophenyl groups 

in cis-orientation. Furthermore, geometry c) has been observed for 

chain-like structures where the substrate determined a rotation of 
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120° between two neighboring (meso-cyanophenyl)–ZnII–

porphyrins, resulting in intermolecular C H N C      interactions 

(Figure 5.3c, with Θ 180  ) [Win07]. 

Figure 5.3. Typical C H N     interactions between cyanophenyl 
moieties: a) antiparallel dipole–dipole bonding, b) trimeric bonding, and 
c) hydrogen bonding-type association, where the angle Θ  is variable. 
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5.4. Formation of oligomeric self-assembled 

macrocycles by cis-isomer 1 

Upon deposition of the cis-isomer 1 onto a Cu(111) surface at 

sub-monolayer coverage, the porphyrins build up oligomeric 

structures.  Unlike previous work from Yokoyama et al., where a 

similar molecule with shorter 4-cyanophenyl binding groups was 

forming exclusively tetramers on a Au(111) substrate [Yok01], here 

everything from dimeric to hexameric as well as chain-like 

structures could be observed.  We assign this structural diversity 

mainly to the following effects.  Firstly, as introduced before, the 

antiparallel CN CN    dipole–dipole bonding motif was observed to 

be the most preferred arrangement of two 4-cyanophenyl groups on 

a gold substrate (Figure 5.3) [Yok01], but the cyanophenyl groups 

can also interact in different geometries (Figure 5.3b and c), 

provided that the accompanying loss in dipolar-bonding energy is 

compensated by another contribution. Secondly, it has been shown 

that the interaction strength of large aromatic molecules [that is, 

3,4,9,10-perylenetetracarboxylic dianhydride (PTCDA)] with a 

noble metal substrate decreases in the order 

Cu(111) Ag(111) Au(111)   [Tau07]. Thus, a substrate change is 

expected to influence the delicate balance between adsorbate–

adsorbate and adsorbate–substrate interactions in such a way that 

the adsorption position of the molecule together with its 

conformational state and intermolecular-bonding pattern will be 

altered. This corresponds well to our former studies, where 



CHAPTER 5 –MODIFICATION OF SUPRAMOLECULAR BINDING MOTIFS 

169 

simultaneous imaging of similar porphyrins and Cu(111) substrate 

atoms showed that the porphyrins are oriented on the surface with 

their characteristic dark line aligning with one of the three principal 

directions of the substrate [Win07].  

Although macrocyclic oligomers ranging from dimers to 

hexamers have been observed in our data, there was a clear 

preference visible for the formation of trimers and tetramers 

(Figures 4a and 6). We associate this behavior to the above 

discussed strong adsorbate–substrate interactions, inducing all 

porphyrins to align with their dark lines along one of the three 

principal directions of the Cu(111) substrate (Figure 5.4a). Trimers 

showed to be one of the most “straightforward” forms of assembly 

in that they are observed to consist almost exclusively of all-type A 

conformational isomers, with only few all-type B trimers observed. 

This preference for same-type trimers is readily explained by the 

fact that in order to form a triangular cluster, same-type porphyrins 

arrange in such a way that their dark lines adopt three different 

orientations separated by rotations of 120°, which nicely 

corresponds to the three principal directions of the Cu(111) 

substrate (Figure 5.4c). This accordance with the lattice makes up 

for the fact, that despite the triangular geometry, the CN 

substituents do not bend towards an angle of 60° to adopt a 

perfectly antiparallel bonding motif. Instead, they keep their 

preferred rectangular shape and display a mixed, about 150° 

bonding motif, between antiparallel CN CN    and C N H C      

hydrogen-bonding interactions. Hence, if there is some distortion, it 

is not substantial enough to be recognized with STM. Yet, for the 
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trimers the clear preference seen for type A assemblies might be 

due to a small difference in energy between type A and B molecules 

for the case that the 4’-cyanobiphenyl substituents are indeed 

slightly bent towards each other, invisible for STM. 

Figure 5.4. STM images for cis-porphyrin 1 on Cu(111). a) Detailed 

image 2(18× 18 nm )  showing different oligomeric structures from which 

the orientation of the porphyrins with respect to the substrate can be 
identified. b)–g) Detailed STM images with the corresponding molecular 
models for the different oligomeric structures (image size given in 

brackets): b) dimer 2(5× 5 nm )  c) all-type A trimer 2(6.3× 6.3 nm ) ; d) 

mixed-type tetramer 2(6 × 6 nm ) ; e) all-type B tetramer 2(6.2× 6.2 nm ) ; 

f) irregular pentamer 2(7.6 ×7.6 nm ) ; g) regular hexamer 
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2(8.2× 8.2 nm ) . The surface-induced deformation is denoted by 

darkening/lightening the respective down-or upwards bent pyrrole 
groups. 

The tetramers observed on the Cu surface can be divided into 

two subgroups: on the one hand there are the same type tetramers 

(Figure 5.4e), and on the other hand we see mixed tetramers 

showing alternating type A and B molecules (Figure 5.4d). 

Furthermore, same-type tetramers look slightly distorted in our 

STM data, with the 4’-cyanobiphenyl substituents not meeting in 

the optimal 180° angle, despite the geometric possibility given by 

the molecular shape. Mixed-type tetramers on the contrary, are 

shown to build up regular rectangles and interact via antiparallel 

CN CN    dipole–dipole bonding.  This difference in behavior 

between same-type and mixed-type tetramers is again attributed to 

the Cu(111) substrate demanding exact alignment of the 

porphyrinsdark lines onto the three Cu(111) main axes. Therefore, 

mixed-type tetramers (Figure 5.4d) contain porphyrins, in which 

dark lines are aligned parallel to each other along the same axis. 

Thereby the 4’-cyanobiphenyl legs are in an unstrained 180° angle, 

which allows them to undergo optimal antiparallel dipolar bonding. 

At the same time, porphyrins in a same-type tetramer stick to the 

surface with their dark lines drawing a substrate-induced angle of 

120° and for that reason cannot optimally interact with one another. 

This effect accounts for the overall distorted structure, with two 

inwards and two outwards bent dipolar supramolecular synthons 

(Figure 5.4e).  It has to be mentioned further that, contrasting the 

trimer case, in the tetramer subgroup of same-type assemblies, 
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where the substituents have to bend outwards a little, all-type B 

seems to be much preferred over all-type A. Therefore, we 

contemplate that while porphyrins with legs that are slightly 

inwards bent prefer type A, porphyrins with slightly outwards bent 

legs prefer type B. 

Pentamers are very rarely observed, which meets the 

expectations, since the pentagonal structure neither fits the Cu(111) 

lattice nor the 90° angle between binding substituents in the 

porphyrin.  Therefore, observed pentamers are not regular; the 

porphyrins are interacting with each other in different ways, and 

type A and B porphyrins come together randomly in one structure, 

yet with their dark lines always sitting along one of the three 

Cu(111) main orientations (Figure 5.4f). 

