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Chapter 1 

Introduction 

 

1.1 Motivation 

Nanotechnology has been rapidly emerging as a cutting-edge discipline in science and 

technology aimed at controlling and optimizing matter on the atomic and molecular 

level to create artificial structures with potentially novel functions for a wide range of 

applications, e.g. information technology, medicine, electronics or materials science 

[1−5]. The key motivation for the rapid growth in nanoscience and nanotechnology is 

to find appropriate solutions for today’s technological, economic and societal 

challenges. The nano regime covers the range of 1 to 100 nm, coincident with the 

length scale of the basic unit of all natural materials and systems. At the nanoscale, the 

behaviour of materials exhibits not only significant changes in their properties with 

diminishing size, but also gives rise to totally new phenomena, such as quantum 

confinement or tunneling effects [6, 7]. Thus, by manipulating and tailoring matter at 

the length scale where unique properties can be initiated, nanotechnology offers a 

great possibility for the design and development of new classes of materials having 

better characteristics (e.g. faster, smaller, cheaper) for practical applications in all 

kinds of disciplines. 

The birth of nanotechnology is often traced back to the talk “There’s plenty of 

room at the bottom”, given by physicist Richard P. Feynman at the meeting of the 

American Physical Society in 1959 [8]. In his talk, Feynman anticipated a possible 

revolution in human life if we could manipulate individual atoms and molecules to be 

used as the building blocks for the construction of nanoscale functional systems in a 

controlled way. He described such atomic scale fabrication as the bottom-up approach 

which is opposite to the top-down approach. A schematic illustration of these 

approaches is shown in Fig. 1.1. In general, the top-down approach is mainly based on 

lithography as well as cutting, grinding and etching techniques. For example, 
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lithography is usually used in the fabrication of integrated circuits where tiny 

transistors are designed, created and connected in complex circuits on a silicon wafer 

[9]. Although this technique is widely implemented in the manufacturing industry, 

there is a major disadvantage to this approach: the sizes of components are limited by 

either the wavelength of light used in lithography or the occurrence of leakage current 

induced by the tunneling effect. Furthermore, the high processing costs and multi-step 

operations are also major drawbacks of this approach [10]. In contrast, the bottom-up 

approach refers to processes where nanostructures can be constructed from nano- or 

subnano-scale objects (atoms or molecules) [11]. In this context, supramolecular 

chemistry dealing with non-covalent intermolecular interactions to build-up highly-

ordered molecular networks by self-assembling of individual molecular building 

blocks is widely used for the construction of tailor-made functional nanostructures 

[12−15]. Moreover, the basic concept of supramolecular chemistry has also been 

employed to construct low-dimensional molecular networks upon adsorption of 

organic molecules on metal surfaces for broader applications [16, 17]. A schematic 

illustration of the on-surface self-assembly process is shown in Fig. 1.2. This method 

is currently regarded as a viable alternative to the traditional top-down techniques for 

the design and fabrication of future nanodevices for a wide range of potential 

applications [18, 19]. However, the main impetus for the development of the bottom-

up approach came after the invention of the scanning tunneling microscopy by Gerd 

Binnig and Heinrich Rohrer in 1981, which for the first time allowed real space 

imaging of atomic structures. 

 

 

 

 

 

 

 
Figure 1.1: Schematic showing the top-down and bottom-up approaches. (Adapted from Ref. [9])  
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To date, various sophisticated architectures of molecular networks stabilised by 

many types of non-covalent intermolecular forces such as hydrogen bonding, halogen 

bonding, van der Waals, metal-ligand coordination can be formed on metal surfaces 

through an appropriate choice of molecular building blocks and underlying substrates 

[20−25]. Although self-assembled molecular networks have a high degree of 

perfection via a self-correcting process due to the weak nature and the reversibility of 

the non-covalent bonds, it is realized that the formation of robust molecular networks 

are necessary to meet technical requirements for practical applications. In this respect, 

a controlled way to directly connect molecular building blocks adsorbed on metal 

surfaces by stronger interactions is essential to obtain improved thermal, mechanical 

and chemical stability and to facilitate efficient charge transport. A recent alternative is 

the creation of one- and two-dimensional (1D/2D) polymer networks by sublimation 

of appropriate monomers onto metal substrates and subsequent interlinking into 

covalently bonded molecular networks upon annealing [26−30]. A schematic 

illustration of the on-surface polymerization is shown in Fig. 1.3.  

 

 

 

 

 

Figure 1.2: Schematic representation of the supramolecular self-assembly process on metal surfaces. 
(Adapted from Ref. [16]) 

 

         Since their discovery over 30 years ago, conjugated polymers have been 

considered as a promising alternative to conventional silicon-based materials for a 

wide variety of applications, e.g. solar or photovoltaic cells which are expected to offer 

the potential for sustainable energy exploitation in the near future [31]. This is because 

these materials have desirable properties such as easy fabrication, cost-effectiveness, 

light-weight, large-area processability and tunable properties [32, 33]. Therefore, 

considerable research efforts have been directed towards the preparation of conjugated 
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polymers with improved characteristics. Nowadays, various conjugated polymers have 

been synthesized through traditional solution-based chemical routes [34]. Although 

these methods have led to the development of novel conjugated polymers, there are 

still several drawbacks. For example, chemical reactions in solutions require many 

synthetic steps in order to obtain the desired products. Moreover, purification 

processes are necessary to remove side products which may appear during the 

chemical reactions. In this regard, it is realized that one- or two-dimensional (1D/2D) 

conjugated polymers can be prepared in a “dry” process directly on metal surfaces. 

The main advantage of this protocol is that the absence of solvents allows a larger 

range of reaction temperatures in comparison to polymerization reactions in solution 

and thus, has attracted a great deal of attention over the last decade [35]. Currently, the 

construction of covalently linked polymer networks on metal surfaces can be achieved 

by various types of chemical reactions, including Ullmann coupling [36−38], 

cyclodehydrogenation [39], pyrimidine–pyrimidine coupling [40], Glaser-Hay 

coupling [41−43], Bergman cyclization [44] or protecting group chemistry-based 

coupling [45]. The summary of several reaction types for on-surface polymerization 

was reported by J. Björk et al. and shown in Fig. 1.4 [46].  

 

 

 

 

 

 

 

 

 
Figure 1.3: Schematic illustration on the formation of 1D/2D covalently linked molecular networks on 
metal surfaces. (Adapted from Ref. [29]) 

 

Over recent years, graphene, a flat monolayer of sp2-bonded carbon atoms 

arranged into a two dimensional honeycomb lattice has emerged as a fascinating 

material for a wealth of promising applications [47]. Although graphene possesses 
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extremely high carrier mobility, it suffers from the lack of a band gap and a low 

efficient optical absorption in the wide range of visible spectra, which hampers its 

potential for practical applications in electronic and optoelectronic devices [48]. 

However, for narrow stripes of graphene, so-called graphene nanoribbons, a band gap 

has been predicted. In this context, researchers have recently developed an efficient 

approach for an atomically precise fabrication of graphene nanoribbons via thermally 

induced Ullmann coupling of halogenated molecular precursors on metal surfaces [49, 

50]. Using the same protocol, Fuchs et al. recently reported that the precise alignment 

of graphene nanoribbons into an armchair orientation can be obtained by using the 

vicinal Au (788) surface as a template [51]. These armchair graphene nanoribbons 

clearly exhibit a sizable electronic band gap due to the narrow width of the ribbons. 

Very recently, Crommie et al. demonstrated the possibility to vary the width of 

graphene nanoribbons with the aim of tuning their band gap via covalent coupling 

reactions of two different molecular building blocks [52]. Thus, the on-surface 

polymerization apparently exhibits potential for creating a novel class of 

nanostructures with atomically controlled features which cannot be obtained through 

conventional top-down approaches. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4: Summary of reaction types used for on-surface synthesis: (a) halogen-based covalent 
assembly, (b) cyclodehydrogenation, (c) pyrimidine–pyrimidine coupling, (d) Glaser-Hay, (e) 
Bergman cyclization, (f) protecting group chemistry-based coupling. (Taken from Ref. [46]) 
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1.2 Thesis outline  

In light of the observations mentioned above, the present thesis is motivated by the 

vital role of the bottom-up approach in nanotechnology for the construction of low-

dimensional molecular networks. Thus, there are two main topics addressed in this 

thesis. The first topic deals with the fabrication of 2D supramolecular networks on 

metal surfaces. Various types of non-covalent interactions were employed to build-up 

highly-ordered self-assembled molecular networks. The interplay between molecule-

substrate and molecule-molecule interactions as well as the influence of functional end 

groups on the resulting intermolecular interactions was carefully investigated. The 

second topic is associated with the construction of covalently linked polymer networks 

on metal surfaces using two different strategies: Ullmann coupling reactions and 

protecting group chemistry. In addition, the catalytic role of the underlying substrate 

and the effect of the number and position of halogen substituents in on-surface 

Ullmann reactions were also considered. The present thesis is organized as follows:      

Chapter 2 briefly reviews the up-to-date fundamental understandings of molecules at 

metal surfaces. The focus is placed on the influence of key parameters on the 

molecular self-assembly and on-surface polymerization processes with the aim of 

obtaining high quality molecular networks in a controlled way.  

Chapter 3 gives a short outline on the basic principles of scanning tunneling 

microscopy (STM), X-ray photoelectron spectroscopy (XPS) and low-energy electron 

diffraction (LEED), which were the key techniques to obtain the experimental results 

presented in this thesis.  

Chapter 4 discusses the effect of interplay between molecule-molecule and molecule-

substrate interactions for the formation of 2D supramolecular networks of metal-free 

naphthalocyanine on Au(111) studied by a combination of STM, XPS and LEED. The 

results show that although the molecular network is mainly driven by dominating 

intermolecular interactions, the role of the Au(111) substrate in the structural 

formation cannot be neglected.  

Chapter 5 focuses on the construction of 2D supramolecular networks of Br-

functionalized pyrene derivatives on Au(111) by halogen bonding. This study 
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demonstrates the possibility to steer the resulting intermolecular interactions and thus, 

final the molecular structures by tuning the number and positions of bromine 

substituents in the chosen pyrene derivatives.    

Chapter 6 reports the heat-induced formation of molecular coordination networks of 

porphyrin derivatives on Au(111) stabilized by an unusual threefold cyano-gold 

coordination motif. Moreover, we could demonstrate that the dimensionality of the 

molecular networks can be tuned between 1D to 2D using either a cis- or a trans-

porphyrin derivative. 

Chapter 7 presents the on-surface polymerization of Br-functionalized pyrene 

derivatives based on Ullmann coupling reactions on Cu(111) and Au(111) surfaces. 

The effect of the underlying substrates in the structural formation of the polymer 

networks was studied. 

Chapter 8 deals with the formation of covalently linked polymer networks of biphenyl 

derivatives on Ag(111) using concepts of protecting group chemistry. Due to the 

flexibility in choosing protecting groups and molecular cores, our results may offer a 

promising protocol for the development of future novel polymer structures.   
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Chapter 2 

Molecules at metal surfaces: An overview  
 

An in-depth understanding on the adsorption behaviour as well as chemical reactions of 

organic molecules at metal surfaces plays a key role for the advancement of various fields of 

nanotechnology. Upon deposition on a metal surface, organic molecules may either strongly 

interact with the surface, freely move on the surface to arrange into well-ordered molecular 

networks or be immediately desorbed. The outcomes are driven by the delicate interplay 

between molecule-molecule and molecule-substrate interactions. To obtain highly stable 

molecular structures for future applications, it is preferred that the adsorbed molecules 

undergo chemical reactions triggered by heat, light or voltage pulses to form covalently 

linked low-dimensional molecular architectures. The success of this depends on the choice of 

the molecular building blocks, the reactivity and symmetry of the underlying substrates as 

well as the activation conditions. In this chapter, therefore, fundamental issues of molecules 

at metal surfaces, including supramolecular self-assembly and on-surface polymerization are 

briefly outlined. The emphasis is placed on intermolecular interactions, molecule-substrate 

interactions and key parameters influencing on-surface coupling reactions of molecules 

deposited on metal surfaces under ultra-high vacuum conditions.   
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2.1 Molecular self-assembly at surfaces 

2.1.1 Basic principles  

According to the most general definition given by Whitesides in 1991, molecular self-

assembly can be described as “the spontaneous association of molecules under 

equilibrium conditions into stable, structurally well-defined aggregates joined by non-

covalent bonds” [1]. The concepts of molecular self-assembly have been intensively 

studied and widely used in various fields of chemistry, physics and biology over the 

past few decades [2−4]. In this context, the formation of self-assembled structures is 

usually a thermodynamically driven process where a spontaneous change of the 

system is accompanied by a decrease in Gibbs free energy. The relationship in the 

changes between Gibbs free energy, enthalpy and entropy of the system is given by a 

simple equation: 

G H T S∆ = ∆ − ∆                                                       (2.1) 

where: G∆  is the free energy change, H∆ is the enthalpy change, S∆ is the entropy 

change and T is the temperature of the system.  

Equation (2.1) shows that the interplay between H∆ and S∆ plays a key role in the 

molecular self-assembly process. The molecules arrange spontaneously into highly-

ordered structures from their initially random distribution via the formation of 

reversible non-covalent interactions. This leads to a decrease in the entropy of the 

system due to a loss of translational, rotational and conformational degrees of freedom 

of the individual molecules when they arrange into an aggregate. Thus, in order to 

obtain a negative Gibbs free energy which is necessary for a spontaneous change to 

occur, the decrease in entropy must be compensated by a reduction in enthalpy. This 

can be obtained by the formation of favorable intermolecular interactions based on an 

optimized balance between attractive and repulsive interactions. In general, the 

molecules tend to maximize attractive interactions and minimize repulsive interactions 

to obtain a minimum in Gibbs free energy corresponding to a stable state of the overall 

system. 

The concepts of molecular self-assembly have also been extended to the build-

up of low-dimensional molecular networks on metal surfaces which are nicely 
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described by Barth [8, 9]. In this approach, a clean metal surface is exposed to a beam 

of molecules (Fig. 2.1). This results in the adsorption of molecules on the metal 

surface at specific sites. The molecules are confined to two dimensions while their 

adsorption behaviour can be modified due to the influence of the surface atomic 

lattice.  

 

 

 

 

 

 

 

Figure 2.1: Schematic illustrating on-surface molecular self-assembly: the surface is exposed to a 
beam of molecules. Key parameters for on-surface self-assembly are intermolecular interaction energy 
(Einter), adsorption energy (Ead), thermal diffusion and rotational motion energy (Ediff and Erot). 
(Adapted from Ref. [8]) 

 

Following surface diffusion and rotation, the molecules can arrange into well-

ordered and stable structures corresponding to a state of lowest Gibbs free energy via 

the formation of non-covalent interactions between the functional end groups. It 

should be noted that if the molecular flux is high and the molecular diffusion is low, 

the molecules could be trapped in a kinetically limited state. This leads to so-called 

“molecular self-organization”. In contrast, if the flux of molecules is low and the 

molecular diffusion is high enough, the molecules can form self-assembled structures 

[9, 13, 14]. Thus, there is a distinction between ‘molecular self-assembly’ and 

‘molecular self-organization’ process as illustrated in Fig. 2.2. While the term 

‘molecular self-assembly’ is associated with the spontaneous assembly of molecules 

into a molecular structure in thermodynamic equilibrium, the term ‘molecular self-

organization’ refers to a kinetically trapped structure which represents a local energy 

minimum.  
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Figure 2.2: Schematic showing the difference between self-organization and self-assembly. 
Depending on the flux and diffusion of molecules, either diffusion-limited self-organized structures or 
self-assembled structures are formed. (Taken from Ref. [9])  

In order to control on-surface molecular self-assembly, several key factors need 

to be carefully considered, including kinetic energy kinE , adsorption energy adsE , 

surface diffusion barrier diffE  and intermolecular interactions energy int erE . The 

relationship between these factors in molecular self-assembly on metal surfaces is 

nicely described by Kühnle [14]. Upon deposition on a metal surface, if the kinetic 

energy of the molecule kinE  is lower than the adsorption energy adsE  between the 

molecules and the underlying substrate, the molecules will stick on the surface. 

Otherwise, the molecules will desorb from the surface. When this condition occurs, the 

molecular diffusion must be sufficiently high to allow the molecules to move freely on 

the surface until the stable equilibrium structure is established. To move the molecule 

between different sites on the surface, a prerequisite is that the kinetic energy kinE  of 

the molecule must climb over the surface diffusion barrier diffE . This depends on both 

molecular adsorption configuration [10, 11] as well as geometric surface 

characteristics [12]. Notably, the diffusion of the molecules adsorbed on the surface 

can be tuned by variation of the substrate temperature. Upon increasing substrate 

temperature, thermal energy is transferred into kinetic energy of the molecules, thus 

providing an efficient kinetic energy to overcome the diffusion barrier. The diffusion 

rate is approximately given by an Arrhenius equation: 

                                                0 exp( )diff
diff

B

E

k T
υΓ = −                                                     (2.2) 
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where: diffΓ is the hoping rate, diffE is the diffusion energy barrier and 
0υ  is the 

prefactor, Bk is the Boltzmann constant, T is the temperature.    

 

 

 

 

 

 

 

 

Figure 2.3: Schematic energy diagram illustrating the energy conditions needed to be fulfilled for 
molecular self-assembly on metal surfaces. (Taken from Ref. [14]) 

 

Another important factor in on-surface self-assembly is the interaction between 

molecules adsorbed on the surface. This intermolecular interaction should be weak 

enough to allow the molecules to move and reach the equilibrium structure in the 

global minimum. Otherwise, the molecules interact irreversibly with each other when 

they meet, resulting in the formation of disordered molecular networks. On the other 

hand, the intermolecular interactions should also be relatively strong to allow the 

formation of a stable molecular network. In order to meet the latter condition, the 

intermolecular interaction energy int erE  must be slightly larger than the kinetic energy 

of the molecule kinE . Therefore, the energy conditions for molecular self-assembly on 

metal surfaces can be summarized as: intads er kin diffE E E E> ≥ > [14]. The schematic 

energy diagram for this energy condition is illustrated in Fig. 2.3. On the basis of these 

statements, it is apparent that the success of on-surface molecular self-assembly is 

determined by the subtle interplay between molecule-molecule and molecule-substrate 

interactions. Eventually, various kinds of molecular networks with different shapes 

and dimensionality can be constructed in a controllable manner by properly selecting 
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molecular building blocks with desired functional groups and the choice of substrates 

having appropriate reactivity, symmetry and electronic properties.  

2.1.2 Molecule−molecule interactions 

The lateral intermolecular interactions play a vital role in supramolecular self-

assembly. At metal surfaces, interactions between adsorbates are classified into two 

types: non-covalent and covalent interactions. These interactions can be influenced by 

the underlying substrate [17]. Table 2.1 summarizes the main features of typical non-

covalent and covalent interactions [15, 16]. The schematic representation of 

intermolecular interactions at surfaces is shown in Fig. 2.4. Using the concepts of 

supramolecular chemistry, only non-covalent intermolecular interactions are usually 

exploited as effective tools to build up molecular networks on metal surfaces. 

Although these non-covalent interactions exhibit different chemical nature, strength or 

directionality, they have reversibility in common. This allows for the self-correction 

and self-healing, which offers the possibility to obtain nanostructures on metal 

surfaces with a high degree of perfection. Herein, a brief outline of various non-

covalent interactions along with several examples is given to illustrate the role of these 

non-covalent interactions in molecular self-assembly at metal surfaces. 

 

 

 

 

 

Figure 2.4: Schematic illustration of intermolecular interactions at surfaces. (a) Intermolecular 
interactions can be mediated by the substrate (illustrated by changing the colour of the substrate 

atoms). (b) Adsorbates can be charged or interact with the substrate. (c−e) Different non-covalent 
interactions between two adsorbates at surfaces: dipolar, hydrogen and coordination interactions. (f) 
Covalent bonding. (Taken from Ref. [17])  

 

Hydrogen bonding (H-bonding): It is defined as an attractive interaction between a 

partially positively charged hydrogen atom in an A-H covalent bond where A is more 

electronegative than H and an atom or a group of atoms in the same or different 
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molecules. To date, H-bonding is one of the most widely used tools for the 

construction of various 1D/2D supramolecular networks on metal surfaces due to its 

high selectivity and directionality [18-21]. A pioneering example is the formation of 

hexagonal networks by the co-deposition of perylene tetra-carboxylic di-imide 

(PTCDI) and 1,3,5-triazine-2,4,6-triamine on a Ag-terminated silicon surface reported 

by Beton et al. [22]. The self-assembly process is driven by intermolecular triple H-

bonds which are established between the complementary units of the molecular 

building blocks (Fig. 2.5). Among the functionalities available, the carboxylic group is 

particularly suitable for the formation of hydrogen-boned molecular networks because 

of its ability to form a pair of H-bonds between carboxylic groups facing each other 

and thus, ensuring a strong intermolecular interaction. Indeed, a wide range of 

hydrogen- bonded molecular networks based on organic molecules bearing carboxylic 

end groups has been reported. One example is trimesic acid adsorbed on a graphite 

surface where two different molecular networks, so-called “honeycomb” and “flower” 

structures are observed [23]. The honeycomb structure is composed of six fold rings of 

trimesic acid molecules which are connected each other via double H-bonds between 

two carboxylic acid groups. In the flower structure, trimesic acid molecules also 

arrange into similar six fold rings but the H-bonds are formed between three 

molecules.  

Table 2.1: A comparison between different types of bonding. (Taken from Ref. [15] and [16]) 

 

 

 

 

Halogen bonding (X-bonding): As defined by the International Union of Pure and 

Applied Chemistry, X-bonding is formed when there is evidence of a net attractive 

interaction between an electrophilic region associated with a halogen atom in a 

molecular entity and a nucleophilic region in another, or the same, molecular entity 

[24]. The main origin for the formation of X-bonding is the presence of a small region 
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of positive charge, the so-called σ-hole, on the extension of the carbon-halogen (C-X) 

bond. The unequal charge distribution on the halogen atom allows two different 

binding motifs at the same time for the same halogen atom, X-bonding via the positive 

σ-hole and another X-bonding via the negative belt of charge surrounding the σ-hole 

[25]. A great advantage of X-bonding with respect to H-bonding is that the interaction 

strength is tunable by the choice of halogen atoms. Moreover, X-bonding has a higher 

directionality than H-bonding [26, 27]. As a result, X-bonding is currently receiving 

rapidly increasing attention as a suitable alternative to H-bonding for the construction 

of supramolecular networks on surfaces. For example, Gutzler et al. demonstrated the 

formation of 2D molecular networks of brominated organic semiconductors at the 

solid-liquid interface [28]. Kahng et al. reported the formation of porous 

supramolecular networks of 4,4’’-dibromo-p-terphenyl molecules on Ag(111) under 

ultra-high vacuum conditions [29]. Very recently, we have demonstrated the 

possibility to steer intermolecular interactions and thus, the formation of 2D molecular 

networks on Au(111) by adjusting the number and position of the halogen functional 

groups [30].      

 

 

 

 

 

 

 

Figure 2.5: Self-assembly of a PTCDI and melamine molecular network. (a) and (b) Chemical 
structure of PTCDI and melamine, respectively. (c) Schematic diagram of a PTCDI-melamine 
junction. (d) STM image of PTCDI-melamine network (scale bar 3 nm). (Taken from Ref. [22]) 

Coordination bonding: The concepts of coordination chemistry were firstly 

introduced by Werner in 1892 relating to the formation of inorganic compounds where 

metal centers are surrounded by a specific number of ligands in a symmetrical 

configuration [31, 33]. In general, a coordination system consists of one or more 

electron rich organic ligands which bind to a central metal atom. Importantly, the 
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coordination bond strength is generally stronger than that of H-bond, while it still 

exhibits sufficient reversibility for the structural formation in on-surface molecular 

self-assembly. This makes coordination bonds ideal tools for the construction of long-

range ordered networks with a relative high stability [32]. Moreover, coordination 

bonding exhibits a large amount of flexibility in the design with respect to the size and 

shape of molecular networks by the choice of organic ligands and metal centers. On 

the basis of these advantages, coordination bonding is currently considered as an 

important tool to build-up 1D/2D molecular networks on metal surfaces. To date, 

many studies have reported the formation of a wide range of molecular coordination 

networks, which are mainly based on the combination of organic linkers bearing 

pyridyl, cyano, hydroxyl or carboxyl functional end groups and transition-metal atoms 

such as Cu, Fe, Co or Ni on noble metal substrates [33−37]. For example, Barth et al. 

reported the formation of 2D coordination networks based on the combination of a 

series of dicarbonitrile-polyphenyl molecular linkers with Co atoms on Ag(111) [38]. 

They demonstrated the possibility to steer the pore size of the formed honeycomb 

networks by tuning the length of the molecular building blocks (Fig. 2.6). 

Interestingly, coordination bonding is also found in an intermediate state during the 

formation of polymer network based of on-surface Ullmann coupling reactions on 

transition metal surfaces [39, 40].      

 

 

 

 

 

 

 

Figure 2.6: STM images showing the possibility to tune the pore size of Co-CN coordination 
networks depending on the choice of dicarbonitrile-polyphenyl molecular linker: (a) NC-Ph3-CN, (b) 
NC-Ph4-CN, and (c) NC-Ph5-CN, respectively. (d-f) Structure of the molecules including their length 
and models of the respective coordination motifs present in (a-c). (Taken from Ref. [38]) 
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Van der Waals interactions: This non-covalent interaction is based on dipole or 

induced dipole interactions at the atomic and molecular level. Although van der Waals 

(vdW) interactions are weaker and non-directional with respect to the other non-

covalent interactions such as H-bonding or X-bonding, they still play an important role 

in molecular self-assembly at solid surfaces [41−43]. Over the past decades, various 

reports demonstrated that the size and shape of molecular networks can be controlled 

by taking advantage of vdW interactions. For example, Jung et al. first reported in 

1997 the formation of different molecular networks of Cu-tetra[3,5di-t-

butylphenyl]porphyrin molecules on metal surfaces depending on the choice of the 

substrate [44]. Another pioneering work was reported in 2001 by Yokoyama et al. 

where they described the formation of different supramolecular networks driven by 

vdW interactions on Au(111) depending on the choice of porphyrin derivatives [45]. 

Since then, various porphyrin derivatives have been synthesized and their adsorption 

behaviour on metal surfaces investigated in detail [46, 47]. Another recently reported 

example of the role of vdW interactions is the formation of supramolecular networks 

of 5-amino[6]helicene on Cu(100) and Au(111) [48].     

