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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 
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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. 
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