Hexameric structures are favored again by the Cu(111) 

geometry, nevertheless they already show the limitations in building 

up rather big regular hollow structures: even if the position of the 

porphyrins is restricted to one of the three dimensions of the copper 

lattice, they enjoy some degree of freedom. As a result of the few 

observed hexamers, one rarely sees one that is a completely regular 

same-type assembly with all porphyrins undergoing the same 

2sp
C N H C    H-bonding (Figure 5.4g). Once again, only all-

type B regular assemblies are observed, since the substituents are 

expected to slightly bend outwards. More often than seeing regular 

assemblies, it is observed that one molecule of the circle switches 

type in order to undergo antiparallel C N C N      bonding with 

one neighbor, and C N H C      H-bonding with the other. Also 
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observed were hexamers where one molecule folds inwards, 

presumably for bonding angle optimization, or with an extra 

molecule occupying the ring cavity to expand two binding sites 

towards a preferred trimeric pattern. 

The dimer represents one of the most interesting structures 

observed in the course of this study. One would expect dimer 

formation to occur between two same-type molecules via a bonding 

pattern observed before in a trimeric arrangement, where the CN 

group of one porphyrin points towards both aromatic hydrogens of 

the neighbor’s 4’-cyanobiphenyl group.  This arrangement would 

allow the two molecules to keep the substituents in optimal 

perpendicular conformation towards each other (Figure 5.4b). 

However, this is exclusively observed if another substituent is 

coming from the side to complete the trimeric motif Figure 5.4b). 

Upon heating to elevated temperatures >150 °C, instead, the 4’-

cyanobiphenyl substituents of porphyrin dimers seem to bend 

towards each other until they no longer stand perpendicular, but are 

now drawing an estimated angle of 60° (Figure 5.5d). This means 

that the two 4’-cyanobiphenyl substituents are each bent about 15° 

away from their preferred rectangular position towards each other 

((90–60)/2)8=15°).Such a strong distortion away from the favorite 

90° angle between substituents is unprecedented in porphyrin 

chemistry, and no studies on the lateral flexibility of porphyrin 

substituents have been performed to date.  Presumably, the two 

substituents can only bend towards each other in such a way, due to 

two major effects. First of all, as previously pointed out, the saddle-

shaped deformation of the porphyrin ring induced by the strong 
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interactions with the copper substrate causes the pyrrole ring 

between the 4’-cyanobiphenyl residues, which would usually 

prevent such a rapprochement by steric repulsion, to twist up- or 

downwards and give way to the two legs to come closer together. 

Without this surface-induced deformation, lateral movements of the 

substituents would not be possible.  Second, and even more 

important, this yet unknown lateral distortion of the meso 

substituents of about 15° each can be attributed to the coordination 

of two cyano groups of opposite molecules towards a single Cu 

adatom. It is known that at elevated temperatures the Cu step edges 

become mobile and thus, the Cu adatoms required for dimer 

formation are available [Lin02]. In all likelihood, the gain in energy 

with two cyano groups involved in coordination bonding to a Cu 

adatom makes up for the molecular distortion (Figure 5.5c). While 

at lower temperatures, no dimers of this kind could be found due to 

the insufficient amount of (thermal) energy to enable the lateral 

movements of the substituents, annealing at 150 °C is sufficient for 

the formation of Cu-coordinated dimers (Figure 5.5a). Along this 

line, even more dimers appeared upon heating to 200 °C (Figure 

5.5b). 

Coexistence of different porphyrin conformers have been 

already observed for a tetrakis(meso-aryl)-substituted porphyrin on 

a Cu(111) substrate, which adjusts to a crystal lattice mismatch by 

mixing different unusual conformational isomers [Hill06]. 

Additionally, the elongation of the binding substituent from 4-

cyanophenyl to 4’-cyanobiphenyl offers even more tolerance for 

distortion, as more bond angles can be bent to adjust to diverse 
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spatial arrangements. Most molecules involved in this kind of dimer 

formation are type A, which again confirms the hypothesis derived 

from the trimers, same-type tetramers, and hexamers, that A is 

rather preferred when the cyanobiphenyl substituents are bent 

towards each other, while B is favored when the legs are bending 

apart. 

Figure 5.5. a) STM image 2(50× 26 nm )  for submonolayer coverage of 1 

on Cu(111) annealed at 150 °C. A few dimeric structures can be observed. 
The red square marks a dimer that is enlarged in c). b) STM image 

2(60× 60 nm )  for submonolayer coverage of 1 on Cu(111) after 

annealing at 200 °C. Now, mainly dimeric structures can be observed. c) 

High-resolution STM image 2(5.5× 2.5 nm )  of the dimer marked by the 
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red square in a). A copper atom is visible in between two substituent legs 
(red arrow). d) Simplified model of the two 4’-cyanobiphenyl groups bend 
together by ca. 15° each in order to undergo coordination bonds to two 
Cu atoms. Ar = 3,5-di(tert-butyl)phenyl. 
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5.5 Coverage dependence of the most abundant 

macrocyclic structures formed by cis-isomer 1 

At a coverage of 0.25 ML (ML=monolayer), mainly trimeric 

and tetrameric structures are observed. Tetramers are slightly 

preferred, which might be due to the fact that this geometry is the 

only one rendering antiparallel dipolar bonding possible without 

distortion of the substituents.  No dimers are present at this 

coverage; few hexameric structures and barely any pentamers are 

observed. When increasing the coverage up to 0.5 ML, trimmers 

and tetramers still are the major fractions, though trimmers now are 

slightly more favored than tetramers, presumably because they 

encircle a smaller area.  Hexameric and pentameric structures are 

becoming more frequent, and the first dimers appear on the surface. 

At a coverage of 0.75 ML, the preference of trimers over tetramers 

becomes even more apparent. No hexameric and pentameric 

structures are observed, while dimers continue to get progressively 

more popular (Figure 5.6). 



5.5 FORMATION OF OLIGOMERIC SELF‐ASSEMBLED MACROCYCLES BY CIS‐ISOMER 1 

178 

Figure 5.6. Analysis of the frequency for the appearing macrocyclic 
oligomer structures in dependence of the total molecular coverage, with n 
being the number of porphyrins involved, plotted against the percentage 
of occurrences at a given coverage. ML=monolayer. 

Upon further increase of the coverage, the available space 

decreases and structures with smaller encircled space become 

favored. This effect to opt for the most compact arrangement 

reaches its maximum at coverage > 0.75 ML. As expected, there 

was no regular network formation observable; the molecules started 

to form an irregular assembly incorporating macrocyclic oligomers, 

irregular curvy chains, and extensive branching. 
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5.6 A broad spectrum of self-assembled 

structures of cis-isomer 1 influenced by 

molecule–substrate interactions 

While investigating the arrangement of cis-bis(4’-

cyanobiphenyl)- substituted ZnII porphyrins on Cu(111) and 

observing the very strong directing force of the substrate, we could 

not help but notice that this indeed did not occur in the work of 

Yokoyama and co-workers, who investigated the formation of 

tetramers for a very similar cis-bis(4-cyanophenyl) porphyrin, yet 

on a Au(111) surface [Yok01]. In contrast to our findings, 

Yokoyama et al. observed only tetramers (cf. Section on the 

formation of oligomeric self-assembled macrocycles by cis-isomer 

1), and they consisted exclusively of type A porphyrins [YokP]. 

Yet, these same-type tetrameric assemblies displayed regular 

antiparallel CN CN    binding and porphyrin dark lines in a 90° 

angle towards each other. This alternation of dark lines on Au(111), 

not fitting the geometry of the gold lattice, occurs solely due to 

molecular conformational preferences, and the influence of the 

substrate is negligibly small [Yok01] [Yok04]. This discrepancy is 

again explained by the increase of adsorbate–substrate interactions; 

while Yokoyama worked on a less interacting Au(111) surface, 

where the molecules interact in their one preferred bonding motif, 

the Cu(111) substrate demands exact alignment of the porphyrin’s 

dark lines onto the Cu(111) main axes. The Cu(111) substrate 

directs the porphyrin molecules and, due to this strong registry 
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effect, can thus give rise to a much broader array of possible 

structures, also including weaker intermolecular bonding patterns. 