2.1.3 Molecule−substrate interactions  

Types of interactions: When a molecule is adsorbed on a metal surface, it can bind to 

the surface via either a chemical interaction (chemisorption) or a physical interaction 

(physisorption) [49]. In physisorption, no sharing or transfer of electrons between the 

adsorbate and the substrate occurs. This means that no chemical bond between the 

adsorbate and the substrate is formed. Instead, the adsorbate only interacts weakly with 

the substrate via an interaction similar to van der Waals interactions. Thus, the 

electronic structure of the adsorbates is hardly perturbed. On the contrary, a chemical 

bond between the adsorbate and the substrate is formed in chemisorption and thus, the 

electronic structure of the adsorbate is strongly modified. The main features of 

physisorption and chemisorption are summarized in Table 2.2.  
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Table 2.2: A comparison between chemisorption and physisorption. (Taken from Ref. [49]) 

 

 

 

 

 

Influence of the substrate on molecular self-assembly: The role of the substrate 

becomes more and more important in on-surface molecular self-assembly when the 

interaction between the substrate and the adsorbate shifts from a weak interaction 

(physisorption) to a strong one (chemisorption). The molecule-substrate interaction 

strength is dependent on both the chemical nature of the chosen substrates and organic 

molecules. We will now consider the main impacts of the substrates on molecular self-

assembly. First of all, the substrate strongly influences the diffusion of molecules on 

the surface, which is important for the formation of highly-ordered molecular networks 

as already mentioned above. If the interaction with the substrate is too strong to allow 

an efficient molecular diffusion, the molecules strongly stick where they meet on the 

surface and thus, lead to the formation of disordered networks. In general, the mobility 

of molecules is limited on highly reactive surfaces [50]. To minimize the substrate 

effect and enable the high mobility of an organic molecule, atomically flat and 

chemically inert substrates are necessary. Secondly, the substrate usually determines 

the adsorption behaviour of adsorbates, such as adsorption geometry, site, orientation 

or conformational state. For example, Jung et al. studied the adsorption behaviour of a 

porphyrin derivative on three different metal surfaces and concluded that the 

molecular conformation is driven by the nature of the molecule-substrate interaction 

[44]. Moreover, for some cases, the adsorption of molecules on preferential binding 

sites is favored. This effect is known as site-selective adsorption which offers the 

possibility to use patterned substrates as templates to steer the growth of molecular 

networks. For example, the herringbone reconstruction of Au(111) is well-known for 

the preferential nucleation of molecular islands at the elbow sites (Fig. 2.7a) [51, 52]. 

Another example is the use of vicinal surfaces for the guided formation of molecular 
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chains along step edges (Fig. 2.7b) [53]. Notably, site-selective adsorption also 

depends on the electronic structure of the molecules and the substrate. For example, 

due to the Smoluchowski effect, the upper side at surface step edges is an electron 

poor region while the lower side is an electron rich region [56]. Because of this, 

electron-donor-type molecules such as styrene prefer to bind to the upper side [54], 

whereas electron-acceptor-type molecules such as tetracyanoquinodimethane (TCNQ) 

tend to bind to the lower side [55]. For chemisorption, due to its highly directional 

nature, chemisorbed adsorbates tend to bind on the surfaces at specific sites. For 

example, an oxygen atom on Pt(111) binds most strongly to the fcc 3-fold hollow site 

in comparison to other sites [57]. In addition, molecule-substrate interactions can be 

influenced by the chemical nature of functional groups attached to the molecule and 

the substrate reactivity. For example, the adsorption of organic molecules bearing 

cyano or pyridine functional end groups on transition metal surfaces usually results in 

the formation of molecular coordination networks [58−60]. On the other hand, a strong 

molecule-substrate interaction also induces a modification in the electronic structure of 

the surface. For example, a small donation/back donation between Cu substrate and 

pentacene molecules results in the creation of new surface states [61]. Besides, the 

adsorption of molecules also promotes changes in the structural arrangement of the 

substrate surface. For example, the adsorption of electronegative elements, such as 

oxygen, halogen atoms or thiols on Au(111) often leads to the release of gold atoms 

from the surface together with the localized lifting of the herringbone reconstruction 

[62, 63]. Another example is the growth of the organic semiconductor 3,4,9,10-

perylenetetracarboxylic dianhydride (PTCDA) on Cu(110) which results in a 

restructuring of the underlying Cu(110) surface by addition or removal of Cu-rows 

[64]. On the basis of these observations, it is apparent that even in the case of weak 

molecule-substrate interactions, the role of the substrate in determining the molecular 

arrangement cannot be neglected.   
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Figure 2.7: STM images showing (a) selective adsorption of 1-nitronaphthalene on elbow sites of the 
Au(111) herringbone reconstruction (taken from Ref. [51]) and (b) double and single-row 
heteromolecular wires of 1,4-bis-(2,4-diamino-1,3,5,-triazine)-benzene and 3,4,9,10-
perylenetetracarboxylic diimide running along the step edges of the Au(11,12,12) temple surface. 
(Taken from Ref. [53]) 

 

2.2  On-surface polymerization  

2.2.1 Introduction   

On-surface polymerization refers to the process in which reactive molecular precursors 

are confined in two-dimensions on a solid surface and are subsequently linked together 

via covalent bonds using an external trigger [65]. There are several ways to initiate a 

chemical reaction for on-surface polymerization, e.g. heat, light, or voltage pulses 

from an STM tip. A pioneering example is the polymerization of diacetylenes on a 

graphite surface using an STM tip reported by Aono et al. in 2001 [66]. In this work, 

they demonstrated the possibility to precisely control the initiation and termination of 

linear chain polymerization by applying a voltage pulse with an STM tip. Several 

years after the demonstration of an on-surface polymerization induced by a voltage 

pulse, the usage of heat to initiate a reaction for on-surface polymerization has also 

been applied. In this approach, an excellent work was reported by Grill et al. in 2007 

where they demonstrated the successful construction of 1D/2D molecular networks of 

porphyrin derivatives on Au(111) based on the well-known Ullmann coupling reaction 

(Fig. 2.8). In this work, brominated porphyrins were employed as starting molecular 

building blocks. After adsorption on Au(111), the porphyrin derivatives were annealed 

to promote activated sites based on a debromination reaction. Then, activated 

porphyrins connect to each other to form covalently bound polymers on Au(111) [67]. 
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Since then, various types of solution-based chemical reactions have been employed to 

obtain 1D/2D covalently bonded nanostructures on metal surfaces, such as Ullmann 

coupling, imine coupling, Glaser-Hay coupling, dehydration, dehydrogenation and 

Click reactions [68−72]. Among them, the Ullmann coupling is currently considered 

as the most promising chemical route for the tailored fabrication of low-dimensional 

covalent molecular networks which are potential candidates for future 

nanotechnological applications. In the framework of this thesis, the concepts of 

Ullmann coupling and protecting group chemistry have been exploited to construct 

covalently linked molecular networks on metal surfaces. Therefore, the fundamental of 

these approaches are introduced in the following sections.    

2.2.2 Ullmann coupling 

Ullmann coupling is an organic reaction of two aryl halides to form a biaryl via a 

copper catalyst. It is one of the oldest heterogeneous reactions [73] and has been 

widely used in synthetic aromatic chemistry [74]. Recently, this protocol has been 

exploited to build-up various low-dimensional nanostructures on metal surfaces based 

on the early contribution of Hla et al. where two iodobenzene molecules covalently 

linked each other to form a biphenyl molecule on a Cu(111) surface by employing a 

combination of STM manipulation and voltage pulses of the STM tip (Fig. 2.9) [75]. A 

main advantage of Ullmann coupling compared to other types of on-surface reactions 

is the possibility to obtain a stepwise polymerization by properly choosing molecular 

precursors having different halogen substituents [76, 77]. Therefore, Ullmann coupling 

is currently considered as one of the most versatile and appropriate routes for the 

bottom-up construction of 1D/2D sophisticated structures on metal surfaces for future 

applications. In principle, Ullmann coupling-based on-surface polymerization is 

associated with two fundamental reaction steps as illustrated in Fig. 2.10: (1) 

dehalogenation of the molecular precursors and (2) coupling reaction between the two 

activated precursors. The first step is strongly dependent on the chemical nature of the 

halogen substituents, the substrate reactivity as well as the activation conditions. The 

second step is governed by the diffusion of the precursors, which is dependent on the 

reactivity, symmetry, and temperature of the underlying substrate. Moreover, the role  
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of the substrate does not only limit the growth in two dimensions but also acts as a 

catalyst for the dehalogenation. 

 

 

 

 

 

 

 

 

 

Figure 2.8: 0D, 1D and 2D covalently linked polymer networks of brominated porphyrin derivatives 
synthesized by on-surface polymerization based on Ullmann coupling on Au(111). (Taken from Ref. 
[67]) 

 

 

 

 

 

 

Figure 2.9: (top) Schematic illustration of the tip-induced Ullmann coupling between two iodobezene 
moleucles on Cu(111) and (bottom) corresponding STM images showing the reaction steps. (a) Two 
iodobenzene molecules are adsorbed at a Cu(111) step edge. (b),(c) Iodine is abstracted from both 
molecules using a voltage pulse. (d) Iodine atoms (small protrusions) and phenyl molecules (large) are 
further separated by lateral manipulation. (e) The iodine atom located between the two phenyls is 
removed onto the lower terrace to clear the path between the two phenyls. (f) The phenyl molecule at 
the left side is moved by the STM tip close to the right phenyl to prepare for their association. (Taken 
from Ref. [75]) 
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Thus, the influence of these parameters on the Ullmann reactions at metal surfaces 

needs to be considered carefully to control over the synthesis of polymer structures 

with desired geometries and properties.  

 

 

 

 

Figure 2.10:  Schematic illustration of the two reaction steps in the formation of covalently bound 
polymer networks based on Ullmann coupling. (Adapted from Ref. [67]) 

Influence of the halogen substituents: The type of halogen atoms attached to the 

starting monomers influences the on-surface polymerization in two ways. The 

dissociation energy of the halogen atoms from the molecular precursors depends on 

the type of halogen atom. So far, bromine and iodine are often employed as functional 

end groups for subsequently generating activated sites upon thermal annealing. The 

different chemical nature of these two halogen atoms is reflected in different halogen-

carbon bond strengths where iodine requires a lower activation temperature compared 

to bromine to be split off from the molecular precursors on the same substrate [76]. 

This allows a hierarchical growth of covalently linked molecular networks on metal 

surfaces by a stepwise activation process of molecular building blocks bearing two (or 

more) different halogen end groups. The second effect of halogen substituents on the 

on-surface polymerization is related to the chemisorption of the split-off halogen 

atoms on the metal surface. In this regard, the split off halogen atoms are considered as 

side products which may interfere with the network formation by hindering the 

covalent coupling of the dehalogenated molecules or even bind to the formed 

intermediates. Although bromine and iodine can be desorbed from the metal surface 

by annealing, this only happens at significantly high temperatures which may also 

destroy the newly formed polymer networks [78]. To circumvent this challenge, an 

alternative method to remove the halogen atoms from the surfaces needs to be 

developed. Recently, Tegeder et al. reported that Br atoms adsorbed on the surface can 
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be removed by dosing with molecular hydrogen. This might be considered as a 

promising method to prevent the influence of halogen atoms on the on-surface 

polymerization based on Ullmann coupling [79].    

Influence of the underlying substrate: The substrate plays an extremely important 

role in Ullmann coupling-based on-surface polymerization. First of all, the substrate 

acts as a catalyst in the activation step as mentioned above. The catalytic activity of the 

substrate allows reduction of the temperature required to initiate the dehalogenation 

reaction. To date, this has been intensively studied for various molecules on different 

metal substrates. For example, the deposition of brominated molecules on Au(111) 

held at room temperature (RT) only results in the formation of supramolecular well-

ordered networks of intact molecules. Thus, a heating step is required to initiate 

Ullmann coupling reactions. On the other hand, the catalytic reactivity of Cu(111) 

triggers the debromination reaction of the same molecule already at RT. Thus, the 

Cu(111) surface should be held at very low temperature upon molecular deposition to 

obtain a supramolecular network. Subsequent warming up of the sample to higher 

temperature (RT or even below RT) provides sufficient thermal energy for the 

dissociation of C-Br bonds [80, 81]. Notably, the catalytic substrate activity depends 

not only on its type, but also on the crystallographic orientation. For example, 

Lackinger et al. showed that the dissociation of the C-Br bond spontaneously occurs 

upon adsorption of 1,3,5-tris(4-bromophenyl)benzene on Ag(110) at RT, whereas an 

additional thermal annealing is necessary to activate the coupling reaction for the same 

molecule adsorbed on Ag(111) [81].  

Besides its catalytic role in the activation step, the substrate also plays a vital 

role in the structural formation through its influence on the diffusion of dehalogenated 

molecules. A high mobility of the activated molecules on the surface is regarded as a 

prerequisite for the formation of polymer networks with a high degree of order. In 

principle, the molecules are less mobile on highly reactive surfaces. For example, 

Fasel et al. investigated the role of the substrate in on-surface reaction for hexaiodo-

substituted macrocycle cyclohexa-m-phenylene on three different (111)-oriented 

substrates of Cu, Au and Ag [82]. According to their results, the polymer networks 

exhibit significantly different morphologies on the three surfaces, ranging from 
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branched-like structures on Cu(111) to extended, well-ordered 2D networks on 

Ag(111). They explained that the observed differences are dependent on the diffusion 

of the precursors and therefore, on the choice of the substrate. These results are in 

good agreement with a computational study on Ullmann coupling of bromobenzene 

and iodobenzene molecules on the same substrates reported by Björk et al. [78]. 

Another important effect of the underlying substrate on the on-surface 

polymerization is that the activated carbon sites can coordinate to surface atoms or 

adatoms to form molecular coordination networks instead of covalently linked 

networks as expected. This is usually observed in Ullmann coupling of halogenated 

precursors on reactive transition metal surfaces. For example, Weiss et al. first found 

the formation of 1D coordination polymer networks of p-diiodobezene on Cu(111) 

[83]. Since then, many studies report the formation of various coordination polymer 

networks on Cu(111) as an intermediate state in surface-supported Ullmann coupling 

reactions and thus, an additional annealing step is required to convert them into 

covalently linked polymer networks [84−86]. Interestingly, the formation of such 

coordination polymer networks can also be found on Au(111), which is normally 

considered as a less reactive surface [87, 88].        

2.2.3 Protecting group chemistry 

The concepts of protecting group chemistry have been widely used in multistep 

organic synthesis over the past decades [89]. In this context, a protecting group is 

introduced into a molecule by chemical modification of a functional group to obtain 

chemoselectivity in a subsequent chemical reaction. This concept may be considered 

as a promising approach to build up covalently linked molecular networks on metal 

surfaces. Recently, Boz et al. have reported the heat induced coupling of biphenyl 

derivatives on metal surfaces using the concept of protecting groups [90]. In this work, 

4,4’-diaminobiphenyl was protected by tertbutoxycarbonyl (Boc). The Boc-protected 

amine was deposited on Cu(111) and subsequent annealing leads to the formation of 

polymeric structures via the release of the protecting group. This strategy has offered a 

new protocol for the construction of polymeric structures due to the flexibility in 

choosing the molecular cores as well as the protecting groups, allowing for tunability 
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of the dimensions and properties of covalently linked polymer networks on surfaces. A 

main advantage of this approach compared to Ullmann coupling is that the on-surface 

reaction does not produce halogen atoms as side products which can influence the 

formation of the desired main products (polymeric structures) during the 

polymerization process. However, despite these advantages, the use of this approach in 

on-surface synthesis to obtain polymer structures is still extremely rare and therefore, 

requires further investigation. 
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Chapter 3  

Experimental methods 

 
The following chapter describes the instruments and techniques employed for the experiments 

performed in the framework of the present thesis. In the first part, the working principle of 

scanning tunneling microscopy (STM) is introduced. The STM experiments performed in this 

thesis were carried out in two different UHV-STM setups: a variable-temperature STM and a 

low-temperature STM. Moreover, in order to obtain complementary information in addition 

to the STM experiments, X-ray photoelectron spectroscopy (XPS) and low energy electron 

diffraction (LEED) experiments were done. Therefore, a brief outline on the working 

principle of XPS and LEED is also given in this chapter. 
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3.1  Scanning Tunneling Microscopy (STM) 

3.1.1 Introduction 

Since its invention in 1981 by Gerd Binnig and Heinrich Rohrer [1], who were 

honoured with the Noble prize in 1986, scanning tunneling microscopy (STM) has 

become one of the most important laboratory techniques for studying various aspects 

in surface science. The STM is a powerful tool for investigations not only of the 

topography of (semi) conducting surfaces with ultimately atomic resolution in real 

space, but also of the local electronic properties [2−6].  

The operating principle: A sharp metallic tip is brought very closely to a 

(semi)conducting sample surface within a separation of only a few Ångströms. If a 

bias voltage is applied to the system, an electron tunneling current flows between the 

tip and the sample due to the quantum-mechanical tunneling effect before they are in 

mechanical contact. After the tunneling contact is established, the tip scans over the 

sample surface with the help of a piezoelectric driver, whose extension can be 

controlled in three dimensions (x, y and z) to obtain a two-dimensional map of the 

surface. The tunneling current strongly depends on the distance between the tip and the 

sample. This is necessary for the discrimination of small surface corrugations. Even 

the smallest details such as depressions or protrusions on the surface lead to a large 

change in the tunneling current. The data are recorded by a computer and presented as 

an image using specific STM software. The schematic illustration of the operation of a 

scanning tunneling microscope is shown in Fig. 3.1 [5, 6].  

 

Figure 3.1: Schematic diagram of scanning tunneling microscopy. 
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Modes of operation: The STM can be operated in two different modes: (1) constant 

current mode and (2) constant height mode (Fig. 3.2). In the constant current mode, 

the tip is scanned over the surface, while the feedback loop controls the height of the 

tip to maintain a constant tunneling current. By recording the voltage which is applied 

to the piezoelectric driver in order to keep the tunneling current constant, the height of 

the tip z(x,y) as a function of position resulting in a topographical image with atomic 

resolution can be obtained. The constant current mode is the most frequently used in 

STM imaging because it allows probing surfaces which are not necessarily atomically 

flat. However, the disadvantage of this mode is the limited scan speed due to the finite 

response time of the feedback loop and of the piezoelectric driver. Alternatively, in the 

constant height mode, the tip is scanned across the surface at nearly constant height. 

The variation of the tunneling current depending on the topography and local 

electronic surface properties of the sample is recorded as function of a tip position. 

The advantage of the constant height mode is that it allows high scan speeds due to the 

feedback loop being slowed or turned off completely and hence, avoiding drift effects. 

However, this mode is limited to very flat surfaces and small areas because surface 

defects or contaminations may cause the tip to crash [5, 7].  

Figure 3.2: Schematic illustration of the two different operation modes of STM: the constant current 
mode (left) and the constant height mode (right). 

          In this thesis, all STM experiments have been performed in two independent 

two-chamber ultra-high vacuum systems with a base pressure of 5 × 10-10 mbar. The 

first system houses a variable temperature STM (VT-STM) (Oxford Instruments 

Omicron NanoScience). The second system houses a low-temperature STM (LT-

STM) (Oxford Instruments Omicron NanoScience). Each system is equipped with its 

own pumping system together with valves, heaters, evaporators, manipulators, wobble 
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sticks, etc. Fig. 3.3 displays both UHV−STM systems which were used to obtain the 

experimental results presented in this thesis.  

 

Figure 3.3: Digital photographs showing VT-STM (top) and LT-STM (bottom) systems which were 
employed to obtain the STM results presented in this thesis.  
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3.1.2 Tunneling effect 

The basic principle of scanning tunneling microscopy (STM) relies on the tunneling 

effect, a quantum mechanical phenomenon, which allows electrons to penetrate a 

classically impenetrable potential barrier due to their wave nature. Therefore, an in-

depth understanding of the tunneling process plays an important role in understanding 

and interpreting STM data. In the following sections, theoretical models treating the 

tunneling mechanism are presented [5, 6, 19, 11-13]. A one-dimensional potential 

barrier model is the easiest approach to describe quantum mechanical tunneling. The 

schematic illustration for this model is shown in Fig. 3.4. According to classical 

mechanics, an electron is unable to penetrate a potential barrier if its energy is lower 

than the height of the potential barrier. In contrast, the quantum mechanical approach 

predicts that there is a finite, small probability for an electron to penetrate the potential 

barrier when its energy does not exceed the height of the potential barrier if the 

thickness L of the potential barrier is small enough. The state of an electron having the 

energy E which is moving in a potential U(x) is described by a wavefunction ψ(x) 

following Schrodinger’s equation: 

                                          
2 2

2
( ) ( ) ( ) ( )

2

d
x U x x E x

m dx
ψ ψ ψ− + =

ℏ
                                    (3.1) 

where: m is the mass of the electron, E is the energy of the electron and ħ is the 

reduced Planck’s constant.  

Considering region I and III outside the potential barrier, where U = 0, the solution for 

Eq. (3.1) is given by:  

1 1
1( ) ik x ik xx Ae Beψ −= +                                                            (3.2)                           

1
3 ( ) ik xx Eeψ =                                                                         (3.3) 

where: A, B and E are coefficients, 1

2mE
k =

ℏ
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Figure 3.4: The wave function of an electron with energy E is sketched with a potential barrier width 
of L and a height of Vo. (Adapted from Ref. [19]) 

 
Eq. (3.2) describes an electron in region I, which is moving towards the barrier 

(positive direction) or can get reflected back at the barrier (negative direction), while 

Eq. (3.3) describes a transmitted electron in region III, which is only moving in one 

direction. 

Considering region II inside the potential barrier, where U = Vo > E, the solution for 

Eq. (3.1) is given by: 

                      2 2
2 ( ) ik x ik xx Ce Deψ −= +                                                    (3.4) 

where: C and D are coefficients, 2

2 ( )om E V
k

−
=

ℏ
  

The parameter 2k  is a complex quantity due to E < Vo. Hence, it can be replaced by:  

                                             2

2 ( )om V E
k i iκ

−
= =

ℏ
 

Then, the wave function (Eq. 3.3) in region II becomes: 

     2 ( ) x xx Ce Deκ κψ −= +                                                      (3.5) 

Eq. (3.5) describes the wavefunction of an electron decaying exponentially along the x 

direction inside the potential barrier (region II). By applying the boundary conditions 

at x = 0 and x = L, the transmission coefficient T (defined as the ratio E/A) can be 

given by: 

 2
2

16 ( ) Lo

o

E V E
T e

V
κ−−

≈                                                    (3.6) 
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Eq. (3.6) gives a non-zero probability for an electron penetrating the potential barrier 

and the probability of finding an electron after the barrier is proportional to 2 Le κ−
. 

        

 

 

 

 

 

 

 
Figure 3.5: Schematic illustration of a one-dimensional metal-vacuum-metal tunneling junction 
showing the tunneling process from the sample into the tip when a positive bias is applied to the tip. 
(Adapted from Ref. [5]) 
 

From this elementary model, the basic features of metal-vacuum-metal 

tunneling can be transferred to the case of STM. For simplicity, it is assumed that the 

work function of both the tip (φ t) and the sample (φ s) are the same. By applying a 

small bias voltage (eV) between the sample and the tip, a net tunneling current occurs. 

Fig. 3.5 shows the schematic of the tunneling process from a metal surface through the 

vacuum gap into a metal tip. The probability for an electron in the nth sample state nψ

with energy En lying between the Fermi level FE  and ( )FE eV−  to be present at the tip 

surface is proportional to 2 2(0) L
n e κψ −  (0 is the location of the sample surface) 

where: (0)nψ  is the value of the nth sample state at the sample surface, 
2mφ

κ =
ℏ

  

The total tunneling current is proportional to the sum over all sample states in the 

energy interval eV and given by: 

2

2(0)
F

n F

E
L

T n
E E eV

I e κψ −

= −

∞ ∑                                                  (3.7) 

For small bias voltages, Eq. (3.7) can be written in terms of the local density of states 

(LDOS) at the Fermi level. The LDOS is a physical quantity which is defined as 

number of electrons per unit volume per unit energy, at a given point in space and at a 
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given energy [5]. At location x and energy E, the LDOS (x, )s Eρ  of the sample is 

defined as: 

                                         
2

1
(x, ) (x)

n

E

s n
E E eV

E
eV

ρ ψ
= −

≡ ∑                                        (3.8) 

Thus, the tunneling current can be written in terms of the LDOS (0, )s FEρ near Fermi 

level at the sample surface: 

2(0, ) L
T s FI V E e κρ −∞                                                      (3.9) 

It is apparent from Eq. (3.9) that the tunneling current is directly proportional to the 

bias voltage and the LDOS of the sample surface. The tunnelling current is 

exponentially dependent on the sample-tip distance. Thus, the tunneling current is 

extremely sensitive to changes in the sample−tip distance.  

Bardeen formalism and the Tersoff-Hamann Model: In 1961, Bardeen developed 

the time-dependent perturbation theory to calculate the tunneling current between two 

electrodes [9]. In this approach, Bardeen did not solve the Schrödinger equation of the 

combined system. Instead, he solved the equation for two separate subsystems. Using 

Fermi’s golden rule, the amplitude of electron transfer (the tunneling matrix element) 

is determined by the overlap of the two wave functions of the two subsystems at a 

separation surface. According to Bardeen’s formalism, the tunneling current is given 

by [8, 14]:   

22
( )[1 ( eV)] ( )

e
I f E f E M E Eµ υ µυ µ υ

µυ

π
δ= − + −∑

ℏ
                     (3.10) 

where: f(E) is the Fermi function, V is the applied voltage, Mµν is the tunneling matrix 

element between wave function ψµ of the tip and wave function ψν of the sample. Eµ 

and Eν are the energies of state ψµ  andψν , respectively, in the absence of tunneling 

events. δ(Eµ - Eν) is the term which describes the energy conservation which is the 

case for elastic tunnelling [8, 14].  
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In the limits of low temperature and a small applied bias voltage, Eq. (3.10) reduces to 

[21]: 

22
( ) ( )F FI eV M E E E Eµυ µ υ

µυ

π
δ δ= − −∑

ℏ
                          (3.11) 

where: EF is the Fermi energy.  

To determine the tunneling current, calculation of the tunneling matrix element Mµν  is 

essential. Bardeen showed that the tunneling matrix element Mµν is obtained by a 

surface integral and given by:           

                                        
2

* *( )dS
2

M
mµυ µ υ υ µψ ψ ψ ψ= ∇ − ∇∫
ℏ

                                    (3.12) 

To derive Mµν from Eq. (3.12), detailed expressions for ψµ  and ψν are required. 

However, the precise shape of the STM tip is generally unknown. In order to interpret 

STM data, J. Tersoff and D. R. Hamann introduced a theoretical model in which they 

assumed the tip apex as a sphere with only s-type wave functions [8, 14]. Other 

contributions from the tip wave functions were neglected. With this assumption, the 

tunneling current is proportional to the amplitude of ψν at the center of the spherical 

tip. Thus, Eq. (3.11) can be simplified to                      

2
( ) ( )o FI r E Eυ υ

υ

ψ δ∝ −∑                                              (3.13) 

As per the definition, the sum of the local density of sample electronic states (LDOS) 

at the Fermi energy at the center of curvature of the tip is given by: 

                                           2
(r , ) ( ) ( )s o F o FE r E Eυ υ

υ

ρ ψ δ≡ −∑                                  (3.14) 

Thus, the constant current mode in STM represents the contour of the surface local 

density of states (LDOS, (r , )s o FEρ ) at the Fermi energy at the center of the spherical 

tip.   

