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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]) 

 



Molecules at metal surfaces: An overview 
 

26 

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 



Molecules at metal surfaces: An overview 
 

29 

 

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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