5.7 Assemblies of trans-isomer 2 on Cu(111) 

Deposition of trans-isomer 2 at low coverage leads to the 

formation of linear chains, which were sometimes interconnected 

by a trimeric branching pattern (Figure 5.7a+b). The molecules 

along a chain are connected by antiparallel dipole–dipole 

interactions of their 4’-cyanobiphenyl substituents. Among identical 

enantiomers, two molecules of 2 can bind in a linear fashion (where 

the dark lines are parallel, Figure 5.7c, 1+2, and 3+4) or with a kink 

(where the dark line of the second molecule is oriented along one of 

the two other Cu(111) axes, Figure 5.7c, 2+3).  This is in 

correspondence with our earlier studies as well as with the 

requirement of the two downwards twisted pyrrole rings to sit on 

one of the three main Cu(111) directions [Win07] [Win08]. The 

trimeric branching pattern is caused by antiparallel CN CN    

interactions together with 2sp
C N H C    H-bonding interactions, 

resulting in a cyclic arrangement of the cyano groups (Figure 5.7b) 

[Yok01]. Both observations corresponded nicely to patterns found 

for a similar trans-bis(4-cyanophenyl)-substituted molecule in our 

previous studies [Win08]. 
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Figure 5.7. STM image 2(50× 50 nm ) at low coverage of 2 on Cu(111); 

b) Cut-out 2(15×7 nm )  showing a trimeric branching site; c) Cut-out 
2(10.4× 5.7 nm )  showing the bonding between two identical 

conformational enantiomers with their dark lines along the same direction 
(1+2, and 3+4), as well as between two identical enantiomers with their 

dark lines along different directions (2+3); d) STM image 2(15× 15 nm )

of trans isomer 2 on Cu(111) at high coverage showing the 2D 
arrangement of a dense, non-porous network (molecules encircled in 
white, dark lines assigned in red). 

On Au(111) at low coverage, porphyrins with only one 4- 

cyanophenyl substituent were observed to interact exclusively via 

the trimeric bonding motif, whereas porphyrins with two trans-(4-

cyanophenyl) substituents, that is, two binding sites, formed solely 

chains via antiparallel dipole–dipole bonding [Yok01]. Instead, for 

a trans-bis(4-cyanophenyl)–ZnII–porphyrin on Cu(111) both 

trimeric and antiparallel bonding was observed [Win07]. This 

shows again, as seen before for cis-porphyrins, that depositing 

similar molecules on Au(111) gives rise to only one, the 

thermodynamically most preferred, structure, whereas Cu(111) as a 

substrate supports the molecules and allows them to interact in a 

variety of ways.  
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In contrast to our previous work, at high surface coverage, no 

hexagonal porous network was building up upon deposition of 

trans-isomer 2 onto the Cu(111) surface. Instead, an adlayer was 

observed, consisting of interlocked chains (Figure 5.7d). A similar 

type of network was so far only observed for porphyrins held 

together by classic hydrogen bonding on Au(111), which induces a 

linear geometry [Yok04], but not for flexible binding motifs such as 

the dipolar and weak H-bonding- type interaction between 

cyanophenyl residues. It is assumed that for a hypothetical 

hexaporous network based on the trimeric motif shown in  Figure 

5.3b, upon elongation of the substituent from 4-cyanophenyl to 4’-

cyanobiphenyl the pore-to-pore distance would be too big and the 

network would collapse. In the adlayer, the molecules are once 

more held together only by antiparallel dipole–dipole interactions 

along one dimension, displaying linear parallel chains as seen at 

lower coverage. Yet at higher coverage, these parallel chains 

become interlocked with each other through van der Waals 

interactions of the voluminous 3,5-di(tert-butyl)-phenyl side groups 

between adjacent porphyrins of two chains, resulting in a further 

gain of stability. This assembly type can only be constructed from 

the elongated bis(4’-cyanobiphenyl)- porphyrin; the chains of the 

bis(4-cyanophenyl)- porphyrin cannot be interlocked, since the gaps 

between the 3,5-di(tert-butyl)phenyl side groups would be too 

small. Surprisingly, there is one more vital contribution that has to 

be added to successfully assemble this network: the strong support 

from the Cu(111) surface. When depositing the bis(4’-

cyanobiphenyl)-porphyrin under the same conditions on Ag(111), a 
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less influencing substrate[Tau07], there was no sign of an adlayer of 

this type.  

The surface influence can be observed further, when 

comparing this adlayer with the before-mentioned similar one held 

together by classic hydrogen bonds on Au(111) [Yok04]. In this 

classic hydrogen-bond network, one can see that the molecules are 

not directed by the Au(111) surface, since their dark lines are 

alternating—solely defined by the supramolecular assembly and 

ignoring the three-fold surface symmetry of the Au(111) lattice. In 

contrast, the Cu(111) surface influence on the adlayer held together 

by non-directive dipole–dipole bonds can be even observed by eye, 

since here the dark lines of all molecules are aligned along one 

lattice dimension (Figure 5.7d). During the deposition process of 

the molecules on the hot surface, reorientation of the molecules has 

taken place. In the subsequent cooling process the adlayer forms, 

which leads to the segregation of the two enantiomers. The same 

observation can be made in the porphyrin chains at lower coverage: 

the porphyrin’s dark lines in a linear chain are alternating on 

Au(111) [Yok01], whereas on Cu(111) they are parallel (Figure 

5.7c). Therefore, the same network geometry can be reached both 

by a strongly directional bonding motif (such as classic H-bonding) 

on a less interacting surface as well as by a geometrically flexible 

bonding motif (such as antiparallel dipole–dipole interactions) on a 

strongly interacting substrate. 
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5.8 Conclusions 

We have presented a study on the behavior of two porphyrin 

isomers at lower and higher coverage on a Cu(111) substrate, each 

isomer containing two rod-like 4’-cyanobiphenyl and two 

voluminous 3,5-di(tert-butyl)phenyl side groups. Remarkably 

detailed STM images allowed to fully understand the formation of 

oligomeric macrocycles of cis-isomer 1—a type of nanoislands—at 

lower coverage on a Cu(111) surface. It was shown how flexible 4’-

cyanobiphenyl substituents can adapt to very different geometries if 

supported by strong adsorbate–substrate interactions, due to their 

elongated structure as well as diverse 4’-cyanobiphenyl bonding 

motifs. In all detected structures on Cu(111), substrate influence 

was dominating. Comparisons were drawn between our molecules 

and studies with a cis-bis(4-cyanophenyl) porphyrin on a gold 

substrate. Whereas the porphyrins on Au(111) only formed regular 

tetramers via antiparallel CN CN    dipolar bonding with the “dark 

lines” (Figure 5.2) ignoring the directions of the gold substrate, our 

porphyrins on Cu(111) formed everything from macrocyclic dimers 

to hexamers using an entire set of different bonding patterns, and 

with all molecules supported and aligned by the substrate. 