3.2 X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is widely used as a quantitative spectroscopic 

technique to determine elemental compositions, chemical and electronic states of the 



Experimental methods 

44 

elements in the sample [15, 18, 20]. This surface analysis method is not or very weakly 

destructive but it requires ultrahigh vacuum (UHV) conditions. In 1964, the Swedish 

physicist Kai Siegbahn and co-workers developed high resolution spectrometers which 

enabled a precise determination of the binding energy of the core level electrons. For 

his pioneering contribution, Kai Siegbahn was rewarded the Nobel Prize in Physics in 

1981. The principle of XPS is based on the photoelectric effect observed by Heinrich 

Hertz in 1887 [16]. Albert Einstein who was awarded the 1921 Nobel Prize in Physics 

explained this effect by introducing the concept of the photon [17]. A schematic 

diagram of the photoemission process is illustrated in Fig. 3.6. In principle, XPS 

spectra are obtained by irradiating a sample surface with a beam of X-rays. The X-ray 

photon transfers its energy to a core-level electron. If this energy is larger than the 

energy which binds the electron to the atom, the electron will leave the atom. 

According to the law of energy conversation, the emitted electrons have a certain 

kinetic energy which can be determined via the following equation: 

B kin sE h Eν φ= − −                                                     (3.15) 

where: hv is the total energy of the incoming photon, EB is the binding energy of the 

electron in its initial state, Ekin is the kinetic energy of the photoelectron (measured) 

and φs is the work function of the sample.  

 

 

 

 

 

 

 

Figure 3.6: Schematic diagram of the photoemission process. 
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By measuring the number of emitted photoelectrons as a function of kinetic energy, a 

XPS spectrum is obtained. Based on the analysis of a peak at a particular energy in the 

XPS spectrum, quantitative and qualitative information on the elements present in the 

sample can be obtained. Fig. 3.7 shows a schematic diagram for the experimental 

setup for XPS experiments [18]. The XPS system consists of two main components: 

(1) a photon source and (2) an electron energy analyzer to record the spectra of the 

photoemitted electrons. X-rays can be produced either by an X-ray source such as Mg 

Kα (1253.6 eV) and Al Kα (1486.6 eV) in the laboratory or from a synchrotron 

radiation light source. Synchrotron radiation has several advantages in comparison to 

the laboratory sources: e.g. the resolution is very high, the radiation is polarized and 

the photon energy can be tuned [18, 20].  

 

 

 

 

 

 

 

 

Figure 3.7: Schematic diagram of the experimental setup for XPS experiments. (Taken from Ref. 

[18])  

3.3 Low energy electron diffraction (LEED) 

Low energy electron diffraction (LEED) is one of the most widely used tools to study 

the geometric structure of both single crystal surfaces and ordered phases of adsorbate 

overlayers under UHV conditions [15, 18, 20]. In contrast to X-rays, electrons in 

LEED only exhibit a low inelastic mean free path in a solid surface, thus giving 

information on the uppermost atomic layers. The principle of low energy electron 

diffraction (LEED) is based on the occurrence of electron diffraction. Fig. 3.8 shows a 

schematic diagram for the experimental setup of a standard LEED apparatus. The 
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LEED system has two main components: (1) an electron gun producing a collimated 

beam of low-energy electrons and (2) a hemispherical fluorescent screen with a set of 

four grids for observing the diffraction pattern of the elastically scattered electrons [18, 

20]. The electron gun consists of a cathode filament with a Wehnelt cylinder and 

electrostatic lens. The electrons are produced and accelerated by the electron gun to 

kinetic energies in the range of 10 to 200 eV. They hit the sample in normal incidence 

and are backscattered from the sample in the field-free space. The first grid (counted 

from the sample) is on ground potential to ensure a field-free space around the sample 

while the potential of the second and third grids is set to the so-called retarding voltage 

which is slightly lower than the kinetic energy of the electrons. The second and third 

grids are used to reject the in-elastically scattered electrons. The fourth grid is on 

ground potential again while the fluorescent screen is set to a high positive voltage. 

Thus, the elastically scattered electrons after passing the retarding grids are 

reaccelerated to a high energy to excite fluorescence in the screen, where the 

diffraction spots are observed and they represent a projection of the reciprocal space 

[20]. This provides information on the real space unit cell and the surface symmetry. 

As an example, a typical image of a LEED pattern of a clean Cu(111) surface is shown 

in Fig. 3.9. LEED can also be used to obtain information on the arrangement of 

organic molecules on a surface. If the adlayer is ordered, its unit cell and its orientation 

with respect to the underlying substrate can be determined.  

 

 

 

 

 

 

 

 

 

Figure 3.8: Schematic diagram of a standard LEED setup. (Taken from Ref. [18]) 
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Figure 3.9: A LEED image of a clean Cu(111) surface which was taken with an electron energy of 90 
eV showing the six first order spots.  
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Chapter 4 

Supramolecular self-assembly of metal-free 
naphthalocyanine on Au(111)*  

 

 

 

 

 

 

 

In this chapter, the self-assembly of metal-free naphthalocyanine (H2Nc) on the Au(111) 

surface is studied under ultrahigh vacuum conditions at room temperature by a combination 

of scanning tunneling microscopy (STM), low-energy electron diffraction (LEED) and X-ray 

photoelectron spectroscopy (XPS). The STM measurements reveal that the molecules form a 

well-ordered, defect-free structure with a square-like unit cell at monolayer coverage with 

their molecular plane parallel to the substrate plane. The molecular lattice direction is 

aligned along one of the principal directions of the underlying Au(111) substrate while the 

molecular orientation remains unchanged for different domains. XPS measurements show 

that there is no significant difference in the electronic structure of H2Nc between monolayer 

and multilayer coverage. Combining the information obtained from STM, LEED and XPS 

measurements demonstrates that the self-assembled structure of H2Nc on Au(111) is mainly 

stabilized by intermolecular interactions while the molecule−substrate interactions are 

responsible for the rotational alignment of the molecules with respect to the principal Au 

directions. 

 

*
The results presented in this chapter were published in: 

 Tuan Anh Pham, Fei Song, Meike Stöhr, Supramolecular self-assembly of metal-free naphthalocyanine on 

Au(111), Phys. Chem. Chem. Phys., 2014, 16, 8881-8885. 
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4.1 Introduction 

Over the past few decades, organic semiconductors have received constantly 

increasing attention because of their potential applications in organic electronic 

devices [1−3]. As organic semiconductors, phthalocyanines (Pcs) and their derivatives 

have attracted a lot of interest because of the tunability of their chemical, physical and 

electronic properties by adding specific substituent groups or exchange of the central 

metal atom [4, 5]. Their outstanding properties make them ideal candidates to be used 

in various potential applications, e.g. as p-type organic semiconductors in solar and 

photovoltaic cells, in gas sensing applications, in organic light-emitting diodes or in 

field-effect transistors [6−10].  

Currently, the bottom-up self-assembly of organic molecules on solid inorganic 

surfaces represents a powerful approach for the fabrication of organic thin film-based 

devices [11−13]. The successful construction of such molecular devices strongly 

depends on the possibility to control the final structure together with its properties. The 

interplay between molecule−molecule and molecule−substrate interactions needs to 

receive special attention because the influence of the underlying substrate on the 

molecular arrangements cannot be neglected anymore when only few molecular layers 

are to be considered. Therefore, the formation and study of surface-supported two-

dimensional (2D) self-assembled structures are ideal to investigate this interplay. With 

respect to 2D layers of Pcs on various substrates, a considerable number of studies 

have been carried out investigating, among others, the influence of coverage, the role 

of the central metal atom, and the influence of substituents on both the resulting 

structure and occurring interactions [14−28]. 

Naphthalocyanines (Ncs) are an important class of Pcs due to their extended 

delocalized π electron system what is reflected in a modification of their optical and 

electronic properties in comparison to simple Pcs [29, 30].  The light harvesting 

properties of Ncs are superior with respect to Pcs since their light absorption matches 

better with the solar spectrum what makes them ideal candidates for the usage in 

optoelectronic devices [31−33]. However, despite these impressive findings, the 

number of studies dealing with Ncs adsorbed on surfaces is rather limited. For 

example, Gopakumar et al. studied the influence of molecular geometry on the 2D 
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island formation from different Ncs on highly oriented pyrolytic graphite [34, 35]. 

More recently, Mehring et al. reported on the formation of densely packed 2D islands 

of metal-free naphthalocyanine (H2Nc) on Au(100) [36].  

Herein, we report on the adsorption behaviour of H2Nc on Au(111) at 

monolayer coverage investigated by a combination of scanning tunnelling microscopy 

(STM), low-energy electron diffraction (LEED) and X-ray photoelectron spectroscopy 

(XPS). Very recently, Wiggins et al. performed an STM study for H2Nc on Au(111) 

focusing mainly on electronic properties investigated by orbital mediated tunnelling 

spectroscopy [37], while in our study, the prime aim is to examine the delicate 

interplay between molecule−molecule and molecule−substrate interactions relevant for 

the formation of 2D self-assembled adlayers of H2Nc on Au(111) at room temperature. 

A detailed analysis of STM, LEED and XPS measurements unambiguously 

demonstrates that the Au substrate has a weak but not negligible influence on the 

molecular self-assembly. We conclude that the underlying substrate determines the 

adsorption orientation of the molecules while the intermolecular interactions are 

responsible for the 2D adlayer formation.  

4.2  Experimental results  

4.2.1 STM results for H2Nc on Au(111) 

Scheme 4.1 shows the chemical structure of the H2Nc molecule which is a planar 

aromatic macrocycle consisting of a phthalocyanine skeleton with an additional 

benzene ring attached to each of the four benzopyrrole units. Because only two out of 

the four nitrogen atoms in the molecular centre bind to hydrogen atoms, H2Nc has a 

two-fold symmetry in comparison to a four-fold symmetry found for metal 

naphthalocyanines. Fig. 4.1a shows a large-scale STM image after deposition of a 

monolayer of H2Nc on the Au(111) substrate. The H2Nc molecules form a well-

ordered two dimensional, defect-free pattern. The herringbone reconstruction of the 

Au(111) surface is clearly visible through the molecular overlayer. This indicates that 

the Au reconstruction is neither modified nor lifted upon deposition of H2Nc. It should 

be noted that the intact herringbone reconstruction can be regarded as an indication for 

a weak interaction between the adsorbed molecules and the underlying Au(111) 

substrate [40]. The [112�] substrate direction is identified via the soliton walls of the  
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Scheme 4.1: Schematic molecular structure of metal-free naphthalocyanine (H2Nc). 

 

surface reconstruction as illustrated by a black arrow in Fig. 4.1b while the molecular 

lattice direction is marked by a blue arrow. It turns out that the symmetry axis of 

individual H2Nc molecules is aligned along the [112�] direction of the Au(111) 

substrate. The angle, β, between the molecular lattice direction and the [112�] substrate 

direction is found to be (30o ± 3o). This means that the molecular lattice direction is 

parallel to the [11�0] direction of the underlying Au(111) substrate. Moreover, it is 

apparent that both the molecular orientation and the molecular adsorption direction 

remain unchanged across the elbow sites of the herringbone reconstruction. This is in 

contrast to the findings for H2Pc on Au(111) from Nilson et al [19]. They assign their 

observation that the molecular orientation changes at the elbow sites to a dominating 

molecule−substrate interaction. Besides, for monolayer coverage of CuPc on Au(111), 

Chizhov et al. found that the molecular rows running along the [11�0] direction 

undergo a lateral shift near the elbow sites of the Au(111) herringbone reconstruction 

due to a change in rotational orientation of individual CuPc molecules [21]. In our 

case, however, no such shift of the molecular adsorption direction running along the 

[11�0] direction was observed. The reason for these differences might be related to the 

longer arms of H2Nc (a naphthalene instead of a benzene unit for Pcs) which enable an 

interdigitation of the molecules and thereby, more van der Waals interactions between 

neighbouring molecules. These findings indicate that intermolecular interactions are 

more significant for the 2D layer formation of H2Nc on Au(111) compared to the cases 

of H2Pc as well as CuPc on Au(111). 
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Figure 4.1: (a) Overview STM image (50x50 nm2) and (b) a close-up STM image (30x30 nm2) for 1 
ML H2Nc coverage on Au(111). The molecules assemble in a close packed structure (image 
parameters: U = -1.47 V, I = 40 pA). The herringbone reconstruction of the Au(111) substrate is visible 
through the molecular layer as indicated by dashed black lines in a). The [112�] substrate direction and 

the molecular lattice direction are denoted by black and blue arrows in b), respectively. The angle, β, 
formed by these directions is marked in (b).  
 

 

 

 

 

 

 

 

 

 

Figure 4.2: (a) Overview STM image (60x60 nm2, U = -1.47 V, I = 40 pA) for 1 ML H2Nc showing 
the co-existence of two domains, labelled A and B. (b) Close-up STM image (30x30 nm2, U = -1.47, I 
= 40 pA) of the area marked by a blue dotted square in a). For each of the domains, four molecules are 
drawn in and the unit cells are indicated in blue. The orientation of the molecules with respect to the 
underlying Au substrate is the same for domain A and B. However, the arrangement of the molecules 
within the unit cell is mirrored along the blue dotted line, which is parallel to a principal Au direction. 
The domain boundary is marked by the black dashed lines in a) and b). The set of three arrows 
indicates the principal directions of the underlying Au(111) substrate. 

 

The large-scale STM image in Fig. 4.2a shows the co-existence of two different 

domains (labelled A and B) of H2Nc on Au(111) with the domain boundary marked by 
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a dashed black line. The STM image in Fig. 4.2b shows the orientation of individual 

H2Nc molecules located at the domain boundary in more detail. The molecules in both 

domains have one of their symmetry axes aligned along the [11�0] direction of the 

Au(111) substrate. This indicates that the molecular orientation within both domains is 

the same with respect to the underlying substrate and thus, the role of the Au substrate 

in the formation of 2D self-assembled structures from H2Nc cannot be neglected. One 

direction of the molecular unit cell of both the A and B domain is parallel to a 

principal Au direction. However, the unit cells are rotated with respect to each other. 

That means that the arrangement of the molecules within the unit cell must differ. In 

the A domain adjacent molecules are attached to the right side when considering the 

naphthalene units while in the B domain adjacent molecules are attached to the left 

side. That means that A and B domain are mirror images of each other with a principal 

Au direction as mirror plane (blue dotted line in Fig. 4.2b). 

From the high−resolution STM image shown in Fig. 4.3a, we conclude that the 

molecules are adsorbed with their molecular plane parallel to the substrate surface. 

Each H2Nc molecule is imaged as a symmetric cross-like structure with a depression 

in the molecular centre which is in good agreement with its chemical structure 

depicted in Scheme 1. It should be noted that the depression in the centre of H2Nc 

observed in STM images can be ascribed to the lack of d-orbitals near the Fermi 

energy [41]. From the STM analysis, the mean values of the square-like unit cell are 

found to be a ≈ b = (16 ± 0.5) Å with an internal angle of (90o ± 3o). The azimuth 

angle, α, defined as the smallest angle between the molecular axis and a unit cell 

vector, is determined to be (30o ± 3o). The azimuth angle is considered as an important 

parameter in determining the packing density of the molecular overlayer [34]. The 

correlation between the molecular packing density and the azimuth angle can be 

explained by the competition between repulsive and attractive intermolecular 

interactions. If the azimuth angle is large, there is less steric-repulsion between 

adjacent molecular lobes (the naphthalene units) resulting in the formation of a close- 

packed molecular structure. Reversely, if the molecular lobes are close to each other, 

steric repulsion between the H atoms of the naphthalene units emerges. As a result, the 

intermolecular distances increase while the packing density decreases. In the case of 
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dominating intermolecular interactions, the formation of a close-packed 2D overlayer 

with higher azimuthal angle will occur. In our case, an average molecular density of 

approximately 0.39 molecules per nm2 and an azimuth angle of (30o ± 3o) confirm a 

close-packed self-assembled structure of H2Nc molecules on Au(111) what can be 

regarded as a sign for a weak interaction with the underlying substrate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: (a) STM image (10x10 nm2, U = -1.47 V, I = 40 pA) of 1 ML H2Nc on Au(111). The 

molecular unit cell is indicated by a black square with corresponding vectors �� and ���.The angle, α, 
between the molecular axis and the unit cell vector �	���� is marked in the figure. (b) Experimentally 
obtained LEED pattern of 1 ML of H2Nc on Au(111) taken at a beam energy of 24 eV. (c) Simulated 
LEED pattern. The different colours mark the rotationally equivalent domains. The black square in c) 
indicates the molecular unit cell for one of these domains of the molecular adlayer while the dotted 
black arrow in c) shows the [11�0] direction of Au(111). (d) Tentative model for the molecular 
arrangement of H2Nc on Au(111), the unit cell vectors are denoted by dashed black arrows. Black 
arrows at the bottom left corner in a) and d) indicate the close-packed [11�0] direction of the Au(111) 
substrate. 

 

4.2.2 LEED results for H2Nc on Au(111) 

In order to precisely determine the molecular unit cell parameters, also with respect to 

the underlying Au substrate, LEED measurements were performed. Fig. 4.3b shows a 



Self-assembly of H2Nc on Au(111) 

56 

 

LEED pattern taken at an electron energy of 24 eV for monolayer coverage of H2Nc 

on Au(111). For the simulation of the LEED data, the values obtained from the STM 

analysis were used as starting values. The simulated LEED pattern (Fig. 4.3c) matches 

the experimental data quite well. From the simulated LEED pattern, the molecular unit 

cell dimensions are determined to be a = b = 16.5 Å with an internal angle of 90° while 

one of the unit cell directions is parallel to the [11�0] Au direction. However, the 

molecular superstructure is incommensurate with the underlying Au substrate. 

Notably, the existence of an incommensurate superstructure on Au(111) can be 

considered as evidence for dominating intermolecular interactions [42]. The LEED 

data suggest the existence of three domains (marked by different colours in Fig. 4.3c). 

In STM we observed three rotational domains having an angle of 120°. Considering 

the existence of mirror domains observed in STM, one would expect the total amount 

of domains to be six. However, since the unit cell of a mirror domain is equal to the 

unit cell of a rotational domain (the mirror plane runs along a principal Au direction) 

the total amount of domains reduces to three. The tentative model for the molecular 

arrangement based on the information obtained from STM and LEED is depicted in 

Fig. 4.3d. Each molecule interacts with four neighbouring molecules through the 

naphthalene units which are antiparallel to each other. In this way, van der Waals 

interactions are established through the interdigitation of the naphthalene units. We 

assume that these van der Waals interactions are responsible for the development of 

the observed 2D pattern. 

4.2.3 XPS results for H2Nc on Au(111) 

In order to obtain complementary information on the interplay of molecule−molecule 

and molecule−substrate interactions, XPS measurements of the C1s and N1s core 

levels were performed for coverages of 1 monolayer (ML) and 2.5 ML. The results are 

summarized in Table 4.1. First, we discuss the spectra for monolayer coverage. The 

C1s core level spectra (Fig. 4.4, left panel) exhibit two main components 

corresponding to the two chemically non-equivalent carbon atoms in the molecule. 

The high intensity peak at a binding energy of 284.2 eV is assigned to the aromatic 

carbon atoms of the phenyl rings while the weak intensity peak at a binding energy of 
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286.2 eV is assigned to pyrrolic carbon atoms [43]. The N1s core level spectra show 

two main components (Fig. 4.4, right panel). The most intense peak at a binding  

 

 

 

 

 

 

 

 

 

 

Figure 4.4: C1s (left) and N1s XPS spectra (right) of H2Nc molecules on Au(111) at coverages of 1 
ML (lower spectra) and 2.5 ML (upper spectra). The C1s spectra are fitted with two components 
which can be assigned to the benzene carbon atoms in the phenyl rings (blue dashed line) and the 
pyrrole carbon atoms in the porphyrazine ring (red dashed line), respectively. The N1s spectra are also 
fitted with two components. The peak at lower binding energy can be assigned to iminic nitrogen 
atoms (blue dashed line) while the peak at higher binding energy relates to to the pyrrolic nitrogen 
atoms (red dashed line). The perpendicular black dashed lines indicate that there are no differences in 
the binding energies of the C1s and N1s core-levels between 1 ML and 2.5 ML coverages. 

 

energy of 398.4 is assigned to iminic nitrogen atoms while the weak intensity peak at 

400.1 eV is associated with pyrrolic nitrogen atoms [44]. The ratio of the C1s peak 

intensities amounts to approximately 1:5 (pyrrolic : aromatic carbon) while that of the 

N1s peak intensities is found to be approximately of 1:3 (pyrrolic : iminic nitrogen), 

for both 1 ML and 2.5 ML coverages. These results are in good agreement with the 

stoichiometry of the H2Nc molecule. Since the top layers for molecular coverage of 

2.5 ML are not in direct contact with the underlying substrate, the change in binding 

energy for the C1s and N1s components for the two coverages can be used to obtain 

information on the strength of the molecule–substrate interaction. A careful 

comparison of 1 ML and 2.5 ML spectra shows that there is no significant shift in 

binding energy of the C1s and N1s core level energies. These results suggest that the 

H2Nc molecules are weakly physisorbed. The findings from STM, LEED and XPS 

measurements all yield a weak molecule–substrate interaction what means that the 
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structure formation of the self-assembled H2Nc monolayer on Au(111) is mainly 

governed by intermolecular interactions. 

Table 4.1: Fitting parameters for 1 ML and 2.5 ML XPS spectra of H2Nc molecules deposited on 
Au(111) cf. Fig. 4.4.  

 

 

 

 

4.3  Conclusions  

The adsorption behaviour of H2Nc on Au(111) was investigated by a combination of 

STM, LEED and XPS measurements. For monolayer coverage, the molecules form a 

close-packed, well-ordered 2D structure with a square-like unit cell with the molecular 

lattice direction parallel to a principal direction of the underlying Au substrate. XPS 

measurements show that the electronic structure of H2Nc is hardly influenced by the 

interaction with the Au substrate. That is concluded by comparing XPS measurements 

for 1 ML and 2.5 ML. Taken together, these findings unambiguously demonstrate that 

H2Nc interacts weakly with the Au substrate and therefore, dominating intermolecular 

interactions are the main driving force for the self-assembly of H2Nc on Au(111) at 

room temperature. Notably, the observation of three and not multiple rotational 

domains means that the molecules have a preferred adsorption orientation and that the 

Au substrate has a weak but not negligible role in the molecular self-assembly process. 

Our study is expected to contribute important information about the interplay of 

intermolecular and molecule−substrate interactions in the self-assembly of large non-

functionalized organic adsorbates on metal substrates in general.  

4.4  Experimental methods 

The experiments were carried out in a two chamber ultrahigh vacuum system with a 

base pressure of 5 × 10-10 mbar. This system houses a variable temperature STM 

(Oxford Instruments Omicron NanoScience), a LEED apparatus (SPECS Surface 
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Nano Analysis GmbH) and an XPS analyser (Thermo Scientific). The Au(111) single 

crystal was prepared by repeated cycles of sputtering with Ar+ ions and annealing at 

approximately 400°C. Commercially available 2,3−naphthalocyanine (Sigma-Aldrich, 

purity 95%) was thoroughly degassed several hours before deposition onto Au(111). 

The molecules were thermally evaporated from a glass crucible that was heated inside 

a home-built evaporator. The deposition rate was monitored using a quartz crystal 

microbalance in order to determine the molecular coverage. The substrate was held at 

room temperature during deposition. All STM images were taken at room temperature 

in constant current mode using a platinum-iridium tip. Image processing was done 

with the free software WSxM [38].  The XPS spectra were recorded with a 

hemispherical energy analyser employing Al Kα radiation with a photon energy of 

1468.6 eV. The Au 4f7/2 core level was used for calibration. LEED pattern simulation 

was done with LEEDpat [39]. 
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Chapter 5 

Self-assembly of pyrene derivatives on Au(111): 
substituent effects on intermolecular interactions* 

 

 

 

 

 

 

 

 

Halogen bonding is recently expected to open up new opportunities for the construction of 

molecular networks on metal surfaces for future applications. However, the exact role of the 

halogen substituents in the structural formation of such networks is less studied and thus, asks 

for more studies in order to efficiently employ halogen bonding for the controlled 

construction of on-surface assemblies. This has triggered our interest to investigate the 

influence of halogen substituents on the resulting intermolecular interactions of halogenated 

molecules on metal surfaces. In this chapter, we investigated the self-assembly of two 

bromine-functionalized pyrene derivatives on Au(111) by a combination of scanning 

tunneling microscopy, low energy electron diffraction under ultrahigh vacuum conditions and 

density functional theory calculations. We could successfully demonstrate that the position 

and number of the bromine functionalities determines the 2D assembly structure through 

optimizing the intermolecular interactions. 

 

 

*
The results presented in this chapter were published in:  

Tuan Anh Pham, Fei Song, Manh-Thuong Nguyen, Meike Stöhr, Chem. Commun., 2014, 50, 14089-14092. 
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5.1 Introduction  

Halogen bonding (X-bonding) is nowadays considered as a highly important tool in 

the field of crystal engineering and supramolecular chemistry [1-4]. In comparison to 

hydrogen bonding (H-bonding), X-bonding offers a tuneable interaction strength by 

properly choosing the halogen atoms as well as a higher directionality [5-8]. These 

unique properties make X-bonding an interesting alternative to the often employed and 

well-established H-bonding for achieving desired molecular architectures, which is 

considered to open up new pathways for the fabrication of molecular devices by the 

bottom-up approach. However, despite these exciting advantages, the use of X-

bonding for controllably constructing on-surface supramolecular assemblies has only 

recently been recognised. For example, Lackinger et al. demonstrated the formation of 

two-dimensional (2D) supramolecular structures from tris-bromophenyl derivatives 

mediated by X-bonding at the solid−vacuum interface [9a], while Perepichka et al. 

reported the formation of 2D chiral structures from brominated tetrathienoanthracene 

derivatives at the solid-liquid interface [9b]. So far, however, only a few more studies 

investigated the influence of the chemical nature of the halogen substituents on the 

surface-supported self-assembly process [10−13]. It has been recognised that for the 

construction of such 2D structures, halogen substituents may play the determining role 

in the structural formation by balancing the delicate interplay between molecule-

molecule and molecule-substrate interactions. Therefore, an in-depth understanding of 

the effects of halogen substituents on the resulting intermolecular interactions is of 

utmost importance for the usage of X-bonds for the construction of molecular devices. 

  Herein, we investigated the influence of the position and number of bromine 

substituents onto the formation of highly-ordered self-assembled structures as well as 

the resulting intermolecular interactions of pyrene derivatives on Au(111) under UHV 

conditions. For this purpose, two different pyrene derivatives, 1,3,6,8-

tetrabromopyrene (Br4Py) and 2,7-dibromopyrene (Br2Py) were chosen, which possess 

four and two functional bromine groups, respectively, at different substituent 

positions. In order to minimize the effect of the substrate on the structural formation, 

we employed Au(111) as a substrate since it is generally considered less reactive than 

other noble metals [14]. 
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5.2 Experimental results   

5.2.1 Self-assembly of Br4Py on Au(111) 

Fig. 5.1 shows the chemical structure and the corresponding calculated electrostatic 

potential distribution of these molecules. Due to an anisotropic charge distribution 

around the halogen atom in a halogen-carbon bond, the bromine substituents in these 

molecules can act as both electrophiles and nucleophiles, allowing two different 

binding motifs at the same time [1, 5, 8, 15]. 