Although there is a clear preference evident for structures 

where cis-porphyrin 1 is close to its normal rectangular 

conformation, it was especially impressing to see how two 

molecules of 1 could form dimers via coordination bonding with 
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single Cu adatoms released from the surface by heating, despite the 

presence of a substantial strain resulting from the strong bending of 

the 4’-cyanobiphenyl groups. This new distortion can be attributed 

to the substrate-induced deformation of the porphyrin, where the 

pyrrole ring with its outwards-pointing hydrogen atoms is twisted 

away from in-between the two substituents, therewith releasing the 

steric hindrance. 

trans-Porphyrin 2 builds up very ordered chains with 

occasional triangular branching. Two identical enantiomers of 

trans-2, with their dark lines oriented parallel to each other, were 

seen to form linear bonding, while the same enantiomers, with dark 

lines lying on different axes of the lattice, show kinked bonding. At 

higher coverage, trans-isomer 2, unlike similar porphyrins, was 

seen to form a very dense non-porous network on a Cu(111) 

surface, which was held together by antiparallel dipole–dipole 

interactions in one dimension, and van der Waals interactions in the 

other. The same network geometry was reached in the past 

employing a strongly directing H-bonding pattern on the weak 

substrate Au(111) [Yok04]. In our case on Cu(111), we build up the 

same network with a very flexible binding motif, but on a strongly 

influencing substrate. This network presumably forms for three 

reasons: firstly, the molecular chains of elongated trans-porphyrin 2 

fit snugly into one another, and secondly, a hypothetical hexagonal 

porous network of 2, analogous to common networks of shorter 

trans-bis(4-cyanophenyl)- porphyrins [Win07], would be unstable 

due to its critically big pore-to-pore size. But lastly and most 

astonishingly, the substrate holds the molecules in place, since this 
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adlayer forms only on Cu(111), not on a slightly less supportive 

Ag(111) surface. Again, the substrate influence is visible, since all 

dark lines are aligned along the Cu(111) direction, whereas in the 

classic hydrogen bond lattice on the weaker interacting substrate 

Au(111) the dark lines alternate against the geometry of the gold 

lattice. 

This reveals the complexity of supramolecular structure 

formation induced by the delicate balance of the various possible 

molecule–molecule and molecule–substrate interactions competing 

with each other on a metal surface. Due to this complexity, the 

prediction of self-assembled structures via the bottom-up approach 

remains an immense challenge. Conclusively, the role of the 

substrate in the design of such novel self-assembled structures 

cannot be emphasized enough, since it can make the difference 

between whether a certain network can be formed or not. 

Future work will evaluate the possibility to adjust the 

oligomeric macrocycles formed by cis-1 to a uniform size through 

co-evaporating a fitting template, which the molecules then can 

encircle. Moreover the role of the substrate in supramolecular 

chemistry on surfaces will be further investigated, therewith making 

another step towards a complete insight into the requirements to 

build up predictable self-assembly architectures. 
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Summary & Conclusions 

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

molecules adsorbed on well-defined metal surfaces was studied by means 

of Scanning Tunneling Microscopy (STM), X-ray photoelectron 

spectroscopy (XPS) and X-ray standing waves (XSW). The aim of this 

work is to understand the underlying interaction mechanisms for the 

formation of well-defined self-assembled nanostructures. Such 

understanding is fundamental to the controlled fabrication of complex 

functional surfaces with desired properties and functions.  

In Chapter 3, the controlled formation of supramolecular 

bicomponent networks on Ag(111) through molecular recognition 

utilizing hydrogen bonding is reported. Two molecular linkers, one linear 

and one angular, where specifically designed with complementary H-

bonding recognition sites in order to build pre-programmed low-

dimensional assemblies on surfaces via triple H-bonding. 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 is 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.  
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First, each molecular linker was investigated individually on the 

Ag(111) surface. The linear linker, when deposited on Ag(111) held at 

room temperature, arranges in a commensurate hexagonal porous 

network held together by double H-bonds formed between neighboring 

molecules. The self-organization of the angular unit on Ag(111) was 

studied as a function of coverage. By increasing the molecular coverage, 

a phase transformation occurs from a disordered to an ordered 2-

dimensional (2D) phase. At low and intermediate molecular coverages, a 

glassy phase consisting of 1D chains and 2D aggregates is observed, 

while close to a first complete molecular layer, a well-ordered 2D close-

packed phase forms. The delicate balance of the molecule-substrate and 

molecule-molecule interactions is responsible for the structure formation. 

The main driving forces responsible for the structure formations are: (i) 

the uracil self-complementarity, resulting in uracil-uracil pairs through 

two C=O···H–N H-bonds and (ii) the steric demands of the alkyl chains. 

We found that the coverage dependent phase behavior is due to a mutual 

interplay between entropic (mainly due to the alkyl chains) and enthalpic 

contributions to the Gibbs free energy of the system, i.e. the system 

evolves towards a state of lower free energy and higher structural 

stability.  

In the case of the bicomponent system, based on the molecular 

recognition between the linear and the angular linker, by tuning the 

substrate temperature we could successfully drive the system into only 

one pre-programmed structure consisting of pores. In this way, we 

provide a viable method towards the fabrication of patterned materials 

which can serve as a template for accommodating nanoscale objects 

(molecules) exhibiting specific functionalities. To prove this concept, we 



SUMMARY & CONCLUSIONS 

189 

could show that the porous network can act as a host for guest molecules 

(zinc octaethylporphyrin, ZnOEP).  

Finally, the electronic properties of the pores were theoretically 

investigated and the capability of the pores to confine the electrons of the 

Ag surface state was explored. For future work, it will be interesting to 

determine the experimental eigenvalues and the low density of states 

(LDOS) patterns for the porous network and compare it with the 

theoretical predictions. The bicomponent system provides a unique 

environment to exploit the confinement properties of an individual pore 

unit and an island of pores. Thus, it will be interesting to perform a 

comparison of the Scanning Tunneling Spectroscopy (STS) for an 

individual pore and an island of pores. Another promising experiment 

will be to fill the porous unit with a functional molecule (for example a 

molecular switch) and exploit its on/off properties inside the pore in an 

individual pore, as well as in an island of pores. 

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 a pyrimidine ring attached at 

each end 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 

hydrogen bonding and van der Waals (vdW) forces [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 
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formation of 1D chains made up from covalently linked TAPP monomers 

[Mat08] [Mat10]. The vertical adsorption height of the molecule was 

determined with the help of XSW measurements for two particular 

phases, the herringbone phase and the porous network phase. Thus, the 

bonding mechanism of TAPP on Cu(111) in the herringbone phase and 

the porous network could be clarified.  

In the herringbone phase, the molecules interact with the Cu 

surface through the non-protonated nitrogen species which are very close 

to the surface (2.53 Å) and through the perylene core (which is situated at 

2.63 Å above the surface) of TAPP. The H-bonding between neighboring 

TAPP molecules is responsible for the molecule-molecule interactions. 