 

 

 

 

 

 

 

Figure 5.1: Chemical structure and corresponding electrostatic potential distributions of 1,3,6,8-
tetrabromopyrene (Br4Py) (left) and 2,7-dibromopyrene (Br2Py) (right), respectively, showing the 
positive potential in blue and the negative potential in green/yellow at isodensity surfaces.  

 

  Upon deposition of Br4Py on Au(111) held at room temperature, well-ordered 

2D patterns were observed by STM under UHV conditions. Close to monolayer 

coverage, two different molecular arrangements coexist: a parallel arrangement (Fig. 

5.2a, top and Fig. 5.2b) and a square arrangement (Fig. 5.2a, bottom and Fig. 5.2d), 

labelled phase I and II in the following, respectively. It should be noted that also at 

room temperature and for submonolayer coverage, Br4Py forms islands exhibiting 

phase I. Phase I was found to be the dominant phase (occurrence of around 90%). In 

overview STM images for Br4Py self-assembled into the phase I, the characteristic 

herringbone reconstruction of Au(111) is visible through the molecular adlayer (Fig. 

5.3). This shows that the Au reconstruction is neither modified nor lifted upon 

adsorption of the molecules, indicating a weak molecule−substrate interaction. One 

axis of the molecular unit cell is rotated by approximately (7±1)° with respect to the 

principal Au direction. Interestingly, the molecules aligned in this unit cell direction 

undergo a small lateral shift with respect to each other at the positions at or close to the  
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Figure 5.2: (a) Overview STM image (30×14 nm2) for 1 ML Br4Py on Au(111), showing the co-
existence of two different molecular arrangements, labelled phase I (top) and phase II (bottom). (b, c) 

and (d, e) Close-up STM images (5×5 nm2) and corresponding proposed molecular models for phase I 
and II, respectively. The STM images were taken at room temperature with U = -1.2 V, I = 60 pA. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3: (a) Overview STM image (40×40 nm2) showing that the herringbone reconstruction is 

intact under the molecular overlayer. (b) STM image (28×28 nm2) showing the ordering of the 

molecules in the vicinity of a step edge. (c) STM image (20×30 nm2) for 1 ML Br4Py on Au(111). The 
principal substrate and molecular adsorption directions are denoted by white and blue arrows, 

respectively. β is the angle enclosed by the molecular adsorption direction and the [11�0] substrate 
direction. The blue dotted lines act as a guide to the eye to indicate the slight shift of the molecular 
rows with respect to the straight white line. The STM images were taken at room temperature with U 
= -1.2 V, I = 80 pA.  
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soliton walls of the herringbone reconstruction [20]. The co-existence of three 

rotational domains having an angle of 120° to each other was observed, reflecting the 

threefold symmetry of the underlying substrate (Fig. 5.4). The molecular orientation in 

each of these domains is the same with respect to the underlying substrate. Taking 

these findings together, it turns out that the substrate has a weak but not negligible 

influence on the self-assembly process. Because the molecular lattice direction does 

not run parallel to a principal Au direction, it is expected that for each of the rotational 

domains, a mirror domain exists. Indeed, in STM images we observed rotational and 

mirror domains at the same time. Fig. 5.5 shows the existence of domains Am and Bm, 

which are the mirror counterparts of domain A and B, respectively. The unit cell 

directions of “normal” and mirror domains enclose an angle of ± (7±1)º with a 

principal Au direction which is the mirror plane direction. In the high-resolution STM 

image in Fig. 5.2b, each Br4Py molecule in phase I can be clearly discerned. Each 

molecule exhibits four bright protrusions corresponding to the four bromine 

substituents which is in good agreement with its chemical structure (Fig. 5.1). To 

precisely determine the unit cell parameters, also with respect to the underlying 

Au(111) substrate, low energy electron diffraction (LEED) measurements were 

performed (Fig. 5.6). An incommensurate superstructure was found for the molecules 

arranged into phase I. The unit cell contains one molecule and its lattice dimensions 

are found to be 11.7 × 8.8 Å2 with an internal angle of 78º. It should be noted, that in 

LEED we did not obtain any spots arising from phase II. This further supports the fact 

that phase I, indeed, is the dominant phase upon adsorption of Br4Py on Au(111) at 

monolayer coverage. Fig. 5.2c shows the proposed molecular model for phase I. The 

molecules align parallel with respect to each other. Four Br substituents of four 

neighbouring molecules point toward each other to form a fourfold node (marked by a 

blue ellipse in Fig. 5.2c). Each molecule connects to four such fourfold nodes. Because 

of the non-spherical charge distribution, each Br substituent can attractively interact 

with a negative charged Br or a positively charged H atom of adjacent molecules, 

forming so- called triangular binding motifs consisting of Br-Br and Br-H bonds, 

which are responsible for the network formation [9b]. In Fig. 5.2d individual Br4Py 

molecules arranged into phase II are visible. The unit cell contains two molecules and 
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its dimensions are found to be a = (15.6 ± 0.2) Å, b = (14.4 ± 0.2) Å and α = (87 ± 1)º, 

as determined from STM measurements. The packing density of this phase is ~ 0.9 

molecules nm-2, whereas that of phase I is higher, ~ 1 molecule nm-2. Within this 

phase, each molecule is surrounded by four neighbouring molecules rotated by 90° 

with respect to the central molecule. In the proposed molecular model (Fig. 5.2e), four 

molecules meet in a fourfold node formed by four Br substituents similar to what was 

observed for phase I. Only two of the four possible fourfold nodes (marked by a blue 

circle in Fig. 5.2e) have Br to Br and Br to H distances which are suitable for the 

establismnent of intermolecular interactions. Each molecule only participates in two 

such fourfold nodes what is in contrast to phase I. As observed for phase I, the 

molecular network is stabilised by triangular binding motifs based upon Br-Br and Br-

H bonds. The basic unit of this molecular network is a chiral pinwheel-like tetramer 

resulting in organization chirality for the assembly. Both left- and right-handed 

homochiral domains were observed (Fig. 5.7). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4: (a) Large scale STM image (38×38 nm2) of 1ML Br4Py on Au(111), showing the co-
existence of three rotational domains, labeled A, B and C. The white dashed lines mark the domain 
boundaries. The solid white, green and blue lines in each domain indicate the molecular adsorption 
direction which is aligned along one of the principal Au directions. (b), (c) and (d) Close-up STM 

images (10×10 nm2) of domains A, B and C, respectively. The short yellow line acts as a guide to the 
eye to indicate the molecular orientation for different domains with respect to the principal Au 
directions. The STM images were taken at room temperature with U = -1.2 V, I = 60 pA.  
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Figure 5.5: (a) and (c) Overview STM images (50×50 nm2 and 35×35 nm2, respectively) of 1 ML 
Br4Py on Au(111), showing the co-existence of mirror domains. (b) and (d) Close-up STM images 

(20×20 nm2 and 18×18 nm2, respectively) of the areas marked by blue dotted squares in a) and c), 
respectively. The domain boundaries are marked by white dashed lines. The unit cells are marked by 
black rhomboids. The arrangement of the molecules within the unit cell is mirrored at the blue dotted 
line which is parallel to a principal Au direction. The set of three arrows indicates the principal 
directions of the substrate. The STM images were taken at room temperature with U = -1.47 V, I = 40 
pA. 

5.2.2 Self-assembly of Br2Py on Au(111) 

In order to examine the influence of the position and number of the Br substituents on 

the resulting intermolecular interactions responsible for the network formation, Br2Py 

was deposited onto Au(111) held at room temperature. For monolayer coverage, the 

molecules arrange in a 2D brick-wall-like pattern which is labelled phase III (Fig. 5.8). 

Again, the characteristic herringbone reconstruction of Au(111) is observed through 

the molecular adlayer which is indicative of a weak molecule−substrate interaction. 

Each molecule exhibits two bright terminal protrusions corresponding to the two Br 

substituents (Fig. 5.8b). The unit cell contains one molecule and its lattice parameters 

are determined to be a = (11 ± 0.2) Å, b = (12.7 ± 0.2) Å and α = (52 ± 2)º. The 

packing density of this phase is found to be approximately 0.87 molecules nm-2 which 
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is lower than that of phase I and II. As can be seen in the proposed molecular model 

(Fig. 5.8c), the molecules align in parallel rows with their Br substituents in an 

antiparallel fashion, forming twofold nodes (marked by a blue circle in Fig. 5.8c). 

Importantly, this molecular arrangement does not form Br-Br bonds. Instead, the 

supramolecular network is stabilized by triangular binding motifs based on Br-H 

bonds enabled by the opposite charge regions of Br and H atoms within the twofold 

nodes.  The absence of Br-Br bonds in phase III could be explained by taking 

thermodynamic considerations into account. It can be assumed that the interplay of  

 

 

  

 

 

 

 

 

 

 

 

 
Figure 5.6: (a) LEED pattern for 1ML Br4Py on Au(111) taken at a beam energy of 42 eV. The 
yellow lines act as a guide to the eye to mark the principal directions of the Au(111) substrate. The 
yellow circles mark the first order spots of the Au(111) substrate. (b) Zoom-in of the area marked by 

the red dashed circle in a). The unit cell of the molecular adlayer with corresponding vectors �� and ��� 
is denoted by the yellow dashed rhomboid. The red arrow indicates one of the principal directions of 
the substrate. (c) Simulated LEED pattern. The black dashed circle marks the area where the 
diffraction spots are visible in b). The yellow and blue dashed rhomboids indicate the unit cells which 
are mirror images with respect to the principal Au direction. The angle enclosed between the principal 
Au direction and a unit cell vector amounts to 7° which is in excellent agreement with what is found 
from the STM analysis.    
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entropy and enthalpy plays an important role in the network formation [16, 17]. The 

decrease in entropy during the self-assembly must be compensated by a gain in 

enthalpy via the formation of favourable intermolecular interactions. Since Br2Py has 

two terminal Br substituents, two adjacent molecules will preferably bind via Br-H 

bonds to maximize attractive interactions and to minimize repulsive Br-Br 

interactions. In this way a minimum in the Gibbs free energy is obtained 

corresponding to a stable state of the overall system. 

 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 5.7: STM images (10×10 nm2) of the self-assembled pinwheel structure of Br4Py on Au(111) 
with (a) anticlockwise and (b) clockwise configuration. The solid blue lines on top of the molecules 
indicate the molecular orientations within each “pinwheel”. The set of three arrows indicates the 
principal directions of the Au(111) substrate. The STM images were taken at room temperature with U 
= -1.4 V, I = 40 pA. 

 

 

 

 

 
 
Figure 5.8: (a) Overview STM image (24×15 nm2) for 1ML of Br2Py on Au(111). (b) Close-up STM 

image (6.5×6.5 nm2) and (c) corresponding proposed molecular model. The STM images were taken at 
77 K with U = -1.8 V, I = 30 pA. 
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5.3 DFT calculations  

In order to obtain a more detailed understanding of the intermolecular interactions, we 

carried out DFT calculations with van der Waals corrections included. The optimized 

intermolecular bonds are shown in Fig. 5.9 and the corresponding computed results are 

summarised in Fig. 5.10. It should be noted, that previously two different types of X-

bonds were classified based on the bonding angle of the C−X groups [18]. The type-I 

X-bond is a repulsive interaction due the similar charge areas of the Br atoms pointing 

toward each other. This type occurs when θ1 ≈ θ2 and their values fall in the range of 

140o to 180o. Type-II X-bond is an attractive interaction between the positive and 

negative charge areas of the halogen atoms. This type occurs when the value of θ1 falls 

in the range of 150o to 180o while that of θ2 falls in the range of 90o to 120o [28-31]. 

The Br to Br distance for the formation of non-covalent bonds lies in the range of 3.4 

to 3.9 Å [32]. For the formation of Br-H hydrogen bonds: if the Br to H distances are 

larger than 3.5 Å, this hydrogen bond is weak [33]. Then, it was not taken into 

account. In our case, the computed angles and distances between Br and H atoms fall 

in the range which is in good agreement with these values. These results confirmed the 

formation of Br-Br and Br-H bonds in triangular binding motifs which are responsible 

for the network formation.  Combining this classification with our calculated results 

leads to an intuitive explanation for the occurring intermolecular interactions in the 

three networks. In both phases I and II, the molecular networks are mainly stabilized 

by H
⋯Br�⋯Br
 and H�⋯Br�⋯Br� triangular binding motifs formed by Br-Br 

bonds (type-II) and Br-H bonds in each fourfold node. The main difference between 

these phases lies in the type-I repulsive interactions. The computed Br1 to Br3 distance 

shows that this repulsive interaction does not occur in phase II, but it may contribute to 

the sum of the driving forces for the network formation in phase I. For phase III, the 

molecular network is mainly driven by H
⋯Br
⋯H�	and	H�⋯Br�⋯H� triangular 

binding motifs formed by only Br-H bonds in each twofold node. The computed 

distances of Br
⋯H�, 	Br�⋯H�	and		Br
⋯Br� imply that the role of intermolecular 

interactions between parallel molecular rows running along the shorter unit cell axis 

can be neglected for the network formation [19].   
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Figure 5.9: DFT optimized intermolecular interactions for phase I and II formed by Br4Py and for 
phase III formed by Br2Py molecules. The intermolecular Br-Br and Br-H bonds are marked by red 
and green dashed lines, respectively.   

 

The calculated unit cells are entirely consistent with the experimental results 

(Fig. 5.11). The binding energies per molecule obtained from DFT calculations are 0.3 

eV and 0.28 eV for phase I and phase II, respectively, whereas that of phase III is 

lower (0.21 eV). These results demonstrate that there are less intermolecular bonds per 

molecule in the case of phase III compared to that of phases I and II due to the 

differences in the position and number of Br substituents.  However, the DFT 

calculations do not fully explain why for monolayer coverage almost exclusively 

phase I is observed. The reason for this could be substrate effects (presence of the 

herringbone reconstruction) which were not taken into account in our calculations. 

5.4 Conclusions  

In conclusion, we compared the self-assembly of pyrene derivatives on Au(111) under 

UHV conditions by combining STM experiments and DFT calculations. The Br4Py 

molecules arrange into two different 2D patterns which are stabilized by X-bonds and 

Br-H bonds at the same time. On the other side, the 2D self-assembled pattern of 

Br2Py is exclusively driven by Br-H bonds. These results successfully demonstrate that 

the positions and number of Br substituents determine the final supramolecular 

networks of pyrene derivatives on Au(111).   
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Figure 5.10: (a) Illustration for two different types of X-bonds. (b-d) DFT optimized intermolecular 
interactions and summarized computed distances and angles for Br-Br and Br-H intermolecular bonds 
of Br4Py and Br2Py molecules.  
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Figure 5.11: (a) DFT optimized unit cell and (b) corresponding geometric and energetic properties for 
different molecular networks of Br4Py and Br2Py. Subscripts e, 1 and 0 in (b) imply the experimentally 
obtained values from STM, LEED and the computed values, respectively. 

 

5.5 Experimental methods and computational details 

5.5.1 Experimental methods 

The STM experiments were carried out in two independent two-chamber ultra-high 

vacuum systems with a base pressure of 5 × 10-10 mbar. Both systems are equipped 

with facilities for surface preparation, i.e. Ar+ ion sputtering and resistive sample 

heating. The first system houses a variable temperature STM (Oxford Instruments 

Omicron NanoScience) and a LEED apparatus (SPECS Surface Nano Analysis 

GmbH). The second system houses a low-temperature STM (Oxford Instruments 

Omicron NanoScience). The Au(111) single crystal was prepared by repeated cycles 

of sputtering with Ar+ ions and annealing at approximately 400°C. Commercially 

available 1,3,6,8−tetrabromopyrene (Br4Py) and 2,7−dibromopyrene (Br2Py) were 

thoroughly degassed several hours before deposition onto Au(111). The molecules 
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were thermally evaporated from a glass crucible that was heated inside a home-built 

evaporator. The deposition rate was monitored using a quartz crystal microbalance in 

order to determine the molecular coverage. The substrate was held at room 

temperature during deposition. The STM images of Br4Py/Br2Py were taken in 

constant current mode using a platinum-iridium tip at room temperature/77K. The bias 

voltage is applied to the tip while the sample is grounded. Image processing was done 

with the free software WSxM [21].  

LEED measurements were performed to determine the molecular unit cell for 

the close-packed assembly obtained after deposition of Br4Py on Au(111) held at room 

temperature. The LEED pattern was taken for samples held at room temperature. The 

sample was slightly tilted with respect to normal incidence, allowing the observation 

the diffraction spots of first order which would be otherwise hidden by the electron 

gun. The LEED pattern was taken at an energy of 42 eV for the incident electron 

beam. The software LEEDpat2.1 was used to simulate the experimentally obtained 

LEED pattern [22].  

5.5.2 Computational details 

Plane-wave density functional theory calculations were carried out using the Quantum 

ESPRESSO package [23], within the framework of the PBE [24] density functional 

corrected with semi-empirical dispersion potentials  [25] as the van der Waals 

interactions play a key role in the stability of non-covalently bonded molecules [26]. 

Additionally, the projector augmented-wave method was employed [27]. We used a 

kinetic energy cutoff of 40 Ry.  

 We optimized the geometry of single Br4Py and Br2Py in a 22×22×20 Å3 unit 

cell. Concerning molecular networks, the starting unit cell parameters were chosen 

from experiments, details are given below. The unit cells were then optimized with the 

force convergence threshold of 10−4 eV/Å. A 2×3×1, 2×2×1, and 2 × 2 × 1 k−point 

grid was used to sample the Brillouin zone in the self-consistent calculations for phase 

I, phase II of Br4Py, and Br2Py supramolecular nanostructures, respectively. In the 

geometry optimization processes, the molecules were kept co-planar as they are 

supposed to be adsorbed on Au(111) in a flat-lying fashion with the same molecule-
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surface separation. Binding energy per molecule in the molecular networks was 

calculated as 

Δ� =
�������� −	!�"#�$%�

!
 

where Enetwork is the energy of a unit cell in the network, n (n = 1, 2) is the number of 

molecules making up the unit cell, and Esingle is the energy of a single molecule. 

The electrostatic potential was calculated as the sum of the potential generated by ions 

and the Hartree potential. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Self-assembly of pyrene derivatives on Au(111) 

78 

 

References 

[1] P. Metrangolo, F. Meyer, T. Pilati, G. Resnati and G. Terraneo, Angew. Chem. Int. Ed.,  2008, 47, 

6114.  

[2]  L. Meazza, J. A. Foster, K. Fucke, P. Metrangolo, G. Resnati and J. W. Steed, Nat. Chem., 2013, 

5, 42. 

[3]  R. W. Troff, T. Makela, F. Topic, A. Valkonen, K. Raatikainen and K. Rissannen, Eur. J. Org. 

Chem., 2013, 9, 1617. 

[4]  H. M. Titi, R. Patra and I. Goldberg, Chem. Eur. J., 2013, 19, 14941. 

[5]  P. Politzer, J. S. Murray and T. Clark, Phys. Chem. Chem. Phys., 2010, 12, 7748. 

[6]  C. B. Aakeroy, M. Baldrighi, J. Desper, P. Metrangolo and G. Resnati, Chem. Eur. J., 2013, 19, 

16240. 

[7]  A. Priimagi, G. Cavallo, P. Metrangolo and G. Resnati, Acc. Chem. Res., 2013, 46, 2686. 

[8]  S. M. Huber, J.D. Scanlon, E. J. Izal, J. M. Ugalde and I. Infante, Phys. Chem. Chem. Phys., 

2013, 15, 10350. 

[9]  a) H. Walch, R. Gutzler, T. Sirtl, G. Eder and M. Lackinger, J. Phys. Chem. C, 2010, 114, 

12604; b) R. Gutzler, O. Ivasenko, C. Fu, J. L. Brusso, F. Rosei and D. F. Perepichka, Chem. 

Commun., 2011, 47, 9455. 

[10] a) K. H. Chung, J. Park, K. Y. Kim, J. K. Yoon, H. Kim, S. Han and S. J. Kahng, 

Chem.Commun., 2011, 47, 11492.; b) K. H. Chung, H. Kim, W. J. Jang, J. K. Yoon, S. J. Kahng, 

J. Lee and S. Han, J. Phys. Chem. C, 2013, 117, 302. 

[11] a) J. K. Yoon, W. J. Son, H. Kim, K. H. Chung, S. Han and S. J. Kahng, Nanotechnology, 2011, 

22, 275705.; b) Y. Makoudi, B. Baris, J. Jaeannoutot, F. Palmin, B. Grandidier and F. Cherioux, 

Chem. Phys. Chem., 2013, 14, 900. 

[12]  B. Cui, H.J. Yan, D. Wang and L.J. Wan, J. Electroanal. Chem., 2013, 668, 237. 

[13]  N. M. Jenny, H. Wang, M. Neuburger, H. Fuchs, L. Chi and M. Mayor, Eur. J. Org. Chem., 

2012, 2738. 

[14]  F. S. Tautz, Prog. Surf. Sci. 2007, 82, 479. 

[15]  K. E. Riley and P. Hobza, Phys. Chem. Chem. Phys., 2013, 15, 17742. 

[16]  G. M. Whitesides, J. P. Mathias, C.T. Seto, Science, 1991, 254, 1312. 

[17]  N. Wintjes, J. Hornung, J. L. Checa, T. Voigt, T. Samuely, C. Thilgen, M. Stöhr, F. Diederich, 

T. A. Jung, Chem. Eur, J., 2008, 14, 5794. 

[18]  T. T. T. Bui, S. Dahaoui, C. Lecomte, G. R Desiraju and E. Espinosa, Angew. Chem. Int. Ed., 

2009, 48, 3838. 

[19]  F. Lieberman, R. J. Davey and D. M. T. Newsham, Chem. Matter., 2000, 12, 490. 

[20]  Chizhov, G. Scoles, A. Kahn, Langmuir, 2000, 16, 4358. 



Self-assembly of pyrene derivatives on Au(111) 

79 

 

[21]  I. Horcas, R. Fernández, J. M. Gómez-Rodríguez, J. Colchero, J. Gómez-Herrero, A.M. Baro. 

Rev. Sci. Intrum., 2007, 78, 013705. 

[22]  http://www.fhi-berlin.mpg.de/KHsoftware/LEEDpat/. 

[23]  P. Giannozzi, S. Baroni, N. Bonini, M. Calandra, R. Car, C. Cavazzoni, D. Ceresoli, G. L. 

Chiarotti, M. Cococcioni, I. Dabo, A. Dal Corso, S. de Gironcoli, S. Fabris, G. Fratesi, R. 

Gebauer, U. Gerstmann, C. Gougoussis, A. Kokalj, M. Lazzeri, L. Martin-Samos, N. Marzari, F. 

Mauri, R. Maz- zarello, S. Paolini, A. Pasquarello, L. Paulatto, C. Sbraccia, S. Scandolo, G. 

Sclauzero, A. P. Seitsonen, A. Smogunov, P. Umari, and R. M. Wentzcovitch, J. Phys.:Condens. 

Matter. 2009, 21, 395502. 

[24]  J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett., 1996, 77, 3865. 

[25]  S. Grimme, J. Comp. Chem., 2006, 27, 1787. 

[26]  K. E. Riley and P. Hobza, Phys. Chem. Chem. Phys., 2013, 15, 17742. 

[27]  G. Kresse and D. Joubert, Phys. Rev. B., 1999, 59, 1758. 

[28]  B. K. Saha, R. K. R. Jetti, S. Reddy, S. Aitipamula and A. Nangia, Cryst. Growth Des., 2005, 5, 

887. 

[29]  N. Ramasubbu, R. Parthasarathy and P. Murray-Rust, J. Am. Chem. Soc., 1986, 108, 4308. 

[30]  F. Silly, J. Phys. Chem. C, 2013, 117, 20244. 

[31]  J. K. Yoon, W.J. Son, K. H. Chung, H. Kim, S. Han and S. J. Kahng, J. Phys. Chem. C, 2011, 

115, 2297. 

[32]  R. Gutzler, O. Ivasenko, C. Fu, J. L. Brusso, F. Roise and D. F. Perepichka, Chem. Commun., 

2011, 47, 9455. 

[33]  P. M. Pihko. Hydrogen Bonding in Organic Synthesis. Willey-VCH Verlag GmbH & Co. KGaA, 

Weinheim, 2009. 

  



Self-assembly of pyrene derivatives on Au(111) 

80 

 

  



 

81 

Chapter 6 

Heat-induced formation of one- or two-
coordination molecular networks on Au(111)* 

 

 

 

 

 

 

 

In this chapter, the formation of one-dimensional coordination polymers of cyano-substituted 

porphyrin derivatives on Au(111) induced by thermal annealing is demonstrated by means of 

scanning tunnelling microscopy. The polymer is stabilised by an unusual threefold 

coordination motif mediated between a gold atom and the cyano groups of the porphyrin 

derivatives. Besides, a fourfold coordination motif stabilizing the polymers along the surface 

step edges were found. These findings were compared to coordination polymers made from 

the same cyano-functionalized porphyrin derivatives and cobalt atoms. For this, Co atoms 

and porphyrin derivatives were deposited on Au(111). In both cases (native Au atoms and 

additional Co atoms), the same structures were observed demonstrating that indeed a 

coordination bonding is formed between the cyano groups and gold atoms. Moreover, we also 

investigated the influence of the position of the substituents (cis- vs. trans-isomers) on the 

polymer formation on Au(111). We could successfully demonstrate that the dimensionality of 

the polymer networks can be tuned from one to two dimensional depending on the chosen 

isomer. 

 

*
A part of the results presented in this chapter was published in:  

Tuan Anh Pham, Fei Song, Mariza N. Alberti, Manh-Thuong Nguyen, Nils Trapp, Carlo Thilgen, Franncois 

Diederich, Meike Stöhr, Chem. Commun., 2015, 51, 14473-14476.
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6.1 Introduction  

The recent increase in interest in the field of molecular self-assembly on surfaces has 

opened new avenues towards the development of various types of low-dimensional 

molecular architectures [1-5]. Among them, metal-coordinated one and two-

dimensional (1D and 2D) structures adsorbed on metal surfaces have attracted special 

attention. This is due to the possibility to control both the size and geometry of these 

architectures by properly selecting the organic ligands with respect to length, shape 

and functional endgroups together with the chemical nature of the metal centres and 

substrates [6-10]. Moreover, an advantage of metal-organic coordination bonds, in 

comparison to other types of non-covalent and covalent bonds, is that they show an 

adequate balance between stability and lability due to their relative strength and 

reversibility [11, 12]. This offers the possibility to build-up robust 1D/2D structures 

with a high level of structural perfection [13, 14], which is of utmost importance for 

the usage of such networks in potential applications. To date, most of the reported 

metal-organic units stabilizing surface-supported molecular coordination networks are 

based on the combination of organic linkers bearing pyridyl, cyano, hydroxyl or 

carboxyl endgroups and transition-metal atoms such as Cu, Fe, Co, Ni [15-20]. To 

date, reports on the formation of 1D/2D molecular coordination networks on a Au 

surface without the addition of transition-metal atoms are very rare [21-24].  

  Herein, we report a low-temperature scanning tunnelling microscopy (STM) 

investigation of the formation of a coordination molecular network on Au(111) 

induced by thermal annealing under ultrahigh vacuum (UHV) conditions. 

Interestingly, we demonstrated the possibility to tune the dimensionality of the 

coordination molecular networks from 1D to 2D via the choice of precursors having 

functional endgroups at different substituent positions.    For this work, we employed 

two porphyrin isomers which were synthesized by our co-workers at ETH Zürich. 

Both isomers are substituted in their meso-positions with two 3,5-di(tert-butyl)phenyl 

and two 4’-cyanobiphenyl groups, respectively. In the cis-isomer (1), the two rod-like 

4’-cyanobiphenyl groups are perpendicular to each other, while they are opposite to 

each other in the trans-isomer (2). The chemical structures for the both cis- and trans-

isomers are shown in Fig. 6.1a and 6.13a, respectively. We found that 1D coordination 
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polymers were formed upon annealing for 1 adsorbed on Au(111), while 2D porous 

molecular coordination networks were observed for the case of 2 under similar 

annealing conditions. By peforming control experiments, we demonstrated that both 

coordination networks are stabilized by an unusual threefold coordination motif 

mediated between a Au adatom and the cyano groups of the porphyrin isomers.  

6.2  Experimental results   

6.2.1 Self-assembly of cis-porphyrins on Au(111) 

High-resolution STM images (Fig. 6.1b and 6.1c) for individual molecules adsorbed 

on Au(111) show that each molecule is imaged as two paired lobes, two protrusions 

and two elongated rods having weak intensity. The paired lobe is assigned to two tert-

butyl groups of the 3,5-di(tert-butyl)phenyl substituents while the two central 

protrusions are associated with the porphyrin core. The rods correspond to the 4′-

cyanobiphenyl substituents. The appearance of a brighter and a darker protrusion in 

each of the paired lobes highlightes that the phenyl rings are rotated with respect to the 

porphyrin core mean plane. Based on previous reports [25-27], we estimate that the 

dihedral angle between the porphyrin core and phenyl rings to be about 20°. The 

rotation of the phenyl rings introduces a saddle shaped deformation of the porphyrin 

macrocycle due to the steric repulsion between the meso-phenyl hydrogens and the β-

hydrogens of the porphyrin core. In this nonplanar geometry, two protrusions are 

associated with two opposite pyrrole rings, which are upward twisted, whereas two 

downward twisted pyrrole rings appear as a dark bridge separating the two protrusions 

(illustrated by cartoons in Fig. 6.1b and 6.1c). Thus, two conformational isomers of 1 

can be classified depending on the dark bridge which either separates the 4′-

cyanobiphenyl from the 3,5-di(tert-butyl)phenyl substituents (A isomer) or acts like a 

mirror plane for the molecule (B isomer), which is similar to our earlier study of 1 

adsorbed on Cu(111) [28]. 
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Figure 6.1: (a) Chemical structure of cis-porphyrin 1. (b) and (c) STM images (3.5 × 3 nm2, U = –1.8 
V, I = 20 pA) and corresponding cartoons of an individual cis-porphyrin 1 adsorbed on Au(111), 
showing two different conformational isomers A and B, respectively.  

   

  Upon deposition of submonolayer coverage of 1 on Au(111) held at room 

temperature (RT), nanoribbon-like structures were observed by STM (Fig. 6.2a and 

6.2b). In addition, isolated clusters were also found at the elbow sites of the Au(111) 

herringbone reconstruction which are well-known as preferential nucleation sites [29, 

30]. Close to monolayer (ML) coverage, a well-ordered close-packed 2D pattern was 

observed (Fig. 6.2c). Notably, this 2D pattern is based on the nanoribbon-like 

structures observed at submonolayer coverage. The high-resolution STM image in Fig. 

6.2d reveals that the nanoribbon-like structures are attached back to back resulting in 

the close-packed 2D pattern. Furthermore, the co-existence of both conformational 

isomers in the 2D pattern can be clearly discerned (blue and green coloured bars in 

Fig. 6.2d and e). The molecules are arranged in a rhombic unit cell with dimensions of 

a = (43 ± 1.2) Å, b = (70 ± 1.6) Å and α = (60 ± 3)°, as determined from STM 

analysis. The axes of the molecular unit cell are parallel to principal Au directions. The 

co-existence of three rotational domains having an angle of 120° to each other was 

observed, reflecting the threefold symmetry of the underlying substrate (Fig. 6.3). 

Moreover, the characteristic dark bridges of 1 are aligned along one of the three 

principal Au directions. These findings point out the significant influence of the 

underlying substrate on the adsorption behaviour as well as the conformational states 

of 1 deposited on Au(111). Fig. 6.2e shows the tentative molecular model for the  
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Figure 6.2: (a) and (c) Overview STM images (200 × 200 nm2) for cis-porphyrin 1 adsorbed on 
Au(111) at submonolayer and close to monolayer (1 ML) coverages, respectively. (b) and (d) Close-up 

STM images (15 × 15 nm2) show nanoribbons-like structures for submonolayer and 2D close-packed 
patterns for close to 1 ML coverages, respectively. (e) The tentative model for the molecular network. 
The unit cell vectors are denoted by blue arrows in (d). The blue and green bars in (d, e) represent dark 
bridges showing A and B conformational isomers of 1, respectively. The set of three arrows indicates 
the principal directions of the underlying substrate. The STM images were taken at 77 K with U = –1.8 
V, I = 20 pA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3:  STM image (80 × 80 nm2) of close-to-monolayer coverage of porphyrin 1 adsorbed on 
Au(111) held at room temperature.  Three different rotational domains are present, labeled A, B, and 
C.  The white dashed lines indicate the domain boundaries.  The STM image was taken at 77 K with U 
= –1.8 V, I = 20 pA.  The set of three arrows indicates the principal directions of the underlying 
substrate. 
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Figure 6.4: (a) and (c) Overview STM images (150 × 150 nm2), showing the formation of 1D 
coordination polymers of 1 on Au(111) induced by annealing at 160 °C and deposition of Co, 
respectively. The set of three arrows indicates the principal directions of the substrate. The inset in (c) 
highlights the rosette structure marked by a blue dashed circle in (c). (b) and (d) Close-up STM images 

(15 × 15 nm2) for (a) and (c), respectively. Blue and green bars in (d) indicate A and B isomers, 
respectively. (e) The proposed model for the 1D coordination polymer of 1 on Au(111). The green 
dots in (e) represent Au atoms, while the red dashed triangle illustrates a basic unit of the 1D polymer. 
The STM images were taken at 77 K with U = –1.8 V, I = 20 pA.  

 

 

 

 

 

 

 

 

Figure 6.5: (a) and (b) Large-scale STM images (85 × 85 nm2) for submonolayer coverage of 1 on 
Au(111) after annealing at 160 oC.  At this annealing temperature, small areas (marked by blue dashed 
rectangles) covered by the nanoribbons were still observed.  The STM images were taken at 77 K with 
U = –1.8 V, I = 20 pA. 
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observed 2D pattern. In this model, the molecules are organized in alternating single 

and twin rows (marked by 1 and 22, respectively), which are parallel to each other. 

Remarkably, only the A isomer appears in the single rows, whereas both A and B 

isomers co-exist in the twin rows. The single rows are characterized by the alignment 

of neighbouring molecules into an antiparallel fashion with an interdigitation of the 4′-

cyanobiphenyl units and a close-packing of the tert-butyl groups. In this way, H-bonds 

are established between the cyano (CN) groups and the phenyl rings as well as van der 

Waals (vdW) interactions between the tert-butyl groups. On the other hand, the twin 

rows, where two nanoribbon-like structures meet back to back to form the 2D pattern, 

are composed of alternating arrangements of type A-A and B-B isomers. Within these 

twin isomers, the molecules are aligned antiparallel with the tert-butyl groups facing 

each other (marked by pairs of either blue or green bars in Fig. 6.2e). Notably, the 

molecules in the A-A configuration are slightly rotated with respect to the adjacent 

molecules in the B-B configuration, allowing the CN and C(Ar)–H groups to point 

toward each other. In this way, the twin rows are stabilised by both CN…HC(Ar) 

hydrogen bonds and vdW interactions between the tert-butyl groups. Similar cyano-

aryl hydrogen bonds are established between the single and twin rows. Overall, the 

close-packed 2D pattern is stabilised by a combination of H-bonds and vdW 

interactions. 

 

 

 

 

 

 

 

Figure 6.6:  (a) and (b) Large-scale STM images (260 × 260 nm2) for submonolayer coverage of 1 on 
Au(111) after annealing to 210 oC at various areas.  They show the presence of only 1D coordination 
polymers on the surface.  The STM images were taken at 77 K with U = –1.8 V, I = 20 pA. 
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6.2.2 Formation of  1D coordination polymers of cis-porphyrins on Au(111) 

Annealing submonolayer coverage of 1 adsorbed on Au(111) at 160 °C leads to the 

formation of 1D flexible polymers which exhibit variable lengths (Fig. 6.4a). In 

addition, the nanoribbon-like structures were occasionally observed on the surface 

(Fig. 6.5). Further annealing at 210 °C results in the exclusive formation of 1D flexible 

polymers (Fig. 6.6). Notably, already at RT, such 1D polymers with shorter lengths 

were occasionally observed (Fig. 6.7). These observations show that the occurrence of 

the 1D polymers and the transformation of the nanoribbon-like structures into the 1D 

polymers depends on the sample and post-annealing temperature, respectively. The 

close-up STM image in Fig. 6.4b clearly reveals that the molecules within the 1D 

polymers do not exhibit preferential orientations with respect to the principal Au 

directions. Apparently, the 4′-cyanobiphenyl units of two molecules facing each other 

in an antiparallel way and another 4′-cyanobiphenyl unit of a third molecule point 

toward each other and form a threefold node. Each molecule connects to two threefold 

nodes, resulting in the formation of trimers as basic units of the 1D polymers. 

Interestingly, the 4′-cyanobiphenyl units of 1 in each trimeric unit display an apparent 

flexibility (Fig. 6.8a). This can be associated with a variation of the opening angle of 

the two cyanobiphenyl units which differs from the intrinsic opening angle of 90° (Fig. 

6.8a and c). Previously, a similar observation was made for 1 adsorbed on Cu(111) 

upon coordination to Cu adatoms [28]. According to that study, the formation of a 

metal coordination bond is based on supplying additional energy to the system by 

thermal annealing which enables the lateral distortion of the 4′-cyanobiphenyl legs. 

This finding is in good agreement with the dependence of the structural transformation 

on the annealing temperature observed in the present work. Herein, the thermal energy 

at RT is insufficient for the bending of the 4′-cyanobiphenyl legs, resulting in the 

formation of mostly nanoribbon-like structures. In contrast, at elevated temperatures, 

the energy gain is high enough to vary the opening angle of the 4′-cyanobiphenyl legs 

to coordinate to Au atoms enabling the formation of flexible 1D coordination 

polymers. We conclude that the 1D polymer chains are stabilised by a threefold 

coordination motif mediated by the nitrogen lone- pair electrons of the three 4′-

cyanobiphenyl legs and one Au atom positioned at the centre. It should be noted that 
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there are two possibilities for the formation of the CN…Au coordination motif 

depending on whether the Au centres are Au adatoms or Au surface atoms. Our 

density functional theory (DFT) calculations indicate that Au adatoms are involved in 

the threefold coordination motif. Fig. 6.9 shows the structural arrangements and 

adsorption energies per molecule in the case of coordination of the cyano groups of 

benzonitrile molecules to (a), (b) Au adatoms; (c), (d) Au surface atoms; and (e) Co 

atoms. Clearly, the coordination to Co adatoms is favoured while the coordination to 

Au surface atoms is the least favourable scenario. The calculations evidence that the  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.7:  (a) and (d) Overview STM image (70 × 70 nm2) for submonolayer coverage of porphyrin 

1 on Au(111) before annealing.  (b) and (c) Zoom-in STM images (12 × 12 nm2) of the areas marked 

by blue dashed rectangles in (a).  (e) Zoom-in STM image (30 × 30 nm2) of the area marked by the 
blue dashed square in (d).  Already for deposition of 1 on the Au substrate held at room temperature, 
there is a chance that metal coordination bonding takes place. Very rarely, the appearance of threefold 
and fourfold metal-coordinated structures was observed (marked by the dashed blue rectangles) in 
addition to the nanoribbon-like structures. The STM images were taken at 77 K with U = –1.8 V, I = 
20 pA. 
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Figure 6.8: (a) and (b) Close-up STM images (15 × 15 nm2), showing the lateral distortion of the 
cyano legs of 1 on Au(111) induced by annealing at 210 °C and deposition of Co, respectively. (c) The 

coloured lines indicate different angles α defined by the cyano legs of different molecules. Blue: α > 

90ο; green: α = 90ο; yellow: α < 90ο.  The STM images were taken at 77 K with U = –1.8 V, I = 20 
pA.  

 

fourfold coordination of the benzonitrile molecules to one Au adatom is also a 

favourable arrangement and thus, supporting for our experimental findings. Notably, 

the conclusion of the coordination bonding involving Au adatoms and not Au surface 

atoms has to be seen in light of the fact that the calculations were done for the 

functional linker of 1. The adsorption energy for C6H5CN will be different (smaller) 

than that for 1. Thus, the porphyrin backbone of 1 could assure the anchoring to the 

surface while the functional linker involved in coordination bonding to a surface atom 

contributes only little to the overall adsorption energy. It was recently reported that the 

creation of Au adatoms on Au(111) leads to a reordering of the herringbone 

reconstruction [31, 32]. However, in our case, the herringbone reconstruction is 

completely unaffected upon the formation of the 1D polymer. Thus, we suggest that 

the adatoms result from the lattice gas which forms by the continuous 

attachment/detachment of atoms from step edges [33, 34]. 
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Figure 6.9: Structural arrangement and adsorption energy per molecule ∆E (in eV) of either three or 
four C6H5CN molecules on a flat cluster of Au atoms:  (a) and (b) coordination to an Au adatom of 
three molecules and four molecules, respectively.  (c) and (d) Coordination to an Au surface atom of 
three and four molecules, respectively.  (e) Coordination of three molecules to one Co adatom.  Au 
atoms are added under the flat cluster in (c) and (d) to retain the coordination number of 9 for the 
metal bonding partner of cyano groups.  

 

To shed light on the formation of the 1D coordination polymers on Au(111), we 

performed a control experiment. Cobalt (Co) atoms are commonly used as metal 

centres for coordination to CN ligands in the construction of two-dimensional metal-

organic frameworks on metal surfaces based on a threefold coordination motif [13, 

35]. With this in mind, we deposited Co atoms onto submonolayer coverage of 1 on 
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Figure 6.10:  (a) Overview STM image (350 × 350 nm2) and close-up STM image (50 × 50 nm2) for 
submonolayer coverage of porphyrin 1 on Au(111) after adding Co atoms.  Rosette structures and 1D 

polymer chains co-exist. (c) and (d) Zoom-in STM images (10 × 10 nm2) showing rosette structures of 
two different sizes.  The rosette in (c) consists of 12 molecules: 4 molecules in the inner core and 8 
molecules in the outer ring, while that in (d) is made up of 15 molecules: 5 molecules in the inner core 
and 10 molecules in the outer ring.  The blue and green bars in (c) and (d) indicate the two different 
conformational isomers A and B, respectively. The STM images were taken at 77 K with U = –1.8 V, 
I = 20 pA.  The set of three arrows in (a) indicates the principal directions of the underlying substrate.  

 

Au(111) held at RT. The sample was then cooled down to 77 K prior to STM 

measurements without any additional annealing treatment. Again, flexible 1D 

polymers were observed as it is the case for annealing of 1 on Au(111) at 160 °C (Fig. 

6.4c). The high-resolution STM image (Fig. 6.4d) unambiguously shows that the 

binding motif stabilizing the 1D chains is the same as observed for 1 on Au(111) upon 

annealing. As expected, three N atoms of the 4′-cyanobiphenyl groups point toward 

one Co atom to form the threefold coordination motif, which is responsible for the 1D 

polymer formation. Within the 1D polymers both conformational isomers can be 

clearly discerned (marked by blue and green bars, respectively, in Fig. 6.4d). They are 
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randomly distributed within the 1D coordination polymer with an equal amount of 

each as determined from a statistical analysis. Importantly, the lateral distortion of the 

4′-cyanobiphenyl “legs”, imposed by the coordination to the Co centres, was again 

observed (Fig. 6.8b and c). In addition to the 1D polymers, rosette structures are 

formed upon addition of Co, which were not observed for the annealing case (Fig. 

6.10a and b). Rosettes of two different sizes are present, and they are stabilised by the 

same coordination motif as in the 1D coordination polymers (Fig. 6.10c and d). 

Notably, the dark bridges due to the saddle shape conformation of 1 do not align along 

the principal Au directions. That is in contrast to what we observed for the 2D close-

packed structure. From this observation we conclude that the molecule-substrate 

interaction is mainly mediated by the Co atoms, and the porphyrin core – Au surface 

interaction is only of weak physisorptive nature [35]. Putting it differently, a dominant 

CN…Co coordination interaction is thought to allow for different rotational alignments 

of 1 with respect to the principal Au directions, thus enabling the formation of rosette 

structures. Other types of rosette structures have been found recently for the 

coordination of Fe atoms to pyridyl-substituted porphyrins on Au(111) [18]. Based on 

the results obtained from the control experiment, we conclude that the 1D polymers 

formed upon annealing submonolayer coverage of 1 on Au(111) are indeed stabilised 

by a threefold CN…Au coordination motif. The molecular model for the heat-induced 

1D coordination polymers is shown in Fig. 6.4e. 

Another difference between the Au- and Co-coordinated structures can be 

observed upon studying the molecular arrangement at the Au(111) step edges. Fig. 

6.11a and c show overview STM images of samples prepared by annealing and Co 

deposition, respectively, exhibiting several step edges. For both cases, the step edges 

are almost completely covered by molecules. The close-up STM images (Fig. 6.11b 

and d) reveal a significant difference in the molecular arrangement at the step edges 

for the two cases. Upon annealing at 210 °C, the molecules have a preferred 

orientation with their tert-butyl groups aligned along the step edges. Now, four CN-

groups of four neighbouring molecules point toward each other. They meet in a 

fourfold node, resulting in the formation of a square-like tetramer which is considered 

as a basic unit of the 1D molecular chains aligned along the step edges. In this 
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configuration, the formation of such fourfold nodes is very unlikely for uncoordinated 

CN-groups due to the electrostatic repulsion of the nitrogen lone-pair electrons. Thus, 

we suggest that a fourfold Au-CN coordination motif stabilises the 1D chains aligned 

along the step edges. This observation is in line with recent reports for other CN-

substituted molecules adsorbed on Au(111) [22, 24]. Notably, a lateral distortion of the 

CN-legs with an opening angle larger than 90° due to the coordination bonding was 

observed (see molecular model in Fig. 6.11b). In contrast, no such fourfold 

coordination motifs were observed at the step edges upon Co deposition (Fig. 6.11d). 

Importantly, the fourfold CN…Au coordination motif not only appears at the Au(111) 

step edges upon annealing, but was also occasionally found to co-exist with the 

threefold binding motif in the 1D polymers even at RT (Fig. 6.7e), indicating the 

flexibility of the Au-CN coordination motif. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.11: (a) and (c) Overview STM images (100 × 100 nm2) showing the molecular arrangement 
of 1 at the step edges of a Au(111) surface after annealing at 210 °C and Co deposition, respectively. 
The set of tree arrows indicates the principal directions of the underlying substrate. (b) and (d) Close-

up STM images (20 × 20 nm2) of the areas marked by white dotted squares in (a) and (c), respectively. 
In (b) four molecular models are shown to illustrate for the fourfold coordination motif. The STM 
images were taken at 77 K with U = –1.8 V, I = 20 pA. 
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For coverages close to 1 ML, we also carried out STM measurements with the 

same experimental protocols (annealing at 160°C vs. deposition of Co atoms). As 

result, a densely packed network of 1D polymers based on the threefold coordination 

motif was formed on Au(111) after thermal annealing as well as Co deposition (Fig. 

6.12). The increase in coverage did not influence the observed types of intermolecular 

interactions.      

 

 

 

 

 

 

 

 

 

 

 

Figure 6.12:  (a) and (b) Large-scale STM images (100 × 100 nm2) of ~1 ML coverage of 1 on 
Au(111) after thermal annealing at 160oC and deposition of Co atoms at room temperature, 

respectively.  Densely packed chains are found in both cases.  (c) and (d) Zoom-in STM images (25 × 
25 nm2) of (a) and (b), respectively, showing the presence of threefold coordination bonding in the 
both cases.  The same structures found for submonolayer coverage was observed again.  The blue 
dotted circle in (d) indicates that rosette structures are also formed at a much higher coverage.  The 
STM images were taken at 77 K with U = –1.8 V, I = 20 pA. 

6.2.3 Self-assembly of trans-porphyrins on Au(111) 

In order to examine the influence of the position of the substituents on the self-

assembly as well as the polymer network formation upon annealing, trans-porphyrin 2 

was synthesized and deposited on Au(111) held at RT. The chemical structure of 2 is 

shown in Fig 6.13a. For both submonolayer and close to 1 ML coverages, the  

. 
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Figure 6.13: (a) Chemical structure of trans-porphyrin 2 and (b) overview STM image (150 × 150 
nm2) showing the formation of two-dimensional porous molecular networks of 2 on Au(111). The 
STM image was taken at 77 K with U = –1.8 V, I = 20 pA. 

 

molecules arrange in a two-dimensional hexagonal porous network (Fig. 6.13b). This 

finding is different in comparison to the case of 1 deposited on Au(111) where the 

final molecular networks are dependent on the molecular coverages (nanoribbon-like 

structures were found for submonolayer while two-dimensional close-packed 

molecular networks were observed for ~ 1 ML coverages). 

In the high resolution STM image (Fig. 6.14a), each molecule in the hexagonal 

porous network can be clearly discerned. The porous network formed by 2 displays a 

pore-to-pore distance of (35 ± 1.5) Å, as determined from STM measurements. The 

molecular unit cell contains one pore and three molecules. Each pore is surrounded by 

the 4′-cyanobiphenyl substituents of six different molecules. Each of these molecules 

is shared by two neighbouring pores.  The proposed molecular model of the porous 

network is shown in Fig. 6.14b. The porous network is stabilized by CN…HC(Ar) 

hydrogen bonds between two adjacent molecules.  
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Figure 6.14: (a) STM image (24 × 24 nm2) showing the porous network of 2 adsorbed on Au(111) and 
(b) the proposed model for the porous network. The solid black circles in (b) represent the pores in (a). 
The unit cell is marked by red in (b). The STM image was taken at 77 K with U = –1.8 V, I = 20 pA. 

 

6.2.4 Formation of 2D coordination networks of trans-porphyrins on Au(111) 

Annealing a submonolayer coverage of 2 adsorbed on Au(111) at 170 oC leads to the 

formation of disordered porous networks which exhibit variable pore sizes (Fig. 

6.15a). In the high-resolution STM image (Fig. 6.15b), individual molecules arranged 

into the molecular network are visible. Apparently, three CN-groups of three 

neighbouring molecules point toward each other. They meet in a threefold node, 

resulting in the formation of trimer which is considered as a basic unit of the molecular 

network. Each molecule participates in two such threefold nodes. In this configuration, 

the formation of such threefold nodes is very unlikely for uncoordinated CN-groups 

due to the electrostatic repulsion of the nitrogen lone-pair electrons. Therefore, we 

conclude that the porous networks are stabilized by a threefold coordination motif 

formed between the nitrogen lone-pair electrons of the three 4’-cyanobiphenyl legs and 

on a Au atom positioned at the centre, which is similar to the formation of 1D 

coordination polymers of 1 on Au(111) induced by annealing.  In order to obtain more 

evidence for the formation of the porous coordination networks, we also performed a 

control experiment where Co atoms were deposited onto submonolayer coverages of 2 

on Au(111) held at RT. As a result, a similar porous network of 2 on Au(111) was 

observed after the addition of Co atoms (Fig. 6.15c). The high-resolution STM image 

(Fig. 6.15d) unambiguously shows that the binding motif driving the porous network is 

the same as observed for 2 on Au(111) upon annealing. As expected, three N atoms of 
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the 4’-cyanobiphenyl groups point toward one Co atom to form the threefold 

coordination motif, which is responsible for the formation of the porous coordination 

network.  

 

 

 

 

 

 

 

 

 

 

Figure 6.15: (a and c) Overview STM images (100 × 100 nm2 and 130 × 130 nm2, respectively) 
showing the formation of a porous coordination network of 2 on Au(111) induced by annealing at 170 
oC and deposition of Co, respectively. (b and d) Close-up STM images (10 × 10 nm2 and 15 × 15 nm2, 
respectively) for (a) and (c). The STM image was taken at 77 K with U = –1.8 V, I = 20 pA. 

 

6.3 Conclusions 

In conclusion, for 1 adsorbed on Au(111) we observed the heat-induced formation of 

flexible 1D coordination polymers stabilised by an unusual threefold coordination 

motif which is based on the interaction of one Au surface atom with the N atoms of 

three terminal CN-groups. This finding is strongly supported by the formation of 

similar 1D coordination polymers with the same binding motif upon Co deposition 

onto 1 adsorbed on Au(111). In addition, a fourfold CN…Au coordination motif was 

found at the Au(111) step edges upon annealing. Using vicinal Au surfaces could be 

an effective way to exclusively form straight 1D polymers based on the fourfold 
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CN…Au coordination motif, while the addition of Co atoms only results in the 

formation of threefold coordination motifs. In contrast, upon annealing 2 adsorbed on 

Au(111), 2D coordination networks stabilised by the same coordination motif were 

observed. This demonstrated that the dimensionality of coordination molecular 

networks can be tuned from 1D to 2D by changing the substitution positions. 

6.4  Experimental methods and computational details  

6.4.1 Experimental methods 

The STM experiments were carried out in a two-chamber ultra-high vacuum system 

with a base pressure of 5 × 10-11 mbar. The system houses a low-temperature STM 

(Oxford Instruments Omicron NanoScience) equipped with facilities for surface 

preparation, i.e. Ar+ ion sputtering and resistive sample heating. The Au(111) single 

crystal was prepared by repeated cycles of sputtering with Ar+ ions and annealing at 

approximately 400°C. The synthesized porphyrin 1 was thoroughly degassed several 

hours before deposition onto Au(111). The molecules were thermally evaporated from 

a glass crucible that was heated inside a home-built evaporator. The deposition rate 

was monitored using a quartz crystal microbalance in order to determine the molecular 

coverage. Co was evaporated from a rod with purity of 99.99% using an electron beam 

evaporator. The substrate was held at room temperature during deposition. The STM 

images were taken in constant current mode using a platinum-iridium tip at 77K. 

Image processing was done with the free software WSxM [36].  

6.4.2 Computational details 

For our calculations, we used the model molecule benzonitrile (C6H5CN) to 

approximate the interaction of the cyano linkers of 1 with metal atoms.  This model 

molecule was used in an exemplary work on 5-(4-cyanophenyl)-10,15,20-tris(3,5-di-

tert-butylphenyl)-porphyrin and its derivatives on Ag(111) by Yokoyama et al [37].  

The metal surface is represented by a flat cluster, details are provided in Fig. 6.9. 

  We performed spin-polarized plane-wave density functional theory calculations 

using the Quantum ESPRESSO code [38]. The PBE exchange-correlation density 

functional [39], ultrasoft pseudopotentials [40], and a kinetic energy cutoff of 40 Ry 

were used. 
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  The binding energy per molecule was determined according to 

[ ]/ .