The H-bonding takes place between the protonated nitrogen of one TAPP 

and the non-protonated nitrogen of a neighboring TAPP. Furthermore, 

the difference in the vertical adsorption height of the protonated and non-

protonated nitrogen atoms of TAPP induces a distortion in the planar 

shape of the molecule. In the case of the porous network, the 

incorporation of the Cu adatoms in the network leads to an increase of the 

vertical adsorption height of TAPP, which indicates a fundamental 

change of molecule-substrate interaction, attributed to the two-fold 

coordination between nitrogen and Cu adatoms. Furthermore, in the case 

of the porous network, the metal coordination mediates both, the 

intermolecular as well as the molecule-substrate interactions. Thus, the 

perylene backbone is no longer needed to anchor the molecule to the 

substrate. A suggestion for a future experiment will be to use the Non-

Contact Atomic Force Microscopy (nc-AFM) with a QPlus sensor to 

directly image the chemical bonds and the intramolecular feature of 

TAPP in all phases on Cu(111). For TAPP in the herringbone phase it 
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will help to clarify the assignment of the protonated nitrogen. For the 

porous network phase it will be interesting to look at the crossing and see 

if the native Cu adatoms can be resolved, and if somehow there is a 

fingerprint of the Cu-N bond. 

In Chapter 5, the self-assembly properties of two ZnII porphyrin 

isomers on Cu(111) were studied at different coverages by means of 

STM. Both isomers are substituted in their meso-position by two 3,5-

di(tert-butyl)phenyl and two rod-like 4’-cyanobiphenyl groups, 

respectively. In the trans-isomer, the two 4’-cyanobiphenyl groups are 

opposite to each other, whereas they are located perpendicular in the cis-

isomer. In the submonolayer regime, the cis-substituted porphyrins self-

assemble to form oligomeric macrocycles held together by antiparallel 

CN CN dipolar interactions and H-bonding ( C N H C   ). Cyclic 

trimers and tetramers occur most frequently but everything from cyclic 

dimers to hexamers were observed. Upon annealing of the samples at 

temperatures higher than 150°C, dimeric macrocyclic structures were 

observed, in which the two porphyrins are bridged by native Cu adatoms, 

under formation of two CN Cu CN  coordination bonds. It was shown 

how flexible 4’-cyanobiphenyl substituents can adapt to very different 

geometries if supported by strong adsorbate–substrate interactions due to 

their elongated structure as well as diverse 4’-cyanobiphenyl bonding 

motifs. The substrate influence was dominant in all detected structures on 

Cu(111). The trans-isomer forms linear chains on Cu(111) at low 

coverage, whereas for higher coverage the molecules assemble in a 

periodic, densely-packed structure. The close-packed structure is held 

together by antiparallel dipole-dipole interactions in one dimension, and 

vdW interactions in the other. The strong influence of the substrate is 
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visible since the porphyrins are aligned along the Cu(111) direction. 

These findings reveal the complexity of supramolecular structure 

formation induced by the interplay between molecule–substrate and 

molecule–molecule interactions. 
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Appendix A 

Figure A1. Overview STM image 2
t t(200× 200 nm ,U = 2V, I = 20 pA) 

for deposition of 0.2 ML of molecule 2 on Ag(111). The self-aggregation 
of molecule 2 results mainly in 1D chains. This is not identifiable due to 
the large scale. The chains exhibit mainly the double row structure 
character as are discussed in Section 3.3. 
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Figure A2. Bonding geometries observed for the double row structures. 

(a) High-resolution STM image 2
t t(5.5× 3 nm ,U = 1.3V, I = 100 pA)  , 

and (b) the corresponding molecular model. (b) The dotted blue lines 
indicate the H-bonds formed between neighboring molecules 2. In 
addition, the corresponding bond lengths are given as derived from the 
STM data. The dotted pink line indicates the distance (repulsive 
interaction) between the O atoms of neighboring molecules. All distances 
are given in Å. 

Additional information for Figure 3.5 in Section 3.3: 

A few experimental and theoretical studies of alkane chains on 

metal surfaces (mainly on Au(hkl)) 

[Dub92][Wet98][Lav98][Lee10][Yin01] suggested that the 

hydrocarbons’ contributions to the activation energy for desorption 

can be divided into additive contributions of atoms and groups of 

atoms (CH2, CH3 fragments in this case). Roughly, the CH2 and 

CH3 contributions were estimated to 6.2 kJ/mol (64 meV) and 15.5 
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kJ/mol (160 meV), which in the case of molecule 2 corresponds to 

0.35 eV for each chain (0.7 eV per molecule 2). Hence, to lift up the 

chains the system pays an energetic penalty (<1 eV) which is 

compensated by the gain in entropy and by minimization of the area 

occupied per molecule. 
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Appendix B 

Figure B1. Overview STM image 2
t t(30× 30 nm ,U = 1.5V, I = 25 pA) , 

acquired at 77 K) of the molecule 1 and 2 bicomponent system at low 
coverage showing the coexistence of three supramolecular structures: 
straight chains (I), zigzag chains (II) and a polygonal structure (III). The 
white arrow marks the orientation of the underlying Ag substrate. 

Figure B2. (a) – (f) Detailed STM images for the different supramolecular 
structures observed for the mixture of molecule 1 and 2 on Ag(111) at low 
coverage together with the superposition of their molecular models on the 
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STM images: (a) – (b) straight chains 25.3×6.2 nm ; (c) – (d) zigzag 

chains 24.9× 4.3 nm ; (e) – (f) polygonal structure 25.4×5.2 nm ; (g) – (i) 

Tentative adsorption models for the supramolecular structures shown 

above. (Scanning parameters: t tU =1.5V, I = 25 pA). 

Figure B3. (a) STM image 2
t t(7.2× 5.8 nm ,U = -0.2V, I = 4 pA) for the 

mixture of molecule 1 and 2 on Ag(111) for a total coverage of 0.5 ML1,2. 
The molecules arrange in zigzag rows. The unit cell, which contains four 
molecules, is drawn on the STM image. (b) Suggested adsorption model of 
the densely packed arrangement: molecule 1 adopts two different 
adsorption configurations on the surface, the 0° and 15° rotational 
geometries, respectively, while molecule 2 adopts only the 30° 
configuration (see Figure 3.3, Chapter 3). (c) Molecular model of the 
densely packed arrangement showing the intermolecular interactions. 
Two molecules 1 within the same zigzag row exhibit an angle of 75° and 
interact via triple H-bonding (marked in yellow) with molecules 2 (type 
C2 interaction). Molecules 1 in adjacent zigzag rows interact via double 
H-bonding (marked in orange). 
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Figure B4. (a) Large-scale STM image 
2

t t(87× 97 nm ,U = 1.6V, I = 20 pA) showing different rotational domains 

of the close-packed arrangement of molecules 1 and 2 on Ag(111).(b) 

Detailed STM image 2
t t(35× 39 nm ,U = 0.7V, I = 92 pA) showing three 

rotational domains. Their rotational orientation differs by multiples of 60° 

(white arrows) as well as by (n× 60 + 15)°  with n Î [1,6]  (yellow arrow). 

The unit cells for two different domains are drawn in blue and red on the 
STM image. The green arrow indicates the principal direction of the Ag 
substrate. (c) Proposed molecular model for the domains marked in (b). 
The blue (red) unit cell is rotated clockwise (anti-clockwise) by 7.5° with 

respect to the [110]  direction. This operation leads to a set of unit cells 

rotated clockwise (anti-clockwise) and which have a rotational angle of 
60° with respect to each other. 
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Figure B5. Two unit cells corresponding to two rotational domains. The 

unit cells are rotated o15  with respect to each other. 
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Appendix C 

The formation of individual porous units. 