1
metal N mol metal molE E E NE

N
∆ = − −  

where: Emetal/N.mol, Emetal, and Emol are the total energy of the metal/molecule complex, 

of the metal, and of one molecule, respectively. N is the number of molecules in the 

system. 

Only the metal bonding partner of the cyano groups was relaxed while the other 

metal atoms were fixed in the geometry optimisations.  All the systems were placed in 

a box of 23×21×16 Å3.  Only the Gamma point in the Brillouin zone was sampled in 

our calculations. 
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Chapter 7 

On-surface polymerization of 1,3,6,8 – 
tetrabromopyrene on Cu(111) and Au(111)  

 

 

 

 

 

 

 

 

In this chapter, on-surface polymerization of 1,3,6,8−tetrabromopyrene (Br4Py) on Cu(111) 

and Au(111) surfaces under ultrahigh vacuum conditions is investigated by a combination of 

scanning tunneling microscopy (STM), X-ray photoelectron spectroscopy (XPS) and density 

functional theory (DFT) calculations. Deposition of Br4Py on Cu(111) held at 300 K results 

in a spontaneous debromination reaction, generating the formation of a branched 

coordination polymer network stabilized by C-Cu-C bonds. After annealing at 473 K, the C-

Cu-C bonds were converted to covalent C-C bonds, leading to the formation of a covalently 

linked molecular network of short oligomers. In contrast, highly-ordered self-assembled two-

dimensional (2D) patterns stabilized by both Br-Br halogen and Br-H hydrogen bonds were 

observed upon deposition of Br4Py on Au(111) held at 300 K. Subsequent annealing of the 

sample at 473 K leads to a dissociation of the C-Br bonds and the formation of disordered 

metal-coordinated molecular networks. Further annealing at 573 K results in the formation of 

covalently-linked disordered networks. Importantly, we found that the chosen substrate not 

only plays an important role as catalyst for the Ullmann reaction, but also influences the 

formation of different types of intermolecular bonds and thus, determines the final polymer 

network morphology. DFT calculations further support our STM and XPS findings and add 

complementary information on the reaction pathway of Br4Py on the different substrates. 
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7.1  Introduction  

Over the recent years, surface-confined covalent coupling has been emerging as an 

alternative approach to traditional solvent-based chemical routes for the “bottom-up” 

synthesis of conjugated nanostructures which are currently considered as fundamental 

building blocks for the development of future electronic devices [1−6]. Various types 

of well-known chemical reactions have been employed to obtain one- and two-

dimensional (1D/2D) covalently bonded nanostructures on metal surfaces under 

ultrahigh vacuum (UHV) conditions, such as Ullmann coupling [7−12], imine 

coupling [13], Glaser-Hay coupling [14−16], dehydration [17], dehydrogenation [18], 

Click reactions [19], and others [20−23]. Among them, Ullmann coupling of aryl 

halides on metal surfaces has attracted much attention from the scientific community 

and is the most studied on-surface reaction up to now. This strategy is currently 

considered as one of the most versatile and appropriate approaches to build-up 

sophisticated as well as robust molecular structures on metal surfaces due to its 

possibility to control the outcome of the reaction via hierarchical growth processes by 

properly choosing the halogenated precursors possessing different halogen substituents 

[28]. The Ullmann coupling reaction is known as one of the oldest heterogeneous 

reactions since its discovery in 1901 [24], and has been widely used in synthetic 

aromatic chemistry over the past few decades [25, 26]. However, the possibility of 

using the Ullmann reaction for the controlled formation of on-surface polymers has 

only been recognized in the recent years based on the early contributions of Hla et al 

[27]. In general, Ullmann coupling is associated with two fundamental reaction steps: 

(1) activation of the molecular precursors and (2) connection of the activated 

precursors [12]. These reaction steps are strongly dependent on the underlying metal 

surfaces which not only act as a template to confine the coupling reaction into 2D, but 

also play an important role as catalysts to reduce the temperature required for the 

activation process of the polymerization [32]. Therefore, an in-depth understanding of 

the role of the metal surface in the on-surface reaction mechanism is of utmost 

importance for using Ullmann coupling to construct robust nanostructures on metal 

surfaces. In this context, several studies covering both theoretical and experimental 

aspects have been recently reported [29−32].       
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 Herein, we investigate the impact of different metal substrates in the on-surface 

Ullmann coupling of a brominated precursor, namely, 1,3,6,8-tetrabromopyrene 

(Br4Py) by means of scanning tunneling microscopy (STM), X-ray photoelectron 

spectroscopy (XPS) and density functional theory (DFT) calculations. For this 

purpose, Cu(111) and Au(111) were employed as substrates due to their significant 

differences in the chemical activity [33]. The main reason for choosing pyrene 

derivatives is because of their well-known property as an efficient class of reactants 

for the synthesis of various conjugated polymers for organic electronic devices [53]. In 

the present work, attention was given to the catalytic role of the metal substrates with 

respect to the activation process for the on-surface polymerization. While Br4Py is 

spontaneously debrominated when deposited on Cu(111) held at room temperature, 

additional thermal annealing is required for the dissociation of the C-Br bonds of 

Br4Py deposited on Au(111) held at room temperature. Moreover, we found that two 

possible intermolecular links (called I and II in the following) occur during the 

Ullmann coupling reaction. Our experimental results along with the DFT calculations 

reveal that the chemical nature of the underlying substrate determines the ratio of the 

two links to another. The possibility for the occurrence of both links during the 

polymerization reaction is believed to contribute to the formation of disordered 

molecular networks as observed by STM. Moreover, the influence of split-off Br 

atoms chemisorbed to the chosen surfaces onto the network formation may also hinder 

the formation of ordered covalently-linked molecular networks. 

7.2  Experimental results    

The chemical structure for Br4Py together with the tentative intermolecular bonding 

possibilities for on-surface polymerization between two and three molecules, 

respectively, is shown in Fig. 7.1. Because Br4Py possesses four functional bromine 

groups at the most active sites (the so-called, 1-, 3-, 6-, 8-positions) and exhibits 

twofold symmetry, two possibilities for interlinking two molecules upon bromine 

dissociation exist. In the first case, the interlinking takes place between positions 1 

and 6 of two molecules aligned parallel to another (top part in Fig. 7.1, this possibility 

will be called link I in the following). In the second case, the link is formed between 

positions 3 and 6 of two neighboring molecules forming an angle of around 83° 
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(bottom part in Fig. 1, this possibility will be called link II in the following). The 

interlinking between two debrominated molecules can happen either via metal-

coordination or covalent coupling, as indicated in the top and bottom part of Fig. 7.1, 

respectively. During on-surface coupling reactions, it may happen that both links I and 

II are contained within the same polymer (see right side of Fig. 7.1) what easily 

results in a complex and disordered 2D polymer structure.   

 

 

 

 

 

 

 

 

Figure 7.1: Chemical structure of Br4Py and schematic illustration of the two possible types of 
intermolecular links which determine the structure of the polymer network. The orange circles and red 
bars represent Cu atoms and covalent bonds between two precursors, respectively.   

 

7.2.1 On-surface polymerization of Br4Py on Cu(111) 

Deposition of 0.8 monolayer (ML) of Br4Py on Cu(111) held at room temperature (300 

K) results in the formation of branched molecular networks (Fig. 7.2). Interestingly, 

the presence of vacancies in the Cu surface can be observed (Fig. 7.2a). The depth of 

the vacancies amounts to about 1.8 Å (Fig. 7.3), which is equal to the height of a 

mono-atomic step of the Cu(111) surface (1.9 Å) [41]. When taking a high-resolution 

STM image of the area between the polymeric networks (Fig. 7.2b), a 2D adlayer 

structure in the form of hexagonally arranged bright spherical features is observed. 

From the line profile analysis (inset in Fig. 7.2b) the distance between two adjacent 

bright spots amounts to about 0.44 nm. This is equal to √3 times the distance between 

two neighboring Cu atoms (0.256 nm). Consequently, the bright spherical features 

form a (√3	× √3)R30° overlayer on the Cu(111) surface. We conclude that the 

spherical features are chemisorbed Br atoms which are split off from the C-Br bonds 

of the Br4Py molecules upon adsorption on the Cu surface. Similar findings were also 
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reported for the adsorption of halogen atoms on other (111)-oriented fcc metal surfaces 

[42−44]. Further evidence for the spontaneous debromination reaction is obtained by 

XPS measurements (vide infra). In order to investigate the influence of molecular 

coverage on the network formation, a lower molecular coverage of 0.4 ML was 

deposited on the surface. It turned out that the same molecular network morphology 

was observed by STM (Fig. 7.4). However, it should be noted that the number and size 

of vacancy islands on the Cu(111) surface is much less compared to the case of 0.8 

ML. This difference shows that the more molecules are adsorbed on the surface, the 

more vacancy islands are created. This finding can be regarded as a hint that Cu atoms 

are incorporated into the molecular network formed on the Cu(111) surface. In the 

close-up STM image (Fig. 7.2c), individual monomers within the molecular network 

can be clearly discerned. Especially for the area marked by a blue dashed rectangle, it 

is apparent that four neighbouring monomers point toward each other and form a 

cross-shaped tetramer (marked by a black cross in Fig. 7.2c) which can be seen as the 

basic unit for the formation of the molecular networks. To gain additional insight into 

the molecular network formation, we performed DFT calculations for the tetramers 

(Fig. 7.2d). Notably, our gas phase DFT calculations reveal a very large twist angle 

(α), between the molecular planes of two covalently coupled monomers for both the 

link I and II geometry (Fig. 7.5). Thus, for the DFT calculation of the tetramers we 

involved the substrate. It turned out that the covalently coupled tetramer is less stable 

than the Cu-coordinated one (by 0.8 eV). This also is reasonable in view of steric 

repulsion between the hydrogen atoms of neighboring molecules. For the covalently 

coupled tetramer, this repulsion can only be minimized when the molecular planes of 

the molecules forming the tetramer draw an angle. In turn, this costs energy and will 

not result in the energetically most favorable structure. The experimentally determined 

distance between two linked monomers within the tetramer is found to be (1.28 ± 0.06) 

nm (inset in Fig. 7.2c) which agrees well with the results obtained by DFT calculations 

(1.3 nm) for the optimized geometry of the Cu-coordinated tetramer (d in Fig. 7.2d, 

left). These findings demonstrate that branched Cu-coordinated polymer networks 

form after deposition of Br4Py on Cu(111) held at room temperature (RT) 
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Figure 7.2: (a) Overview STM image (60×60 nm2) and (c) close-up STM image (18×18 nm2) for 
submonolayer coverage of Br4Py on Cu(111) showing the branched molecular networks. (b) Zoom-in 
STM image of the area marked by a yellow square in (c), showing atomic resolution for the bromine 
chemisorbed on the Cu surface. The inset images in (b) and (c) show line profiles along the blue lines. 
The STM images were taken at 77 K with U = -1.8 V, I = 30 pA. (d) DFT calculations for the 
optimized geometry of a metal-coordinated (left) and a covalently coupled (right) Br4Py tetramer on 
Cu(111) (Cu adatoms are represented by large pink spheres, E is the relative energy and d is the 
intermolecular distance along the white arrow). (e) The corresponding model for the Cu-coordinated 
molecular network marked by a dashed blue rectangle in (c). 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.3: (a) STM image showing vacancies in the Cu surface upon adsorption of Br4Py on Cu(111) 
held at room temperature. (b) The line profile along the green line indicates in the STM image 
indicates that the depth of the vacancies (around 1.8 Å) amounts to the height of a monoatomic step. 
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Figure 7.4: Overview STM images (120×120 nm2) for deposition of 0.4 ML (a) and 0.8 ML (b) of 

Br4Py on Cu(111) held at room temperature. (c, d) Close-up STM images (40×40 nm2) of the areas 
marked by blue dashed squares in (a) and (b), respectively. The images were taken at 77 K, U = -1.8 
V, I = 20 pA. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 7.5: Gas phase DFT calculations for link I and II show a large twist angle between the two 
molecular planes of two covalently coupled Br4Py monomers. The two structures are equally stable.  
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Figure 7.6: (a) STM image (6.3×8.2 nm2) and (b) the line profile along blue line, showing the 
presence of Br atoms inside the free spaces between the molecular networks (marked by blue arrows). 

 

accompanied by spontaneous debromination. The molecular model for the molecular 

coordination network of the area marked by a blue dashed rectangle is shown in Fig. 

7.2e. In this model, four neighboring monomers are bound together via link II to form 

the Cu-coordinated cross-shaped tetramer via four Cu adatoms, which is the basic 

building block for the molecular network. It should be noted that no long-range well-

ordered coordination network of Br4Py on Cu(111) was observed, regardless of the 

molecular coverage. The reason for the absence of long-range order could be due to 

split off Br atoms which are chemisorbed to the Cu surface in close vicinity of the 

molecular network. Apparently, the STM images reveal the adsorption of Br atoms 

onto the Cu surface between the coordination networks (Fig. 7.6). These Br atoms may 

hinder the necessary molecular diffusion to achieve long-range order, which is 

consistent with theoretical predictions [32].  

 Annealing the sample upto 473 K leads to significant changes in the molecular 

network structure. For this annealing temperature, the cross-like tetramers which are 

the basic units for the Cu-coordinated polymeric networks were not observed anymore. 

Instead, disordered molecular networks consisting of short oligomer bundles were 

observed (Fig. 7.7a and b). After additional annealing at higher temperature (573 K), 

the structural characteristics remain the same (Fig. 7.8). This can be interpreted as the 

first sign for the formation of covalently-linked polymer networks based on the 

observed high thermal stability. To shed light on the structure of the network formed 

from short oligomer bundles, the distances across the oligomer chains was measured  
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Figure 7.7: (a) Overview STM image (60×60 nm2) and (b) detailed STM image (10×10 nm2) of the 
area marked by a blue square in (a), showing the oligomers after annealing at 473 K. The inset in (b) 
shows line profile taken along the black line. (c) DFT calculations for the optimized geometry of C-C 
coupling for both link I and II. E is the total energy of the system, relative to the lowest one and d is 
the distance between two molecular centres. The STM images were taken at 77 K with U = -1.8 V, I = 
30 pA. 

 

and then compared to results obtained by DFT calculations for dimers held together by 

link I and II, respectively. The experimentally measured distances between two 

oligomer chains (inset image in Fig. 7.7b) are found to be (0.74 ± 0.04) nm which is in 

good agreement with our calculated results for link I-based C-C coupling (0.75 nm). 

Therefore, it can be concluded that the C-Cu-C coordination bonds were converted 

into C-C covalent bonds upon annealing, which has been also found for other 

halogenated molecules deposited on Cu(111) [8, 45, 46]. On the basis of these 

findings, we propose that the monomers in each short oligomer chain are covalently 

linked to each other through link I. Likewise, the oligomer chains are covalently 

coupled via link I interactions. Although our DFT calculations show that the C-C bond 

based on link I is thermodynamically more favored than the bond based on link II, the 

lack of highly-ordered 2D molecular networks suggests that some connections of the 
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covalently bonded network are based on link II. This means that the debrominated 

Br4Py molecules can be involved in link I and II interactions at the same time (shown 

in Fig. 7.1). The presence of link II, even less dominant with respect to link I, might 

lead to the formation of short irregular oligomer bundles instead of a ordered extended 

molecular networks on Cu(111).  

 

 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.8: (a), (b) STM images (25×25 nm2 and 15×15 nm2 respectively) of the covalently linked 
polymer network for submonolayer coverage of Br4Py on Cu(111) after annealing at 473 K and 573 K, 
respectively. The STM images were taken at 77 K, U = -1.8 V, I = 20 pA. 

 

 

 

   

 

 

 

 

 

 

 

 

 

Figure 7.9: (Left panel) Br 3d XPS spectra of 0.8 ML (bottom) and 3 ML (top) of Br4Py deposited on 
Cu(111) held at room temperature. (Right panel) C 1s XPS spectra of 3 ML and 0.8 ML of Br4Py on 
Cu(111) while the spectra for 0.8 ML were also recorded at different annealing temperatures as 
indicated in the panel. 
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  In order to obtain complementary information on the RT dissociation of the C-

Br bonds and the formation of the Cu-coordinated polymer network from Br4Py, XPS 

measurements were performed at the Br 3d core levels for 0.8 ML and 3 ML of Br4Py 

deposited on Cu(111) held at RT (Fig. 7.9, left panel). The spectrum for 0.8 ML 

coverage was fitted with a single doublet with a binding energy (BE) of 70.7 eV for 

the Br 3d3/2 and 69.7 eV for Br 3d5/2 component, while that for 3 ML Br4Py was fitted 

with two doublets (70.7 eV for and 69.7 eV for the doublet at lower BE and 71.6 eV 

and 70.6 eV for the doublet at higher binding energy). The doublet at lower binding 

energy (the Br 3d3/2 peak is located at 70.7 eV) is assigned to chemisorbed bromine 

atoms on Cu(111), while the doublet at higher BE (the Br 3d3/2 is located at 71.6 eV) 

is associated with bromine in C-Br bonds of the intact Br4Py molecules located in the 

upper molecular adlayers which are not in contact with the Cu surface [30, 47]. The 

Cu 3p peak positions (76.05 eV and 78.5 eV) are the same for both molecular 

coverages. Subsequent annealing of the sample with 0.8 ML coverage to 573 K does 

not change the doublet position (Br 3d3/2 and Br 3d5/2 peak positions are still at 70.7 

eV and 69.7 eV) indicating a complete debromination of Br4Py already at RT (Fig. 

7.10). This result provides additional evidence for the chemisorption of Br atoms on 

Cu(111) observed by STM. Notably, the intensity of the Br 3d spectra recorded at 573 

K significantly decreases in comparison to that recorded at 300 K. This indicates a 

significant thermal desorption of bromine atoms from the Cu surface upon further 

annealing.  

 The C 1s core level spectra for 0.8 ML and 3 ML of Br4Py adsorbed on the Cu 

surface (Fig. 7.9, right panel) were fitted with a single peak. The different carbon 

species in the intact and reacted precursors, respectively, can unfortunately not be 

resolved. For a coverage of 3 ML, the C 1s peak is located at a BE of 284.4 eV. This 

peak undergoes a small shift of ~0.38 eV toward lower BE when the coverage was 

reduced to 0.8 ML. The reason for the peak shift is most likely a combination of 

changes in the work function due to the fact that Br is split off immediately when the 

molecules adsorb onto the surface at RT and a Cu-coordinated network forms. 

Furthermore, it was recently reported that this C-Cu-C coordination bond allows for 

an efficient screening of the core-hole, resulting in a shift toward lower BE of for the 
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C 1s peak [47].  Annealing the sample of 0.8 ML at 473 K does not lead to changes in 

the position of the C 1s peak position. This can be explained by the following two 

considerations: (i) the surface work function is increased due to chemisorbed Br atoms 

what should result in a peak shift to lower BE. (ii) The transformation of the C-Cu-C 

bonds into C-C bonds upon annealing at 473 K should result in a decreased molecule 

substrate interaction what is reflected in a peak shift to higher BE. These two effects 

can counterbalance each other and thus, no net peak shift for the C 1s level is 

observed [47]. In turn, the unchanged C 1s peak position can be interpreted as a sign 

of the formation of covalent C-C bonds after release of Cu atoms from the C-Cu-C 

bonds, which is in excellent agreement with the STM results. 

7.2.2 On-surface polymerization of Br4Py on Au(111)  

To examine the effect of different metal substrates on the on-surface polymerization of 

Br4Py, we employed Au(111) as a substrate since it is generally considered less 

reactive than Cu(111) [33]. Upon deposition of Br4Py on Au(111) held at RT, very 

large well-ordered 2D patterns were observed by STM (Fig. 7.11a). Notably, we do 

not observe the presence of vacancy islands on the bare Au(111) surface, which is in 

contrast to the case of Cu(111). The Au(111)herringbone reconstruction is still 

discernible through the molecular adlayer. It is neither modified nor lifted due to the 

molecular adsorption (Fig. 7.11b). The intact herringbone reconstruction is considered 

as an indication for a weak molecule−substrate interaction [48]. In the close-up STM 

image (Fig. 7.11c), each Br4Py molecule can be easily identified within the molecular 

network. The unit cell contains one molecule and its lattice parameters are a = (11.2 ± 

0.3) Å, b = (8.7 ± 0.3) Å, and α = (73 ± 2)º. The proposed model for the molecular 

arrangement (Fig. 7.11d) shows that the molecules align parallel with respect to each 

other. Four Br substituents of four neighbouring molecules point toward each other to 

form a fourfold node. Each molecule connects to four such fourfold nodes. Due to the 

non-spherical charge distribution, each Br substituent can attractively interact with a 

neighboring negatively charged Br substituent or a positively charged H atom of an 

adjacent molecule. The formed triangular binding motif consists of both Br-Br halogen 

and Br-H hydrogen bonds, which are responsible for the network formation. More 



On-surface polymerization of pyrene derivatives  

115 

information can be found in our recent report on monolayer coverage of the same 

molecule on Au(111) with room temperature STM measurements [49].  

 

 

 

 

 

 

 

 

 

 

 

Figure 7.10: Br 3d XPS spectra for submonolayer coverage of Br4Py deposited on Cu(111) held at 
room temperature (300 K) and after annealing at 573 K. The decreasing signal indicates desorption of 
Br atoms from the Cu(111) surface upon annealing at 573 K. 

 

To initiate a covalent coupling reaction between the Br4Py molecules on 

Au(111), the sample was annealed at 473 K for 15 minutes and subsequently cooled 

down to 77 K for the STM measurements. From the STM image in Fig. 7.12a the 

disappearance of the 2D self-assembled patterns can be inferred. Instead, disordered 

2D arrays and clusters were observed. Interestingly, the Au(111) herringbone 

reconstruction is distorted and avoids the regions covered by molecules. It was 

previously reported that due to the presence of electronegative halogen atoms the Au 

surface reconstruction gets lifted and Au atoms are released to relieve stress [50]. 

Therefore, our observation can be considered as a first indication that Br atoms are 

dissociated from the C-Br bonds upon thermal annealing. Further evidence for the 

dissociation of the C-Br bonds is provided by XPS measurements (vide infra). In 

addition to the disordered islands, short 1D oligomer chains arranged in 2D islands 

were occasionally observed (Fig. 7.13). The calculated distances between two 

monomers for Link I via C-Au-C coordination (1.00 nm, inset image in (b)) is 

consistent with results obtained from STM analysis (1.05 ± 0.5 nm). Between the 

oligomers, the split-off Br atoms can be observed by STM (Fig. 7.14). The presence of 
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the Br atoms on the surface may hinder the formation of structures having long-range 

order. Annealing the sample at higher temperatures did not result in the formation of 

long-range ordered structures. For annealing at 573 K, still 2D disordered polymer 

networks were observed by STM while the behavior of the herringbone reconstruction 

remained the same (Fig. 7.15). From this it can be concluded that the Br atoms were 

not yet desorbed. Annealing at 723 K recovers the herringbone reconstruction of the 

Au(111) surface which we ascribe to the fact that the Br atoms desorbed (Fig. 7.15). 

However, this high annealing temperature also leads to the degradation of the polymer 

network, indicated by the disappearance of 2D islands and clusters on the surface. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.11: (a) Large-scale STM image (300×300 nm2) for submonolayer coverage of Br4Py 
deposited on Au(111) held at room temperature. The molecules arrange in large islands exhibiting 
long-range order. (b) Detailed STM image of the area marked by a black square in (a). The 
characteristic herringbone reconstruction of Au(111) is visible underneath the molecular adlayer. (c) 

Close-up STM image (5×5 nm2) with molecular resolution and (d) corresponding proposed molecular 
model. The rhombic unit cell is marked in white and yellow in (c) and (d), respectively. The STM 
images were taken at 77 K with U = -1.8 V, I = 30 pA. 
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Figure 7.12:  (a) Overview STM image (50×50 nm2) for submonolayer coverage of  Br4Py on 
Au(111) after annealing at 473 K. Small islands and clusters are visible which are avoided by the 

herringbone reconstruction.  (b) Close-up STM image (14×14 nm2) of an individual disordered cluster. 
(c) DFT calculations for different optimized structures. E is the total energy of the system, relative to 
the lowest one and d is the distance between two molecular centres.The STM images were taken at 77 
K with U = -1.8 V, I = 30 pA. 
 

In order to shed light on the network formation process, we carried out DFT 

calculations including the Au(111) surface and vdW interactions. We investigated both 

covalently coupled structures and Au-coordinated ones while for the Au coordination, 

surface atoms as well as surface adatoms were considered. The DFT results show that 

the formation of C-C bonds (either link I or link II geometry) is energetically much 

more favored than the formation of Au-coordinated structures. Coordination to surface 

atoms requires around 2 eV more energy compared to C-C bond formation. For the 

case of Au adatoms, the additional energy is around 0.5 eV (Fig. 7.12c). In comparison 

to Cu(111), there is no energetic difference between link I and link II geometry – 

independent if the polymer is based on C-C or on C-Cu-C bonds. We assume that this 

difference is related to the surface material since the interaction of the aromatic 

backbone with the metal surface generally is stronger for Cu(111) than for Au(111). 

Thus, we propose that the formation of link I and link II during the polymerization 

process is equally probable and this mainly results in disordered 2D networks. For the 

rarely observed 1D oligomers, we suggest that they are stabilized by covalent C-C 

bonds (based on a comparison between the distances obtained from STM and DFT) 

while the interaction between the oligomers is most likely mediated by C-Au-C bonds 
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(Fig. 7.13c). However, from the STM images it is impossible to conclude if the 

disordered 2D arrays are held togetherby C-C covalent bonds or C-Au-C coordination 

bonds. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.13: Overview STM image (50×50 nm2) for submonolayer coverage of Br4Py on Au(111) 
annealed at 523 K. Ordered 1D polymer chains arranged in 2D islands are formed. The split off Br 
atoms are still adsorbed on the Au(111) surface which can be deduced from the changed herringbone 

reconstruction. (b) Close-up STM image (12×12 nm2) of the area marked by a blue dotted square in 
(a). The line profile taken along the blue line is shown in the inset. (c) Molecular model for the 
polymer. The STM images were taken at 77 K with U = -1.8 V, I = 30 pA. 

 

 

 

 

 

 

 

 

 

Figure 7.14: STM image (8×8 nm2) and line profile along the blue line showing the interference of 
split-off Br atoms with the formed molecular networks. The STM images were taken at 77 K with U = 
-1.8 V, I = 30 pA. 
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Figure 7.15: STM image (95×95 nm2) for submonolayer coverage of Br4Py on Au(111). (a) After 
annealing at 573 K, the herringbone reconstruction avoids the molecular islands which can be taken as 
an indication that the molecular islands contain Br atoms. (b) After annealing the sample at 723 K, the 
herringbone reconstruction crosses the molecular islands. This indicates that the Br atoms desorbed 
from the surface during the annealing step. 

 

To get insight into the dissociation of the C-Br bonds upon annealing, Br 3d 

and C 1s core level spectra were recorded for Br4Py on Au(111) (Fig. 7.16). The Br 3d 

core levels recorded after deposition of 1 ML of Br4Py on Au(111) held at RT were 

fitted with a single doublet with binding energies of 70.9 eV (Br 3d3/2) and 69.9 eV (Br 

3d5/2).  After annealing the sample at 473 K, the Br 3d core level spectrum was fitted 

with two doublets: 70.7 eV (Br 3d3/2) and 69.7 eV (Br 3d5/2) for the one at higher BE 

and 68.8 eV (Br 3d3/2) and 67.8 eV (Br 3d5/2) at lower BE. The doublet at higher BE is 

associated with bromine atoms in intact C-Br bonds, while the doublet at lower BE is 

assigned to split off bromine atoms chemisorbed on the Au surface. These results 

unambiguously demonstrate the debromination reaction of Br4Py on Au(111) through 

thermal annealing. Interestingly, there is a small shift of 0.2 eV toward lower BE of 

the doublet corresponding to bromine in intact C-Br bonds for annealing at 473 K 

compared to 300 K. This is due to the increase of the work function facilitated by 

chemisorbed Br atoms on the Au(111) surface, which is similar to the case of adsorbed 

chloride atoms on Au(111) [51]. 

The C 1s peak of Br4Py deposited on Au(111) held at RT is located at a BE of 

284.5 eV while that recorded for the sample annealed at 473 K is located at 284.1 eV. 

Importantly, the downshift in BE of the C 1s core level (0.4 eV) is larger than the one 
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of the Br 3d core level (0.2 eV) which is induced by the increase of the work function. 

This finding suggests that the downshift of the C 1s peak energy is not only induced by 

a change of the work function, but also by the formation of C-Au-C coordination  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 7.16: (Left panel) Br 3d and (right panel) C 1s XPS spectra of Br4Py on Au(111) recorded after 
annealing the sample at different temperatures. The respective annealing temperature is indicated next 
to the spectra. 

 

bonds. Thus, we can conclude that coordinated polymer networks were formed on 

Au(111) upon dissociation of C-Br bonds at 473 K. This is also supported by the fact 

that the formation of C-Au-C bonds is usually associated with the re-ordering of the 

Au(111) herringbone reconstruction [50]. After additional annealing of the sample at 

573 K, the C 1s peak energy shifted toward higher BE. This is expected for the 

transformation of C-Au-C coordination bonds into covalent C-C bonds. These results 

are consistent with previous results on the polymerization of bianthryl derivatives 

deposited on Au(111) [52]. Thus, there seems to be a discrepancy between the 

experimental results and the DFT calculations for the formation of coordination 

polymer networks for annealing at 473 K. The reason must be related to the fact that 

the kinetics happening during the coupling reactions was not taken into account in our 

DFT calculations. It is well-known that the final product of chemical reactions is 
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determined by the interplay of thermodynamics and kinetics. In this context, our DFT 

calculations reveal that the formation of covalently linked polymer networks is 

thermodynamically more favorable than that of coordination polymer networks. 

However, the thermal energy supplied at 473 K might be insufficient for the system to 

overcome the energy barrier which determines the formation of covalent C-C bonds 

from an intermediate state of C-Au-C coordination bond. As a result, the coordinated 

polymer network is formed on Au(111) until the system receives more energy due to 

thermal annealing at 573 K to convert the C-Au-C bonds into covalent C-C bonds as 

confirmed by XPS measurements. 

7.3 Conclusions 

In summary, we investigated the surface-assisted polymerization based on Ullmann 

coupling of Br4Py on both Cu(111) and Au(111) surfaces. Our study reveals that the 

substrate not only plays a catalytic role for the activation process of the polymerization 

reaction by reducing the required temperature for the debromination to occur, but also 

strongly influences the resulting intermolecular bonds between the activated 

precursors. This is reflected by the structural differences in the polymer networks 

formed on Cu(111) and Au(111) as observed by STM. The combination of two 

different intermolecular links and the existence of chemisorbed Br atoms may result in 

the formation of disordered networks. Thus, although no highly-ordered polymer 

networks of Br4Py on both chosen surfaces were obtained, our study could 

successfully demonstrate the decisive role of the substrate on the surface-supported 

Ullmann coupling reaction, which is expected to play a major role in the fast emerging 

field of on-surface synthesis.       

7.4 Experimental methods and computational details 

7.4.1 Experimental methods 

The STM experiments were carried out in a two chamber ultrahigh vacuum system 

with a base pressure of 5 × 10-11 mbar operated at 77 K. This system houses a low 

temperature STM (Oxford Instruments Omicron NanoScience). The Au(111) and 

Cu(111) single crystals were prepared by repeated cycles of sputtering with Ar+ ions 

and annealing at approximately 420°C and 450°C, respectively. Commercially 
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available 1,3,6,8-tetrabromopyrene (Sigma-Aldrich, purity 97%) was thoroughly 

degassed several hours before deposition onto Au(111) and Cu(111). The molecules 

were thermally evaporated from a glass crucible that was heated inside a home-built 

evaporator. The deposition rate was monitored using a quartz crystal microbalance in 

order to determine the molecular coverage. The substrate was held at room 

temperature during deposition. All STM images were taken at low temperature in 

constant current mode using a platinum-iridium tip. Image processing was done with 

the free software WSxM [54].  

The XPS measurements were carried out at the synchrotron light MatLine at the 

Centre for Storage Ring Facilities (ISA) (Aarhus, Denmark). The data were acquired 

using a SCIENTA SES200 spectrometer. Sample preparation was carried out in the 

same way as described for the STM measurements. Br 3d core level spectra were 

taken with a photon energy of 150 eV with a pass energy of 75 eV while the C 1s core 

level spectra were recorded with a photon energy of 380 eV with a pass energy of 300 

eV.    

7.4.2 Computational details 

Density functional theory calculations were performed using the PBE exchange-

correlation functional corrected with van der Waals interactions [34, 35] as 

implemented in the CP2K code [36]. We employed the Gaussian and Planewave 

(GPW) hybrid basis set [37]: the localized Gaussian-based basis sets in use are TZV2P 

(C, O, H) and DZVP (Cu, Au, Br), and the cutoff for the plane wave expansion of the 

charge density is 400 Ry. Norm conserving pseudo-potentials [38] were also used. The 

convergence threshold for geometry optimizations was set at 10−4 au. To model the Au 

and Cu surfaces we employed slabs consisting of 4 layers (280/320/360 Au/Cu/Cu 

atoms) of which the two lower layers were fixed during geometry relaxations. A 

vacuum layer of 20 Å was added between the slab and its periodic images. 

 

 
 



On-surface polymerization of pyrene derivatives  

123 

 

References  

[1] G. Franc and A. Gourdon, Phys. Chem. Chem. Phys., 2011, 13, 14283. 

[2] X. Zhang, Q. Zeng, C. Wang, Nanoscale, 2013, 5, 8269. 

[3] A. Gourdon, Angew. Chem. Int. Ed. 2008, 47, 6950. 

[4] F. Klappenberger, Y. Q. Zhang, J. Björk, S. Klayatskaya, M. Ruben, J. V. Barth, Acc. Chem. Res., 

2015, 48, 2140.  

[5] Q. Fan, J. M. Gottfried, J. Zhu, Acc. Chem. Res., 2015, 48, 2484. 

[6] M. E. Garah, J. M. Macleod, F. Rosei, Surf. Sci., 2013, 613, 6. 

[7] M. D. Giovannantonio, M. E. Garah, J. L. Duffin, V. Meunier, L. Cardenas, Y. F. Revurat, A. 

Cossaro, A. Verdini, D. F. Perepichka, F. Rosei, G. Contini, ACS Nano, 2013, 9, 8190.  

[8] Q. Fan, C. Wang, C.; L. Liu, Y. Han, J. Zhao, J. Zhu, J. Kuttner, G. Hilt, J. M. Gottfried, J. Phys. 

Chem. C, 2014, 118, 13018. 

[9] M. Kolmer, A. A. Ahmad Zebari, J. S. P. Bechcicki, W. Piskorz, F. Zasada, S. Godlewski, B. 

Such, Z. Sojka, M. Szymonski, Angew. Chem. Int. Ed., 2013, 52, 10300. 

[10] T. Lin, X. S. Shang, J. Adisoejoso, P. N. Liu, N. Lin, J. Am. Chem. Soc., 2013, 135, 3576. 

[11] J. Eichhorn, D. Nieckarz, D, O. Ochs, D. Samanta, M. Schmittel, P. J. Szabelski, M. Lackinger, 

ACS Nano, 2014, 8, 7880. 

[12] L. Grill, M. Dyer, L. Lafferentz, M.  Persson, M. V. Peters, S. Hecht, Nat. Nanotechnol., 2007, 2, 

687. 

[13] S. Weigelt, C. Busse, C. Bombis, B. M. Knudsen, K. V. Gothelf, T. Strunskus, C. Wöll, M. 

Dahlbom, B. Hammer, E. Lagsgaard, F. Besenbacher, T. R. Linderoth, Angew. Chem., 2007, 119, 

9387. 

[14] Y. Q. Zhang, N. Kepcija, M. Kleinschrodt, K. Diller, S. Fischer, A. C. Papageorgiou, F. Allegretti, 

J. Björk, S. Klyatskaya, F. Klappenberger, M. Ruben, J. V. Barth,  Nat. Commun., 2012, Doi: 

10.1038/ncomms2291. 

[15] H. Y. Gao, H. Wagner, D. Zhong, J. H. Franke, A. Studer, H. Fuchs, Angew. Chem. Int. Ed., 2013, 

52, 4024. 

[16]  J. Eichorn, W. M. Heckl, M. Lackinger, Chem.Commun., 2013, 49, 2900. 

[17]  S. Clair, M. Abel, L. Porte, Chem.Commun., 2014, 50, 9627. 

[18] A. L. Pinardi, G. O. Irurueta, I. Palacio, J. I. Martinez, C. S.-Sanchez, M. Tello, C. Rogero, A. 

Cossaro, A. Preobrajenski, B. G.-Lor, A. Jancarik, I. G. Stara, I Stary, M. F. Lopez, J. Mendez, J. 

A. Martin-Gago, ACS Nano, 2013, 4, 3676. 

[19] F. Bebensee, C. Bombis, S. R. Vadapoo, J. R. Cramer, F. Besenbacher, K. Gothelf, T. R. 

Linderoth, J. Am. Chem. Soc., 2013, 135, 2136.  

[20] S. Boz, M. Stöhr, U. Soydaner, M. Mayor, Angew. Chem. Int. Ed., 2009, 48, 3179. 

[21] Q. Sun, C. Zhang, Z. Li, H. Kong, Q. Tan, A. Hu, W. Xu, J. Am. Chem. Soc., 2013, 135, 8448. 



On-surface polymerization of pyrene derivatives  

124 

 

[22]  A. Shchyrba, S. C. Martens, C. Wäckerlin, M. Matena, T. Ivas, H. Wadepohl, M. Stöhr, T. A. 

Jung, L. H. Gade, Chem. Commun., 2014, 50, 7628 

[23] M. Matena, T. Riehm, M. Stöhr, T. A. Jung, L. H. Gade, Angew. Chem. Int. Ed., 2008, 47, 2414. 

[24] Ullmann, F.; Bielecki, J. Ber. Dtsch. Chem. Ges., 1901, 34, 2174-2185. 

[25] C. Sambiagio, S. P. Marsden, A. J. Blacker, P. C. McGowan, Chem. Soc. Rev., 2014, 43, 3525. 

[26] P. E. Fanta, Chem. Rev., 1946, 38, 139. 

[27] S. W. Hla, L. Bartels, G. Meyer, K. H. Rieder, Phys. Rev. Lett., 2000, 85, 2777. 

[28] L. Lafferentz, V. Eberhardt, C. Dri, C. Africh, G. Comelli, A. Esch, S. Hecht, L. Grill, Nature 

Chem., 2012, 4, 215. 

[29] M. Koch, M. Gille, A, Viertel, S. Hecht, L. Grill, Surf. Sci., 2014, 627, 70. 

[30] R. Gutzler, L. Cardenas, J. L. Duffin, M. E. Garah, Nanoscale, 2014, 6, 2660. 

[31] M. Bieri, M. M.-T. Nguyen, O. Gröning, J. Cai, M. Treier, K. A. Mansour, P. Ruffieux, C. A. 

Pignedoli, D. Passerone, M. Kastler, K. Müllen, R. Fasel, J. Am. Chem. Soc., 2010, 132, 16669. 

[32] J. Björk, F. Hanke, S. Stafström, J. Am. Chem. Soc., 2013, 135, 5768. 

[33] F. S. Tautz, Prog. Surf. Sci., 2007, 82, 479. 

[34] J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett., 1996, 77, 3865. 

[35] S. Grimme, J. Antony, S. Ehrlich, H. Krieg, J. Chem. Phys., 2010, 132, 1541. 

[36]  J. VandeVondele, M. Krack, F. Mohamed, M. Parrinello, T. Chassaing and J. Hutter, Comput. 

Phys. Commun., 2005, 167, 103. 

[37] G. Lippert, J. Hutter, J. and M. Parrinello, Mol. Phys., 1997, 92, 477. 

[38] S. Goedecker, M. Teter and J. Hutter, Phys. Rev. B, 1996, 54, 1703. 

[39] P. Metrangolo, F. Meyer, T. Pilati, G. Resnati, G. Terraneo, Angew. Chem. Int. Ed., 2008, 47, 

6114. 

[40] P. Politzer, J. S. Murray, T. Clark, Phys. Chem. Chem. Phys., 2010, 12, 7748. 

[41] Q. Fan, C. Wang, Y. Han, J. Zhu, J. Kuttner, G. Hilt, and J. M. Gottfried, ACS Nano, 2014, 8, 709. 

[42] L. Huang, P. Zeppenfeld, S. Horch, G. Comsa, Chem. Phys. Lett., 2011, 511, 482. 

[43] W. Haiss, J. K. Sass, X. Gao, M. J. Weaver, Surf. Sci. Lett., 1992, 274, 593. 

[44] Z. V. Zheleva, V. R. Dhanak, and G. Held, Phys. Chem. Chem. Phys., 2010, 12, 10754. 

[45] W. Wang, X. Shi, S. Wang, M. A. Van Hove, N. Lin, J. Am. Chem. Soc., 2011, 133, 13264.  

[46] Q. Fan, C. Wang, Y. Han, J.  Zhu, H. Wolfgang, J. Kuttner, G. Hilt, M. Gottfried, Angew. Chem. 

Int. Ed., 2013, 52, 4668. 

[47] M. Chen, J. Xiao, H. P. Steinruck, S. Wang, W. Wang, N. Lin, J. Phys. Chem. C, 2014, 118, 6820. 

[48] T. A. Pham, F. Song, M. Stöhr, Phys. Chem. Chem. Phys., 2014, 16, 8881. 

[49] T. A. Pham, F. Song, M.-T. Nguyen, M. Stöhr, Chem. Commun., 2014, 50, 14089. 

[50] (a) A. Saywell, W. Gren, G. Franc, A. Gourdon, X. Bouju, L. Grill, J. Phys. Chem. C, 2014, 118, 

1719; (b) H. Zhang, J. H. Franke, D. Zhong, Y. Li, A. Timmer, O. D. Arado, H. Mönig, H. Wang, 

L. Chi, Z. Wang, K. Müllen, H. Fuchs, Small, 2014, 10, 1361. 



On-surface polymerization of pyrene derivatives  

125 

 

[51] T. A. Baker, C. M. Friend, E. Kaxiras, J. Am. Chem. Soc., 2008, 130, 3270. 

[52] A. Batra, D. Cvetko, G. Kladnik, O. Adak, C. Cardoso, Chem. Sci., 2014, 5, 4419. 

[53] J. X. Jiang, A. Trewin, D. J. Adams, A. I. Cooper, Chem. Sci., 2011, 2, 1777.  

[54] I. Horcas, R. Fernández, J.M. Gómez-Rodríguez, J. Colchero, J. Gómez-Herrero, A.M. Baro. Rev. 

Sci. Intrum., 2007, 78, 013705. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



On-surface polymerization of pyrene derivatives  

126 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

127 

Chapter 8 
Protecting group chemistry: A new approach for 
stepwise on-surface polymerization of biphenyl 
derivatives on Ag(111) 

 

 

On-surface polymerization is nowadays considered as one of the most versatile and 

appropriate approaches for the bottom-up synthesis of covalently linked molecular networks 

on metal surfaces. So far, most of the polymer networks formed by this approach are based on 

the concepts of Ullmann coupling. Herein, we present a novel concept to obtain polymer 

networks by taking advantage of protecting group chemistry. In this work, a fluorinated 

biphenyl derivative was synthesized and its polymerization on Ag(111) was investigated in 

detail under ultrahigh vacuum conditions by a combination of scanning tunneling microscopy 

and X-ray photoelectron spectroscopy complemented by density functional theory 

calculations. Our study successfully demonstrates the possibility to obtain a stepwise growth 

of covalently-linked polymer networks on Ag(111) where the monomers can be interlinked in 

the form of dimers, trimers and one-dimensional polymer chains depending on the annealing 

temperature. In addition, we found the co-existence of different covalent bonding motifs 

within the formed polymer networks. The obtained results are expected to open up a new 

pathway for the tailored construction and design of polymer networks on metal surfaces. 
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8.1 Introduction  

Over the past years, numerous studies have been devoted to the surface-supported self-

assembly of functional molecular building blocks, which represents a promising 

approach for the bottom-up construction of supramolecular nanostructures on metal 

surfaces for future molecular devices [1−4]. To date, various sophisticated molecular 

networks with a high level of perfection can be formed on metal surfaces stabilized by 

non-covalent bonds such as hydrogen bonds, halogen bonds, metal-ligand coordination 

or van der Waals forces [5−9]. However, the lack of mechanical stability of such 

molecular networks due to the often weak nature of the non-covalent bonds are 

considered a drawback for potential practical applications. Therefore, a controlled and 

efficient approach for the fabrication of molecular networks on surfaces with improved 

thermal, chemical and mechanical stability is a prerequisite for a breakthrough in the 

development of future nanotechnological devices [10−12]. With this in mind, various 

strategies have recently been developed to build-up covalently linked molecular 

networks on metal surfaces. So far, a wide range of chemical reactions, which are 

commonly used in traditional solution-based chemical synthesis, have been exploited 

to obtain polymer networks on metal surfaces [13−16, 37−39]. Among them, Ullmann 

coupling has been the most studied one over the past recent years due to the ease to 

obtain on-surface polymer structures as well as to handle the starting compounds. The 

possibility to control via a hierarchical growth process the formation of one/two-

dimensional polymer structures by properly choosing the halogenated precursors 

featuring different halogen substituents has additionally spurred the utilization of 

Ullmann coupling [11, 17]. Despite these advantages, however, it is worth to note that 

Ullmann coupling usually produces halogen atoms, which chemisorb on the metal 

surface as side products of the on-surface reaction. These halogen atoms are highly 

unwanted because they tend to interfere with the polymerization process and therefore, 

hinder the formation of polymer networks with a high degree of structural perfection 

[18, 19]. Thus, a new and alternative protocol to obtain a stepwise growth of 

covalently linked polymer networks on surfaces without producing unwanted side 

products is crucial for the further development of molecular devices based on the on-

surface polymerization approach.    
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Herein, we report a new approach to build-up covalently linked polymer networks 

on metal surfaces by taking advantage of protecting group chemistry. The concept of 

protecting group chemistry has been widely used in multistep organic synthesis [20]. 

However, the use of this chemical protocol as an efficient tool for the hierarchical 

construction of covalently linked polymer networks on surfaces has up to now not 

been exploited. Previously we demonstrated the possibility to synthesize polymer 

networks from tertbutoxycarbonyl (Boc)-protected 4,4-diaminobiphenyl on the 

Cu(111) surface through release of the Boc groups by thermal annealing [21]. In the 

present work, we expanded this concept and focused on the influence of two 

chemically different protecting groups attached to the same monomer on the 

covalently linked polymer networks. For this purpose, we synthesized a fluorinated 

biphenyl derivative where three hydrogen atoms in one of the two Boc groups were 

replaced by three fluorine atoms. The chemical structure of the precursor (labeled 1) is 

shown in Scheme 8.1. Due to the chemically different protecting groups, we expected 

them to have different chemical reactivity and thus, to offer the possibility to obtain a 

stepwise growth of polymer networks. Indeed, we could identify a temperature 

dependent cleaving for the different protecting groups, followed by the formation of 

new covalent bonds between the individual precursors. Depending on the annealing 

temperature, the formation of dimers, trimers and flexible polymer chains was 

observed. The investigations for the different annealing temperatures were carried out 

by scanning tunneling microscopy (STM) and X-ray photoemission spectroscopy 

(XPS). Density functional theory (DFT) calculations support our findings.  

8.2 Experimental results  

8.2.1 STM results on the on-surface polymerization of biphenyl derivatives 

Upon deposition of one monolayer (1 ML) of 1 on Ag(111) held at room temperature 

(RT), well-ordered two-dimensional (2D) molecular networks were observed by STM 

under UHV conditions (Fig. 8.1a). In the high-resolution STM image in Fig. 8.1b, the 

individual molecules are clearly resolved. Each molecule is imaged as two bright lobes 

connected by a dim line. The bright lobes are assigned to the Boc protecting groups, 

while the dim line is identified as the molecular backbone of precursor 1. Two 
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different molecular arrangements can be identified which co-exist: a parallel 

arrangement (Fig. 8.1b, upper part) and a herringbone arrangement (Fig. 8.1b, lower 

part) whose unit cells are superimposed in blue. The arrangement of the molecules in 

the respective arrangement is indicated by white and yellow lines. The unit cell of the 

herringbone arrangement contains two molecules and its dimensions are a = (13.4 ± 

0.5) Å, b = (17.8 ± 0.5) Å with an internal angle θ = (88 ± 2)° as determined from 

statistical analysis of the STM data. The unit cell of the parallel arrangement (right 

side in Fig. 8.1c) contains one molecule and its dimensions are found to be a = (10.1 ± 

0.5) Å, b = (13.7 ± 0.5) Å with an internal angle θ = (66 ± 2)°. The molecular packing 

density of the parallel phase is found to be ~ 0.80 molecules nm-1, whereas that of the 

herringbone phase is slightly higher, ~ 0.83 molecules nm-1. For the both cases, the   

 

 

 

 

 

 

 

 

 

Scheme 8.1: Chemical structure of monomer 1 and tentative reaction pathway for the thermal 
transformation of monomer 1 to dimer 6 on Ag(111). The red circle indicates the protecting group 
which is dissociated first upon heating, while the covalent bond formed between two precursor 
molecules is highlighted by a red ellipse. 
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self-assembled molecular networks are stabilized by hydrogen bonds formed between 

the carbonyl oxygen atoms and the phenyl hydrogen atoms of neighboring molecules 

(marked by blue ellipses) as well as between the fluorine atoms and the phenyl 

hydrogen atoms of neighboring molecules (marked by red ellipses). Notably, due to 

the presence of fluorine atoms in one of the two protecting groups, we do not rule out 

the possibility that the molecules are arranged into a configuration where the fluorine 

atoms of one molecule point towards the carbonyl oxygen atoms or fluorine atoms of 

neighboring molecules (this model is not shown). In this way, a halogen bond can be 

established between two neighboring molecules, which is based on the anisotropic 

charge distribution around the fluorine atom in a fluorine-carbon bond [22].   

 

 

 

 

 

 

 

 

 

 

Figure 8.1: (a) STM image (29.5 × 29.5 nm2) showing that 1 arranges into well-ordered 2D patterns 

on Ag(111). (b) Detailed STM image (8.9 × 8.9 nm2) showing the co-existence of herringbone and 
parallel arrangements on Ag(111) as highlighted by yellow and white lines, respectively. The 
respective unit cells are marked in blue. (c) Proposed molecular models for the corresponding 
herringbone and parallel arrangements. Hydrogen bonding interactions between CH…O and CF…H are 
highlighted with blue and red ellipses, respectively. The STM images were taken at RT with U = -1.8 
V, I = 20 pA. 



On-surface polymerization of biphenyl derivatives on Ag(111) 

132 

 

In order to trigger the on-surface polymerization of 1 on Ag(111), the sample 

was in a first step annealed at 165 °C for 30 minutes. After cooling down to RT the 

STM measurements were carried out. The overview STM image in Fig. 8.2a reveals 

that the appearance of the molecular networks is changed upon annealing compared to 

that before annealing. In the high-resolution STM image (Fig. 8.2b), a new 

arrangement of the bright lobes within the molecular networks can be observed. 

Moreover, the number of bright lobes arising from the tert-butyl groups of the Boc 

protecting groups is reduced considerably compared to the case for as-deposited 

molecules. Importantly, from the STM images, the lobe-to-lobe distances were 

measured to be about 2.1 nm in length, which is in good agreement with twice the 

length of a biphenyl unit. On the basis of these observations, we conclude that the 

molecular network consists of dimers formed from two precursors which released one 

of their two protecting groups upon thermal annealing. A molecular model for the 

dimeric structures is superimposed on the STM image in Fig. 8.2b for better visibility. 

Although it is impossible to discriminate the fluorinated Boc protecting groups from 

the non-fluorinated ones based on STM images, we assume that the monomer 1 

initially loses the fluorinated Boc group due to the enhanced reactivity of this group 

with respect to the other one. This assumption is unambiguously proven by XPS 

measurements (discussed below). Thus, in order to obtain dimers, each monomer loses 

its fluorinated Boc protecting group and then two of these activated ends meet to form 

a dimer through forming a covalent bond. The assumed reaction pathway for the 

dimerization is shown in Scheme 8.1, which is based on our previous findings [21]. 

Accordingly, we expect that 1 loses an isopropene moiety to generate the 

hydroxycarbamate 2 upon annealing. Then, 2 can be decomposed either by 

decarboxylation to yield the amine 3 or by condensation to obtain the isocyanate 4. 

The compound 4 may even be formed directly via the elimination of fluorinated tert-

butanol induced by the coordination of the nitrogen lone-pair electrons of 1 to the 

substrate. Subsequently, the free amine 3 and the isocyanate 4 undergo the reaction 

which results in the formation of the urea derivative 5. Finally, the azo derivative 6 

(dimer) can be formed from 5 either by the release of formaldehyde or carbon 

monoxide and hydrogen. The proposed molecular model for the dimer arrangement is 
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presented in Fig. 8.2c. In this model, the unit cell dimensions determined from STM 

images are a = (16.5 ± 0.5) Å, b = (24.6 ± 0.5) Å with an internal angle θ = (74 ± 2)°. 

The non-fluorinated protecting groups corresponding to the bright lobes in the STM 

images are highlighted in yellow for easier comparison of the model with the STM 

image. The arrangement of the dimers is also governed by hydrogen bonding between 

the carbonyl oxygen atoms and the phenyl hydrogen atoms as well as between the 

carboxyl oxygen atoms and the HN groups of neighboring dimers. 

Since the formed dimer 6 still possesses two terminal Boc protecting groups, 

the possibility to have further on-surface reactions happening at higher annealing 

temperatures is given. As a result of annealing at 173 °C for 30 minutes, the formation 

of even longer 1D structures with remaining bright lobes was observed by STM. Fig. 