For the construction of polygonal porous structures on the Ag(111) 

surface (Figure 2), two experimental pathways were identified: (a) a 

sequential deposition of molecules 2 and 1 (molecular ratio 11:12, 

and a molecular coverage of the individual units not larger than 0.1 

ML) on the Ag(111) surface held at room temperature (RT), 

followed by a post-annealing step (at a temperature between 333-

338 K for 30 min) and a cooling until the sample reached RT. (b) A 

sequential deposition of molecules 2 and 1 (molecular ratio 11:12, 

and a molecular coverage of the individual units not larger than 0.1 

ML) on a warm Ag(111) surface held at 338 K during deposition, 

followed by a smooth cooling down of the sample similar as in (a). 

The latter method has proven to be the more efficient for the pore 

formation on the Ag(111) surface. 

Two crucial experimental parameters involved in the process of 

pore formation were identified: (a) the annealing procedure and (b) 

the molecule deposition sequence. (a) The annealing step at 338 K 

has a major role in the formation of the polygonal porous structure 

on the surface because: (i) enough energy is supplied to the system 

to explore the reversibility of the H-bonds (bond formation and 

bond breaking) until an equilibrium structure is formed, namely the 

porous unit; (ii) the diffusion is increased and thus, the collision 

probability between the molecules, a process which increases the 
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chances for the complementary units to recognize each other on the 

surface. (b) From the homomolecular organization of molecule 1 

[Mat09] and molecule 2 [Ena13a] on Ag(111) we observed that the 

unit of molecule 2 is mobile on the surface at RT, while the unit of 

molecule 1 forms a H-bonded hexagonal network. In order to avoid 

the homomolecular self-assembly of 1 into the hexagonal network, 

which will lead to a phase separation in the bi-component system, 

first the molecule 2 has to be deposited on the Ag(111). 

Figure C1. (a) High-resolution STM image ,2(30×30 nm

t tU =1.8V, I = 33 pA)  of the molecule 1 and 2 bi-component system. The 

blue dashed rectangle indicates two mirror-symmetric porous units. (b) 
Molecular model corresponding to the area marked by the blue dashed 
rectangle in (a). The black dashed line indicates the orientation of the 

mirror plane which follows the 
-

[112]  substrate direction. The magenta 

and cyan ellipses indicate H-bonding interactions between the two 
mirror-symmetric pores. The black/white arrows indicate the high 
symmetry directions of the substrate. 
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Appendix D 

D.1 Experimental set-up 

The NIXSW experiments were performed at the ID32 

beamline of the European Synchrotron Radiation Facility (ESRF). 

The experimental set-up was designed specifically for NIXSW 

experiments. In particular, the X-ray beam is directed perpendicular 

to the Bragg planes of the sample. The reflected beam hits a 

fluorescence screen, where its intensity is measured with the help of 

a photodiode. In order to detect the photoelectrons, an analyzer, 

which is situated at an angle of θ  45° with respect to the X-ray 

beam direction, is used. 

During an NIXSW experiment the following quantities (signals) 

have to be measured in order to derive the coherent fraction and 

coherent position of an element under study: 

- An XPS spectrum of an element core level. From this XPS 

spectrum the photoelectron yield (Y), which represents the 

integrated photoelectron intensity after background subtraction, is 

obtained. 

- A signal/quantity proportional to the reflectivity R. 

- The so-called “ 0mesh _ I ”, which is a signal proportional to the 

intensity of the incoming X-ray beam measured after the beam 

crosses the last slit before entering the UHV chamber. Because the 

intensity of the beam is not constant during measurements, the 
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knowledge of this parameter is fundamental for accurate 

normalization of the reflectivity and the absorption yield.  

In order to evaluate the XSW measurement data a three-step 

process has to be followed. First, the off-Bragg high-resolution XPS 

spectra are evaluated and a fitting model is developed. In this step, 

information about the stoichiometry and the number of chemically 

different atoms of the same species has to be considered and 

accounted for in the model. After a suitable XPS model is 

developed, it has to be transferred from the off-Bragg XPS to the 

XSW data set. Each XSW data set consists of 20-30 XPS spectra 

taken consecutively at a photon energy of 2eV around the Bragg 

energy1. Relative intensities are fixed for peaks which stem from 

the same atom (for example a main peak and its satellite), but are 

free to change between peaks of different origin (with respect to the 

adsorption position). The absolute energy position and the FWHM 

of the components are fixed for each XSW data set. Afterwards, the 

complete data set is fitted and the integrated intensity of each 

component, as well as the integrated intensity of the complete 

spectrum after background subtraction, are extracted. All data 

processing of the first two steps is done in CasaXPS [Fin]. The third 

step is the XSW yield fit done using Torricelli software [Mer12]. In 

this step, the reflectivity and the photoelectron yield curve 

corresponding to each XSW dataset are fitted in order to extract the

cF  and cP  of the dataset. 

  

                                                           
1 The (111) reflection was used. 
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D.2 XPS acquisition parameters 

During an NIXSW experiment it is crucial to optimize the 

following XPS acquisition parameters: 

- The pass energy of the energy analyzer. The lower the pass 

energy, the better (smaller) the resolution of the analyzer (ΔE)  will 

be. 

- The size of the kinetic energy window of the photoemitted 

electrons detected by the analyzer. The larger the window, the better 

the background can be defined which helps the fitting of the PE 

spectra. 

- The energy step, which represents the energy distance between 

two consecutive data points. The smaller the energy step, the more 

accurate the PE spectra will be, and accordingly, the easier to fit. 

- The time per step, known as the “dwell” time, which represents 

the acquisition time of one data point. A longer time per step results 

in better statistics and thus, a smoother spectrum. 

- The number of repeats which represents the number of times a 

spectrum is measured before being averaged and saved in a file. 

In order to have good data statistics, it is best to acquire the 

PE spectra with low pass energy, a large kinetic energy window, 

small energy step, a large dwell time, and a sufficiently high 

number of repetitions. Unfortunately, this leads to long acquisition 

times, which were not possible for our system of interest, TAPP on 

Cu(111), due to its sensitivity to beam damage. Accordingly, a 

compromise had to be found such that beam damage is avoided 

while at the same time resolution and statistics of the acquired data 
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are good enough to resolve possible core-level chemical shifts. First 

the beam damage was studied. Unfortunately, after irradiating the 

same spot on the sample for 45 minutes the peak intensity of the 

N1s spectra significantly changed. Accordingly, we limited our time 

per measurement point to 40 min. Second, high-resolution XPS 

spectra were acquired in order to develop the best fitting routines 

for the C1s and N1s XPS spectra. For example, for the low 

temperature phase of TAPP on Cu(111), the high-resolution XPS 

spectra were acquired with 100 ms/step, a kinetic energy window of 

26 eV (30 eV) for the N1s (C1s) core level, a 0.1 eV kinetic energy 

step, a pass energy 29.35 eV and 5 (2) repeats for the N1s (C1s) 

core level. For the high-resolution XPS data, in contrast to the 

XSW-XPS data, a larger window for the kinetic energy was used in 

order to define the background better. For the XSW-XPS data we 

used the same pass energy of 29.35 eV in order to easily transfer the 

fitting routine developed for the high-resolution XPS spectra to the 

XSW-XPS data without the need for major adjustments. 

Furthermore, the photon energy used for the high-resolution XPS 

spectra was slightly lower than the Bragg energy (~2966 eV). 