8.2d shows a 2D island consisting of oligomer chains, which is surrounded by a 

mobile phase. The high-resolution STM image shown in Fig. 8.2e shows the formation 

of trimers which are arranged parallel to each other. The molecular lattice parameters 

of this phase are found to be a = (17.5 ± 0.5) Å, b = (22.9 ± 0.5) Å with an angle of θ = 

(44 ± 2)°. From the tentative molecular model (Fig. 8.2f), we suggest that the 

arrangement of trimers is also stabilized by hydrogen bonds formed between the 

carbonyl oxygen atoms and the phenyl hydrogen atoms of neighboring trimers. Thus, 

we conclude that higher annealing can also induce the dissociation of the “normal” 

Boc protecting group, resulting in the formation of trimers having the same covalent 

bonding motif between the biphenyl cores as the dimers. 

In order to split off all protecting groups and to have the polymerization 

completed, the sample was further annealed at 195 °C for 30 minutes. The overview 

STM image in Fig. 8.3a shows the co-existence of flexible 1D polymer chains 

interconnected via a threefold motif and ring-shaped nanostructures on the Ag(111) 

surface. Annealing the sample at temperatures up to 245 °C does not change the 

polymer structures. A close-up STM image of the polymers after annealing at 245 °C 

is displayed in Fig. 8.3b. The chainlike and hexagonal polymer structures coexist 

while the bright lobes arising from the tert-butyl groups were not observed anymore. 

This finding indicates that all Boc protecting groups are split off at this annealing 
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temperature. The main reason for the presence of different covalent bonding motifs 

could be due to the co-formation of different bonding motifs at the same time upon the 

on-surface covalent coupling. The proposed bonding motifs for the observed polymer 

architectures are shown in Fig. 8.3c. The dimers are connected via a -N=N- (azo) 

bond, the 1D polymers and hexagonal structures are connected via -NH- bonds and the 

threefold crossings are based on -C-NC-C- bonds. The existence of these different 

bonding motifs for the obtained polymer structures was successfully demonstrated 

through bench experiments in our previous work for a monofunctionalized biphenyl 

derivative [21]. 

 

 

 

 

 

 

 

 

 

Figure 8.2: (a) STM image (72 × 72 nm2, U = -2.0 V, I = 20 pA) of the dimer arrangement of 1 on 

Ag(111) upon annealing the sample at 165 °C for 30 minutes. (b) In the close-up STM image (8 × 8 
nm2, U = -1.8 V, I = 20 pA) the individual dimer units can be clearly discerned. The unit cell is 

indicated in blue. (c) Corresponding molecular model for the dimer phase. (d) STM image (20 × 20 
nm2, U = -1.8 V, I = 20 pA) of the trimeric structures formed on the surface after the sample was 

annealed at 173 °C for 30 minutes. (e) Close-up STM image (8 × 8 nm2, -1.9 V, 20 pA) showing the 
trimeric units in detail. The unit cell is indicated in blue. (f) Corresponding tentative model for the 
trimer phase. 
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Figure 8.3.: (a) Overview STM image (108 × 108 nm2, -2.1 V, 20 pA) showing the co-existence of 

different polmeric structures upon annealing the sample at 195 °C for 30 minutes. (b) Close-up STM 

image (14.5 × 14.5 nm2, -1.8 V, 20 pA) of the polymeric arrangement which formed after the sample 

was annealed at 245 °C for 30 minutes. (c) Proposed molecular models for the different observed 
polymeric structures. 

 

8.2.2 XPS results on the on-surface polymerization of biphenyl derivatives  

To get insight into the reaction pathway of the on-surface polymerization as well as to 

provide further evidence that the fluorinated Boc protecting group cleaves first upon 

annealing at 165 °C, we performed XPS measurements and DFT calculations. Fig. 8.4 

(left) shows the F 1s core level of the sample after deposition of 1 on Ag(111) held at 

RT (red curve, peak position at 689 eV) and after annealing the sample at 165 °C 

(black curve). Clearly, the F1s peak disappeared completely once the dimer is formed. 

Thus, it can be concluded that the fluorinated protecting group is split off upon 

annealing at temperatures > 165 °C. The C 1s core level spectra (Fig. 8.4, right) were 

recorded for intact monomers 1 (directly after deposition, red curve) as well as for the 
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dimers (annealing at 165 °C, black curve) and for polymer formation (annealing at 195 

°C, blue curve). For the as-deposited molecules, a small peak corresponding to C-F 

bond can be identified at a binding energy of 288.7 eV (marked by a dashed black 

ellipse) [40]. Upon the first annealing step at 165 °C this peak disappears. However, 

there is no significant change in the C 1s core level binding energy for the different 

annealing temperatures, except that the peak intensity drops considerably after the first 

annealing step which means that molecular desorption takes place upon annealing. 

This observation is in good agreement with what was observed in the STM 

measurements: the overall coverage is considerably reduced after heating the sample at 

temperatures > 165 °C. 

Figure 8.4:  XPS spectra of the F 1s (left) and C 1s (right) core levels of 1 adsorbed on Ag(111) 
before and after annealing.   

The O 1s core level spectra (Fig. 8.5 left) were taken for as-deposited samples 

(red curve), for the dimers (annealing at 165 °C, black curve) and for the polymer 

structures (annealing at 195 °C, blue curve). Apparently, all three spectra consists of 

two components located at around 531.1 eV and 533 eV [23, 24]. The first component 

can be assigned to the oxygen atoms in the -C=O groups (carbonyl oxygen) and the 

second one to the oxygen atoms in the C-O-C groups (carboxylic oxygen). The 

difference in binding energy between these two components is 1.9 eV, which agrees 

well with the DFT calculations of both USF monomers and dimers adsorbed on the 
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Ag(111) surface, where the difference is found to be 1.95 eV. The total intensity of the 

O 1s spectra drops considerably after annealing which is in agreement with what is 

observed for the C 1s spectra. The existence of the same two components even after 

annealing at temperatures up to 195 °C points out that the oxygen components of the 

protecting group do not react further and split off as one unit. That we still have some 

signal after annealing at 195 °C we assign to the fact that not all protecting groups 

were split off. 

 

 

 

 

 

 

 

 

 

Figure 8.5: XPS spectra of the O 1s (left) and N 1s (right) core levels of 1 adsorbed on Ag(111) 
recorded before and after annealing. 

The N 1s core level spectra (Fig. 8.5 right) were taken for as-deposited samples 

(red curve) and for the dimers (annealing at 165 °C, black curve). For the displayed 

spectra the Ag background was already subtracted. Before annealing the spectrum is 

fitted with a single component with a binding energy of 400.3 eV assigned to the N 

atoms in the C-NH-C bonds [25, 26]. After annealing, the peak is broadened and now 

needs to be fitted with two components at binding energies of 400.3 eV and 398.6 eV. 

The first component is the same as before annealing while the second component we 

assign to the N atoms in the azo groups (-N=N- group) of the dimers [27−29]. The 

difference in binding energy for the two N 1s components amounts to 1.7 eV, which is 
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in reasonable agreement with the simulated core level shift of 1.85 eV between the N 

atoms in the amino group (starting monomer) and the azo group (connecting bond in 

the dimer configuration between two monomers). Due to the relatively low amount of 

molecules on the surface after annealing at 195 °C, we were not able to obtain 

meaningful XPS data. Thus, by combining the XPS and DFT results for the O 1s and 

N 1s core levels, we were able to identify the covalent bonding motifs for the dimer.   

8.3 Conclusions 

We successfully demonstrated the stepwise on-surface polymerization of a biphenyl 

derivative functionalized with two different protecting groups on Ag(111) by a 

combination of STM and XPS measurements with DFT calculations. We found that 

upon annealing at 165 °C the fluorinated protecting group is cleaved first and dimers 

form. Higher annealing results in the cleavage of the second protecting group and 

extended polymer structures are formed. The advantage of our approach is that by the 

choice of the annealing temperature, the type of polymer structure can be chosen: 

dimers, trimers or 1D polymer chains. However, the covalent coupling motif for the 

dimers / trimers differs from the one of the 1D polymer chains and can be regarded as 

temperature dependent. In comparison to on-surface polymerization based on Ullmann 

coupling, where the presence of chemisorbed halogen atoms in addition to the 

polymeric structures is a highly unwanted side effect, our approach based on 

protecting group chemistry offers a valuable – and even “cleaner” – alternative for the 

bottom-up construction of polymer networks on metal surfaces.  

8.4 Experimental methods and computational details 

8.4.1 Experimental methods 

All STM experiments were performed in an ultrahigh vacuum (UHV) chamber with a 

base pressure around 2 × 10-10 mbar equipped with a variable temperature scanning 

tunneling microscope (Oxford Instruments Omicron NanoScience). STM images were 

acquired in  constant-current mode at room temperature using a Pt/Ir tip. Repeated 

cycles of Ar+ sputtering followed by annealing at 700 K were used to prepare the 

Ag(111) single crystal. The fluorine substituted diaminobiphenyl derivative was 

deposited on Ag(111) from a home-built evaporator with the thickness monitored by a 
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quartz crystal microbalance. During the deposition, the substrate was kept at room 

temperature. STM image processing was carried out with the WSxM software [30].  

The XPS spectra were recorded with a hemispherical energy analyzer (Thermo 

Scientific) employing Al Kα radiation with photon energy of 1468.6 eV. The Ag 3d5⁄2 

core level was used for calibration. The best-fitting procedure was performed for every 

core level, whereas each individual component was described by a Voigt profile 

consisting of a Gaussian contribution, mainly accounting for the experimental 

resolution, and a Lorentzian contribution related to the natural line width of the 

excitation. Shirley background subtraction was employed to remove the original 

background. 

8.4.2 Computational details  

Periodic density functional theory calculations were performed using the Vienna Ab 

initio Simulation Package (VASP) code [31], with ion-core interactions described by 

the projector-augmented wave method [32, 33]. A van der Waals density functional 

[34] was used to describe all non-local correlations, while local correlation was 

described within LDA. Semi-local exchange was described on the GGA level using an 

optimized form of the Becke 86 functional [35]. The plane wave basis has been 

expanded up to a cut-off energy of 400 eV. The first Brillouin zone was sampled by 

the Γ-point only. The Ag(111) substrate was modeled by a four layered slab. Structural 

optimization was performed until the force acting on each atom was below 0.01 eV/Å. 

Simulated core-level shifts were calculated by comparing total energy differences 

between core-ionized and ground state systems. The total energies of the core-ionized 

systems were computed by using a core-ionized PAW potential for the core-ionized 

atom as described by Köhler and Kresse [36].  
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Summary 
 

The continuous progress in nanoscience has an impact in material science and thus, 

has opened new pathways for developing novel functional materials. Among them, the 

creation of low-dimensional molecular structures confined to surfaces has been 

quickly identified as a promising alternative to the conventional top-down techniques 

for the design and fabrication of future electronic devices. In this thesis, various low-

dimensional molecular networks were successfully constructed on different metal 

surfaces and their structural formation was investigated in detail by a combination of 

scanning tunneling microscopy (STM), X-ray photoelectron spectroscopy (XPS) and 

low-energy electron diffraction (LEED) together with density functional theory (DFT) 

calculations. The thesis contains two main research subjects. The first subject focuses 

on the construction of self-assembled structures of organic molecules on metal 

surfaces by employing various types of non-covalent interactions, including van der 

Waals interactions, halogen bonding and coordination bonding (chapters 4, 5 and 6, 

respectively). The second subject deals with the fabrication of covalently linked 

molecular networks on metal surfaces using two different chemical routes: Ullmann 

coupling and protecting group chemistry (chapters 7 and 8, respectively). The 

following gives a comprehensive summary of the findings obtained during the course 

of this thesis.  

It is known that the formation of 2D supramolecular networks on metal surfaces 

strongly depends on both the chosen molecular building block and the underlying 

substrate. In chapter 4, the influence of a delicate interplay of molecule−molecule and 

molecule−substrate interactions on the structural formation of the 2D patterns of 

metal-free naphthalocyanine (H2Nc) on Au(111) was examined in detail. Upon 

deposition of H2Nc on Au(111) held at room temperature, a close-packed 2D 

supramolecular network was observed by STM. We found that the highly-ordered 2D 

network is stabilized by van der Waals interactions through interdigitation of the 

naphthalene units of the H2Nc molecules. Based on the combination of the information 

obtained from STM, LEED and XPS measurements, we could demonstrate that the Au 
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substrate has a weak but not negligible influence on the molecular self-assembly 

process. A dominating intermolecular interaction was found to be responsible for the 

network formation while the underlying substrate determines the molecular 

orientations.  

Halogen bonding (X-bonding) has recently attracted a great deal of attention as 

a valuable tool for tailoring molecular self-assembly on metal surfaces due to the 

directionality and tunability compared to other non-covalent interactions. However, in 

order to effectively employ X-bonding for the design and construction of 

supramolecular networks on metal surfaces, a detailed understanding of the role of the 

halogen substituents with respect to the structural formation of such molecular 

networks is highly required. With this in mind, we investigated the self-assembly of 

two different brominated pyrene derivatives on Au(111) (see chapter 5). Namely, we 

choose 1,3,6,8−tetrabromopyrene (Br4Py) and 2,7−dibromopyrene (Br2Py), which 

possess four and two functional bromine groups, respectively, at different substituent 

positions. On the basis of the information obtained from STM and LEED 

measurements, supported by DFT calculations, we concluded that the 2D self-

assembled patterns of Br4Py are stabilized by both X-bonds and Br-H hydrogen bonds, 

while the 2D pattern of Br2Py is exclusively driven by Br-H hydrogen bonds. Thus, by 

varying the number and positions of the bromine substituents, the possibility to steer 

the resulting intermolecular interactions, which are responsible for the network 

formation of the pyrene derivatives on Au(111), is opened up. Additionally, we 

discovered an up to now not reported fourfold halogen interaction motif on Au(111), 

which is dependent on the choice of pyrene derivatives (Br4Py). Our results are 

expected to deliver significant information for using X-bonding to controllably 

construct on-surface supramolecular assemblies.  

Metal-ligand coordination bonding is currently regarded as an important tool 

for the construction of low-dimensional molecular networks on metal surfaces due to 

the possibility to steer both the size and geometry of the molecular networks by the 

choice of organic ligands and transition metal centres as well as the underlying 

substrates. Moreover, the strength of coordination bonds is higher than that of 

hydrogen bonds, which offers the possibility to build-up robust molecular networks on 
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metal surfaces. In this context, although various molecular coordination networks were 

reported till date, the formation of such molecular networks on Au surfaces with native 

Au atoms (without the addition of transition metal atoms) is very rare and not well 

understood. In chapter 6, we show that 1D coordination polymers of cyano-

substituted porphyrin derivatives can be obtained on Au(111) upon thermal annealing. 

The polymer is stabilized by an unusual threefold coordination motif formed between 

a native Au adatom and the nitrogen atoms of three cyano groups of the porphyrin 

derivatives. This conclusion is strongly supported by the formation of similar 1D 

coordination polymers with the same binding motif upon Co deposition onto the 

porphyrin-covered Au(111) surface. Interestingly, the Au step edges were found to 

induce a fourfold coordination motif, which might be exploited to build up straight 1D 

polymers when using vicinal Au surfaces. Moreover, the possibility to tune the 

dimensionality of the molecular networks from 1D to 2D is given by varying the 

position of the cyano functional endgroups, i. e. via the choice of a cis- or trans-isomer 

of the porphyrin derivative. 

Over the recent years, on-surface polymerization based on Ullmann coupling 

has been proven as the most versatile protocol for the fabrication of 1D/2D covalently-

linked molecular networks on metal surfaces. However, the impact of the underlying 

substrate on the on-surface polymerization process still is not fully understood. In 

chapter 7, we investigated the role of different underlying substrates (Cu(111) and 

Au(111)) in the on-surface polymerization of 1,3,6,8-tetrabromopyrene (Br4Py) by a 

combination of STM and XPS measurements and DFT calculations. We found that the 

chosen substrate does not only play an important role as catalyst for the debromination 

reaction, but also determines the polymer network morphology. Our results are 

expected to add significant information for a more detailed understanding of the on-

surface polymerization based on Ullmann coupling, also in view to gain more control 

over the outcome of the polymerization process. 

Although the on-surface polymerization based on Ullmann coupling has many 

advantages, the presence of halogen atoms on the surface after the Ullmann reaction 

represents a main drawback because they may prevent the formation of long-range 

ordered polymer networks. These halogen atoms cannot always be desorbed from the 
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surface by thermal annealing without destroying the newly formed polymer. 

Therefore, a “clean” on-surface polymerization process in which no halogen atoms are 

released during the coupling reaction is highly desirable. With this in mind, we 

developed a new approach for the on-surface polymerization using the concept of 

protecting group chemistry (see chapter 8). The main advantage of this approach in 

comparison to the on-surface Ullmann coupling is that the cleaved protecting groups 

can be easily desorbed from the surface upon annealing. Thus, no by-products can 

influence on the formation of desired polymer network on the surface. In this work, the 

stepwise growth of covalently-linked polymer networks of a biphenyl derivative on 

Ag(111) was observed by a combination of STM and XPS measurements and further 

investigated by DFT calculations. By varying annealing temperature and time, the 

monomers can be linked up to dimers, trimers or one-dimensional (1D) polymer 

chains. Moreover and unexpectedly, the co-existence of different covalent bonding 

motifs within the formed polymer networks was observed. Thus, the obtained results 

in this chapter are expected to represent a new paradigm for the tailored construction 

and design of polymer networks on metal surfaces with a high degree of order. 
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Samenvatting 
 

De continue vooruitgang in de nanowetenschappen heeft invloed op de materiaal 

wetenschappen en creëert daarom nieuwe mogelijkheden voor de ontwikkeling van 

nieuwe functionele materialen. De creatie van laag-dimensionale moleculaire 

structuren bevestigd op oppervlakken is een veelbelovend alternatief voor de 

gebruikelijke ‘top-down’ technieken die gebruikt worden voor het design en de 

fabricatie van toekomstige elektronische apparaten. In deze thesis worden 

verschillende laag-dimensionale moleculaire netwerken op verschillende metalen 

oppervlakken beschreven. De structurele formatie van deze moleculaire structuren is 

in detail bestudeerd met een combinatie van ‘scanning tunneling microscopy’ (STM), 

‘X-ray photoelectronspectroscopy’ (XPS) en ‘low-energy electron diffraction’ (LEED) 

samen met ‘density functional theory’ (DFT) berekeningen. De thesis bevat twee 

hoofdonderwerpen. Het eerste onderwerp focust zich op de constructie van zelf 

geassembleerde structuren van organische moleculen op metalen oppervlakken. 

Hierbij wordt er gebruik gemaakt van verschillende interacties waaronder van der 

Waals interacties, halogeenbindingen en coördinatiebindingen (hoofdstuk 4, 5 en 6 

respectievelijk). Het tweede onderwerp houdt zich bezig met de fabricatie van covalent 

gebonden moleculaire netwerken op metalen oppervlakken waarbij er gebruik wordt 

gemaakt van de Ullman koppeling (hoofdstuk 7) en van beschermende groepen 

(hoofdstuk 8). De volgende uitgebreide samenvatting bevat de bevindingen die zijn 

gedaan.  

Het is bekend dat de formatie van 2D supramoleculaire netwerken op metalen 

oppervlakken sterk afhangt van zowel de gekozen bouwsteen als van het 

onderliggende substraat. In hoofdstuk 4, is de invloed van de delicate interacties 

tussen de moleculen en tussen de moleculen en het substraat op de structurele formatie 

van de 2D patronen van metaalvrij ‘naphthalocyanine’ (H2Nc) op Au(111) detail 

bestudeerd. Tot de depositie van H2Nc op Au(111) op kamertemperatuur, een ‘close-

packed’ 2D supramoleculair netwerk was geobserveerd met STM. We hebben 

waargenomen dat het geordende 2D netwerk wordt gestabiliseerd door van der Waals 
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interacties bij de interdigidatie van naftaleeneenheden van de H2Nc moleculen. 

Gebaseerd op de combinatie van de informatie verkregen via STM, LEED en XPS 

metingen, konden we laten zien dat het Au substraat een zwakke maar niet 

verwaarloosbare invloed heeft op het moleculaire zelf assemblage proces. De 

dominerende intermoleculaire interactie bleek verantwoordelijk voor de netwerk 

formatie terwijl het onderliggende substraat de moleculaire oriëntaties bepaalde.  

Halogeenbindingen (X-binding) worden recentelijk gezien als een waardevol 

hulpmiddel voor het modificeren van moleculaire zelf assemblage op metalen 

oppervlakken omdat de bindingen gerichter zijn in vergelijking met andere niet-

covalente interacties. Om de halogeenbinding effectief toe te passen bij het ontwerp en 

de constructie van supramoleculaire netwerken op metalen oppervlakken is het echter 

van belang dat de rol van de halogeensubstituenten ten opzichte van de structurele 

formatie van deze moleculaire netwerken goed begrepen wordt. Met dit in ons 

achterhoofd hebben we de zelf assemblage van twee verschillende gebromineerde 

pyreenderivaten op Au(111) onderzocht (hoofdstuk 5). We hebben voor 1,3,6-8-

tetrabromopyreen (Br4Py) en 2,7-dibromopyreen (Br2Py) gekozen. Deze twee 

bromiden hebben vier en twee functionele bromide groepen respectievelijk op 

verschillende substituent posities. Op basis van de informatie verkregen van STM en 

LEED metingen, ondersteund door DFT berekeningen, hebben we geconcludeerd dat 

de 2D zelf assemblage patronen van Br4Py zijn gestabiliseerd door zowel de X-

bindingen als door de Br-H bindingen, terwijl de formatie van de 2D patronen van 

Br2Py alleen gedreven wordt door Br-H bindingen. Door het variëren van het aantal 

bromide substituenten en de posities van deze substituenten is het mogelijk om de 

intermoleculaire interacties die verantwoordelijk zijn voor de formatie van het netwerk 

van de pyreenderivaten op Au(111) te veranderen. Daarbij hebben we een tot nu toe 

niet gerapporteerde viervoudige halogeen interactie op Au(111) ontdekt die afhangt 

van de keuze van het pyreenderivaat. We verwachten dat onze resultaten significante 

informatie gaan geven over het gebruik van X-binding in de afstembare constructie 

van supramoleculaire assemblages op oppervlakken. 
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Een metaal-ligand coördinatiebinding wordt momenteel beschouwd als een 

belangrijk hulpmiddel voor de constructie van laag-dimensionale moleculaire 

netwerken op metalen oppervlakken door de mogelijkheid om zowel de grootte als de 

geometrie van de moleculaire netwerken te veranderen met de keuze van de 

organische liganden, de overgangsmetalen en het onderliggende substraat.  Bovendien 

is de coördinatiebinding sterker dan de waterstofbinding en dat geeft mogelijkheden 

om robuuste moleculaire netwerken op metalen oppervlakken te creëren. Op dit 

moment, hoewel er al verschillende moleculaire coördinatie netwerken gerapporteerd 

zijn, is de formatie van deze netwerken op Au oppervlakken (zonder de toevoeging 

van de atomen van overgangsmetalen) uitzonderlijk en nog onbegrepen. In hoofdstuk 

6 laten we zien dat de 1D coördinatiepolymeren van cyaan-gesubstitueerde 

porfyrinederivaten kunnen worden verkregen op Au(111) door het oppervlak te 

temperen (thermal annealing). Het polymeer is gestabiliseerd door een ongewoon 

drievoudig coördinatiemotief dat gevormd is tussen een ‘Au adatoom’ (geadsorbeerd 

atoom) en de stikstof atomen van de drie cyaangroepen van de porfyrinederivaten. 

Deze conclusie wordt gesteund door de formatie van gelijksoortige 1D 

coördinatiepolymeren met hetzelfde bindingsmotief tijdens een Co depositie op het 

met porfyrine bedekte Au(111) oppervlak. Interessant genoeg bleken de Au randen een 

viervoudig coördinatie motief te induceren wat misschien kan leiden tot een 

rechtstreekse opbouw van 1D polymeren bij het gebruik van vicinale Au 

oppervlakken. Bovendien is het mogelijk om de dimensie van de moleculaire 

netwerken van 1D naar 2D te veranderen door het variëren van de positie van de 

cyaangroepen, bijvoorbeeld met de keuze van cis- of trans-isomeren van de 

porfyrinederivaten. 

De afgelopen jaren is gebleken dat de polymerisatie op oppervlakken gebaseerd 

op de Ullmann koppeling het meest veelzijdige protocol voor de fabricatie van 1D en 

2D covalent gebonden moleculaire netwerken is. De invloed van het onderliggende 

substraat op het polymerisatieproces op het oppervlak wordt echter nog steeds niet 

volledig begrepen. In hoofdstuk 7 hebben we de rol van verschillende onderliggende 

substraten (Cu(111) en Au(111)) in het polymerisatieproces van 1,3,6-8-

tetrabromopyreen (Br4Py) onderzocht met behulp van STM en XPS metingen en met 



 

150 

 

DFT berekeningen. We hebben waargenomen dat het gekozen substraat niet alleen een 

belangrijke rol als katalysator in de debrominatie reactie heeft, maar ook de 

morfologie van het netwerk bepaalt. We verwachten dat onze resultaten significantie 

informatie geven om het polymerisatieproces op oppervlakken, middels de Ullmann 

koppeling, beter te begrijpen. Hiermee hopen we meer controle te krijgen over de 

uitkomst van het polymerisatieproces.  

Hoewel het polymerisatieproces op oppervlakken middels de Ullmann 

koppeling veel voordelen heeft, is de aanwezigheid van halogeenatomen op het 

oppervlak na de Ullmann reactie een groot nadeel. De halogeenatomen kunnen 

mogelijk de formatie van ‘long-range’ geordende polymeernetwerken tegengaan. Deze 

halogeenatomen laten niet altijd los van het oppervlak na het verhitten zonder het net 

gevormde polymeer te vernielen. Daarom is een ‘schone’ polymerisatie reactie op het 

oppervlak waarbij geen halogeenatomen vrijkomen tijdens de koppeling gewenst. Met 

dit in ons achterhoofd hebben we een nieuwe benadering voor polymerisatie reacties 

op het oppervlak ontwikkeld waarmee we gebruik maken van beschermende groepen 

(hoofdstuk 8). Het grootste voordeel van deze benadering vergeleken met de Ullmann 

reactie is dat de afgesplitste beschermende groepen door middel van verhitting 

makkelijk van het oppervlak zijn te verwijderen. Er zijn nu dus geen bijproducten 

meer die invloed hebben op de formatie van het gewenste polymeernetwerk. In dit 

werk is de stapsgewijze groei van covalent gebonden polymeernetwerken van 

bifenylderivaten op Ag(111) bestudeerd met STM en XPS metingen en daarna verder 

onderzocht met DFT berekeningen.  Met het variëren van de temperatuur en de tijd 

van het verhitten, kunnen de monomeren aan elkaar gelinkt worden zodat ze dimeren, 

trimeren of één-dimensionale (1D) polymeerketens gaan vormen. Onverwacht werd de 

aanwezigheid van verschillende covalente bindingsmotieven in de gevormde 

polymeernetwerken waargenomen. Er wordt verwacht dat de verkregen resultaten uit 

dit hoofdstuk een nieuw paradigma voor het ontwerp en de constructie van geordende 

polymeernetwerken op metalen oppervlakken weergeven. 
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