D.3 XPS background 

The photoelectron yield of an atomic species is defined as the 

difference between the photoelectron (PE) spectrum of the atomic 

species adsorbed on the surface and the background (BG)2. Thus, it 

is important to properly define the background in order to eliminate 

                                                           
2 The background represents the PE intensity coming from the substrate. 
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any contribution of the substrate signal from the photoelectron yield 

to the adsorbate signal. If the background subtraction is not done 

carefully, the corresponding vertical adsorption height of the 

adsorbate atom would be altered by the substrate contribution, 

which might lead to a misinterpretation of the data. 

In this thesis, only a Shirley background was used to subtract the 

contributions of the substrate. The best fit for the XPS spectra 

discussed in this thesis resulted from PE lines modeled by Voigt 

functions with 30% Lorentzian contribution, while the satellites are 

fitted with a pure Gaussian function. The software used to analyze 

the XPS data is called CasaXPS [Fai]. To extract the coherent 

fraction and coherent position the Torricelli software was used 

[Mer12]. 

D.4 Overview of the prepared samples 

During the XSW beamtime, multiple samples of 

TAPP/Cu(111) were prepared in order to perform the XSW 

experiments. Three samples were prepared for the herringbone 

assembly (Table C.1) and three samples for the porous network 

(Table C.2). Different positions on the sample(s) were measured 

(which are called ‘datasets’ in Table C.1). From each position 

(dataset) a coherent position value and coherent fraction value were 

obtained. By averaging these values, a final average coherent 

fraction and coherent position is obtained (the average vertical 

adsorption heights for the nitrogen and the carbon atoms of TAPP 
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in the herringbone assembly and porous network structure are 

shown in Figure 4.9). 

Herringbone 
Sample Mlu Olu Plu 
Dataset C1s N1s C1s N1s C1s N1s 

Nr. of XSW 
datasets 

4 5 6 8 3 8 

Coverage (Å) 
3.65 

 (2.8 + 0.85) 
~3.4 ~3.4 

meas o
sampleT ( C)  -61 -61 -61 

Table D.1 TAPP/Cu(111): Summary of the samples prepared for the 
herringbone assembly. In total, three different samples were prepared 
(Mlu, Olu, Plu) and the parameters for each sample are reported. 

Porous network 
Sample Flu Hlu Qlu 
Dataset C1s N1s C1s N1s C1s N1s 

Nr. of XSW 
datasets 

5 5 5 5 5 5 

Coverage(Å) 
4.11 

(1.54+1.65+0.92)
3.71 

(1.5+2.21) 
3.4 

meas o
sampleT ( C)  RT RT -61 

Table D.2 Summary of the samples prepared for the porous network. 
Three different samples were prepared (Flu, Hlu, Qlu) and the parameters 
for each sample are reported. The Qlu sample was measured at 77K, in 
contrast with the other two samples (Flu, Hlu) which were measured at 
RT. 
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D.5 N1s XPS spectra of TAPP/Cu(111) 

Figure D.1 N1s XPS spectra of TAPP/Cu(111) for (a) the herringbone, 
(b) the porous network, and (c) the chains. The fitting and the assignment 
of the peaks is shown. (a) Two main components were considered (N1, 
N2) to fit the spectrum. An overall satellite for both main components 
(Sat) was also taken into account for the fitting procedure. In the left inset 
table, the positions (eV), FWHM (eV) and relative area (%) of the fitting 
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components N1 (blue component), N2 (red component) and Sat (light blue 
dotted line), are given as resulted from the fitting of the raw data with no 
constraints imposed. Only for the herringbone assembly, two peaks are 
visible and taken into account in the fitting procedure (NI, N2). For (b) 
and (c) only one main component was assumed together with a Sat.  

D.6 XPS spectra of 1ML uracil on Cu(111) 

Figure D.2. XP spectra of 1 ML uracil on Cu(111) as a function of 
annealing temperature (Adapted with permission from [Pap12]. 
Copyright (2016) American Chemical Society). 
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Samenvatting & Conclusies 

In dit proefschrift wordt de zelfassemblage van speciaal 

gesynthetiseerde moleculen op goed gedefinieerde metalen 

oppervlakken bestudeert door middel van Scanning Tunneling 

Microscopie (STM), Röntgen Foto-elektron Spectroscopie (XPS) en 

Staande Röntgengolven (XSW). Het doel van dit werk is om de 

interactiemechanismes te begrijpen die ten grondslag liggen aan de 

formatie van goed gedefinieerde zelf geassembleerde nanostructuren. 

Dit begrip is fundamenteel voor de fabricage van complexe 

functionele oppervlakken met wenselijke eigenschappen en functies.  

In hoofdstuk 3 is de gecontroleerde formatie, door moleculaire 

herkenning middels waterstofbruggen, van supramoleculaire twee 

component netwerken op Ag(111) beschreven. Twee moleculaire 

linkers, een lineair en een gehoekt, zijn ontworpen met 

complementaire herkenningspunten voor waterstofbruggen om zo 

een voorbestemd laag gedimensioneerde assemblage te vormen op 

oppervlakken. Molecuul 1, de lineaire linker, draagt twee 2,6-

di(acetylamino)pyridine herkenningspunten (NH-N-NH, donor(D)-

acceptor(A)-donor(D) functionaliteit) die zijn verbonden met een 

1,4-gesubstitueerde centrale phenyl ring door ethynyl moleculen. De 

hoek tussen de ethynyl moleculen is 180°. Molecuul 2, de gehoekte 

linker, heeft twee uracil moeieties (CO-NH-CO, ADA 

functionaliteit) die zijn verbonden met een 2,3-gesubstitueerde 

phenyl ring door ethynyl moleculen waartussen de hoek 60° 

bedraagt. Elke uracil groep is gebonden aan een hexyl keten. 

Allereerst zijn de moleculaire linkers individueel onderzocht op een 

Ag(111) oppervlak. De lineaire linker vormt bij depositie op Ag(111) 
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gehouden op kamertemperatuur een evenwijdig hexagonaal poreus 

netwerk, dat samengehouden wordt door tweevoudige 

waterstofbruggen tussen naburige moleculen. De zelfassemblage van 

de gehoekte linker op Ag(111) was bestudeerd als functie van de 

dekkingsgraad. Bij een toenemende bedekking door moleculen vindt 

er een fase transformatie plaats van wanorde naar een geordende 2-

dimensionale (2D) fase. Bij een lage tot intermediaire moleculaire 

bedekking van het oppervlak is een glasachtige fase bestaande uit 1D 

ketens en 2D aggregaten geobserveerd. Dicht bij het vormen van een 

complete moleculaire laag vormt zich een goed geordende 2D 

dichtgepakte fase. Het delicate balans tussen het molecuul-substraat 

en molecuul-molecuul interacties is verantwoordelijk voor de 

structuur formatie. De belangrijkste krachten voor de formatie van 

structuren zijn: (i) De zelf-complementariteit van uracil dat resulteert 

in uracil-uracil paren formatie door twee C=O···H-N 

waterstofbruggen en (ii) de sterische hinder van de alkyl ketens. 

Bevonden is dat het dekkingsgraad afhankelijke fasegedrag gevolg is 

van een wederzijdse wisselwerking tussen entropie en enthalpie 

contributies aan de Gibbs vrije energie van het systeem, i.e. het 

systeem evolueert naar een staat van lagere vrije energie en hogere 

structuur stabiliteit. 

In het geval van het twee componenten systeem, gebaseerd op de 

moleculaire herkenning tussen de lineaire en gehoekte linker, kan het 

systeem gestuurd worden naar een enkel voorgeprogrammeerde 

structuur bestaande uit poriën door het afstellen van de substraat 

temperatuur. Deze manier demonstreert een mogelijke methode 

voorwaarts naar de fabricage van sjabloon materialen, die kunnen 
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dienen als template om nanoschaal objecten (moleculen) met 

specifieke functionaliteiten te accommoderen. Dit concept is 

bewezen door aan te tonen dat een poreus netwerk kan functioneren 

als gastheer voor moleculen (zink octaethylporphyrin, ZnOEP). 

Ten slotte zijn de elektronische eigenschappen van de poriën 

theoretisch onderzocht en is de capaciteit van de poriën om de 

elektronen in de  oppervlakte toestanden van Ag op te sluiten 

verkend. Voor toekomstige werkzaamheden is het interessant om de 

experimentele eigenwaardes en de patronen van de Lokale Dichtheid 

van Toestanden (LDOS) te meten voor poreuze netwerken en dit te 

vergelijken met de theoretische voorspellingen. Het twee 

componenten systeem biedt een unieke omgeving om de 

eigenschappen van opsluiting in een individuele porie en eilanden 

van poriën te exploiteren. Zodoende is het interessant om een 

vergelijking uit te voeren tussen Scanning Tunneling Spectroscopie 

(STS) voor een individuele porie en een eiland van poriën. Nog een 

veelbelovend experiment is om een poreuze eenheid te vullen met 

een functioneel molecuul (e.g. een moleculaire switch) en zijn uit/aan 

eigenschappen te exploiteren in een individuele porie alsmede een 

eiland van poriën. 

In hoofdstuk 4 is het temperatuur geïnduceerde fase gedrag van het 

perylene afgeleide 1,3,8,10-tetraazaperopyrene (TAPP) gedeponeerd 

op Cu(111) gepresenteerd. De perylene kern van TAPP heeft een 

pyrimidine ring gebonden  elk eind dat fungeert als functionele groep. 

Depositie van TAPP in het submonolaag regime op een Cu(111) 

substraat gehouden op -90 °C, resulteert in de formatie van kleine 

regionen met geordende dichtgepakte formaties. De TAPP moleculen 
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rangschikken zich in een zogenaamd visgraat structuur, dit wordt 

gestabiliseerd door waterstofbruggen en van der Waals (vdW) 

krachten [Mat10][MatThesis]. Depositie van TAPP op Cu(111) 

gehouden op 150°C resulteert in de formatie van een sterk geordend 

metaal gecoördineerd poreus netwerk. [Bjö] [Mat10]. Depositie van 

TAPP op Cu(111) gehouden op 250°C leidt tot de formatie van 1D 

ketens opgebouwd uit covalent gebonden TAPP monomeren [Mat08] 

[Mat10]. De adsorptiehoogte van het molecuul is bepaald met XSW 

metingen voor de visgraat en poreuze fase.  Zodoende kon het 

bindingsmechanisme van TAPP op Cu(111) voor beide fases 

opgehelderd worden. 

In de visgraat fase hebben de moleculen interactie met het Cu 

oppervlak door het niet geprotoneerde stikstof dat zich erg dicht bij 

het oppervlak begeeft (2.53 Å) en door de perylene kern (dat 2.63 Å 

boven het oppervlak is gesitueerd) van TAPP. De waterstofbruggen 

tussen naburige TAPP moleculen zijn verantwoordelijk voor de 

molecuul-molecuul interacties. De waterstofbrug vindt plaats tussen 

het geprotoneerde stikstok van een TAPP met de niet-geprotoneerde 

stikstof van een naburige TAPP. Het verschil in adsorptie hoogte van 

het geprotoneerde en niet geprotoneerde stikstof van TAPP induceert 

een distorsie in de vlakke vorm van het molecuul. In het geval van 

het poreuze netwerk leidt de incorporatie van Cu adatoenm in het 

netwerk tot een verhoging van de adsorptie hoogte van TAPP, dit 

geeft een fundamenteel verschil aan van molecuul-substraat 

interactie dat toegekend kan worden aan de tweevoudige coördinatie 

tussen stikstof en Cu adatomen. Bij het poreuze netwerk medieert de 

metaal coördinatie zowel de intermoleculaire alsmede de molecuul-



SAMENVATTING & CONCLUSIES 

243 

substraat interacties. Zodoende is de perylene ruggengraat niet langer 

nodig om het molecuul te ankeren aan het substraat. Een suggestie 

voor een toekomstig experiment is om Contactloze 

Atoomkrachtmicroscopie (nc-AFM) met een QPlus sensor te 

gebruiken om een direct beeld van de chemische bindingen en 

intramoleculaire kenmerken van TAPP en al zijn fases op Cu(111). 

Dit zal helpen om het geprotoneerde stikstof toe te wijzen in TAPP 

in de visgraat fase. Voor het poreuze netwerk is het interessant om te 

kijken naar de kruising en vast te stellen of de inheemse Cu adatomen 

opgehelderd kunnen worden en of er mogelijk een vingerafdruk van 

de Cu-N binding te zien is. 

In hoofdstuk 5 zijn de zelfassemblage eigenschappen van twee ZnII 

porfyrine isomeren op Cu(111) bestudeerd bij verschillende 

dekkingsgraden met STM. Beide isomeren zijn gesubstitueerd in hun 

meso-configuratie door twee 3,5-di(tert-butyl)phenyl en twee 

staafachtige 4’-cyanobiphenyl groepen. In het trans-isomeer 

bevinden de twee 4’-cyanobiphenyl groepen tegenover elkaar staan, 

dit in tegenstelling tot het cis-isomeer waarbij ze haaks op elkaar 

staan. In het submonolaag regime vormen de cis-gesubstitueerde 

porfyrines zichzelf tot oligomeric macrocycles bij elkaar gehouden 

door anti-parallelle CN CN dipolaire interacties en 

waterstofbruggen ( C N H C   ). Het meest voorkomend zijn de 

cyclische trimeren en tetrameren echter is er van alles geobserveerd, 

van cyclische dimeren tot hexameren. Na annealing van de samples 

tot temperaturen boven 150°C konden er macrocyclische structuren 

worden geobserveerd, waarin twee porfyrines bruggen vormen met 

inheemse Cu adatomen onder de formatie van twee CN Cu CN   
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gecoördineerde bindingen. Het is gedemonstreerd hoe flexibel 4’-

cyanobiphenyl substituanten kunnen aanpassen aan erg verschillende 

geometrieën als het ondersteund word door sterke adsorbaat-

substraat interacties. Deze sterke interacties zijn mogelijk door de 

uitgerekte structuur alsmede de diverse 4’-cyanobiphenyl 

bindingsmotieven. De invloed van het substraat was dominant 

bevonden in elke geobserveerde structuur op Cu(111). Het trans-

isomeer vormt lineaire ketens op Cu(111) bij lage dekkingsgraad, 

terwijl bij hoge dekkingsgraad de moleculen een periodieke 

dichtgepakte structuur vormen. De dichtgepakte structuur wordt bij 

elkaar gehouden door anti-parallelle dipool-dipool interacties in één 

dimensie en vdW interactie in een andere dimensie. De sterke invloed 

van het substraat is zichtbaar sinds de porfyrines zich ordenen langs 

de Cu(111) richting. Deze bevindingen onthullen de complexiteit van 

de supramoleculaire structuur vorming geïnduceerd door de 

wisselwerking tussen molecuul-substraat en molecuul-molecuul 

interacties. 
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