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Abstract 

Atomically precise on-surface synthesis of graphene nanoribbons (GNR) with well-defined width and 

edge configuration has been widely advanced during the last decade. The main bottom-up growth 

strategy relies on the thermally activated Ullmann-like coupling reaction followed by the 

cyclodehydrogenation of tailor-made precursors to achieve the desired precision. We present a 

systematic investigation of the growth mechanism of chevron GNR on the Ag(111), Au(111) and Cu(111) 

surfaces in ultrahigh vacuum (UHV). We found that the multistep reaction follows different pathways 

with different activation temperatures depending on the supporting surface. The importance of the as-

released Br and their potential influence on the growth process are discussed. The different intermediate 

states were investigated by low-temperature Scanning Tunneling Microscopy in combination with 

Thermal Desorption Spectroscopy and Kinetic Monte Carlo simulations. 
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Introduction 

On-surface synthesis has been established in recent years as an efficient approach to create atomically-

defined organic compounds and nanostructures.1-5 Among the latter, graphene nanoribbons (GNR)6 have 

attracted particularly high attention due to their exceptional properties, the atomic-scale control on their 

structure and their smooth integration into electronic devices.1,7-10 GNR are usually obtained from the 

surface-supported Ullmann-like coupling of specially designed di-halogenated precursors. The growth 

of GNR is easiest on metal surfaces, where the precise nature and crystallographic orientation of the 

substrate play a dominant role in the growth process and even in the structure of the final product.11-13 

While armchair GNRs (aGNR), and in particular 7-aGNR6 obtained from 10,10’-dibromo-9,9’-

bianthracene, represent by far the most studied GNR type, chevron GNRs (cGNR) based on 6,11-

dibromo-1,2,3,4-tetraphenyltriphenylene (precursor 1, Fig. 1) have also attracted particular attention. 

They have been extensively studied experimentally as well as theoretically,6,14-32 also by considering 

atomic modifications such as the introduction of heteroatoms28-38 or the addition of bulky edge groups.25-

27,39-44 While most of these works highlight the interest of GNR as a final product, the on-surface growth 

process and the different intermediate states leading to the GNR formation have been only scarcely 

studied and rarely systematically addressed. 

Ullmann-like coupling reactions of halogenated compounds in on-surface synthesis occurs through 

different thermally activated steps: the dehalogenation, the formation of an organometallic intermediate 

and the final C-C coupling. On Au(111), however, the organometallic usually does not form45-48 except 

in rare cases.49,50 For GNR, an additional final step is occurring at higher annealing temperature, an 

extended cyclodehydrogenation reaction, leading to the planarization and aromatization of the ribbons. 

The atomic structure of the GNR can be precisely elucidated with the help of scanning probe microscopy 

(SPM) images, and the intermediate steps can be traced back by SPM and photoelectron spectroscopy 

(XPS) measurements. In addition, thermal desorption spectroscopy (TDS), also called temperature-

programmed desorption (TPD) or temperature-programmed reaction spectroscopy (TPRS) can provide 

further insights into the growth mechanism.51-54 It was thus shown that on Au(111) the bromine 

byproduct desorbs from the surface in the form of HBr during the cyclodehydrogenation phase.55-57 

In this article we performed systematic comparative investigations of the growth mechanism of chevron 

GNR on the Ag(111), Au(111) and Cu(111) surfaces in ultrahigh vacuum (UHV) using low-temperature 

scanning probe microscopy (LT-STM) and TDS measurements. We found various processes that have 

not been observed before or that were at least largely overlooked. Different kinds of supramolecular 

interactions due to different chain intertwining are found between the intermediate organometallic and 

between the polymeric chains. On Au(111) an additional intermediate state forms due to partial 



 3 

dehydrogenation. The final cyclodehydrogenation mechanism appears different on Cu(111) as compared 

to Au(111) and Ag(111). Finally, the role of co-adsorbed Br in the growth mechanism is pointed out, in 

particular in the case of Cu(111) where it does not desorb from the surface. 

 

 

Fig. 1. (a) Overview of the evolution of the intermediate structures, symbolized by a color code, that are 

obtained upon annealing at different temperatures. (b) Molecular precursor 1, its pristine form is found 

in the supramolecular phase (yellow). (c) Organometallic chains (green). (d) Covalent polymer (red). (e) 

Intermediate state on Au(111) (purple) , the new bonds are indicated by the arrows. (f) Final chevron 

GNR (black) and corresponding STM image. Scale bar: 1 nm. 

 

Methods  

The GNR precursor 1 (6,11-dibromo-1,2,3,4-tetraphenyltriphenylene)6 was synthesized according to the 

literature procedure,38,58 see details in SI. 

The experiments were performed in an ultrahigh vacuum (UHV) setup consisting of a preparation 

chamber for sample cleaning, molecular deposition and desorption experiments, and an analysis 

chamber for low-temperature scanning tunneling microscopy (Scienta Omicron Infinity LT-STM, T = 

9.5 K). The molecular precursor was evaporated on the substrate at room temperature (when not 



 4 

otherwise stated) from a crucible heated at 175 °C providing a flux of about 0.03 ML/min. Annealing 

was performed at the indicated temperatures for 10 min. The LT-STM experiments were carried out in 

constant-current mode with the voltage applied to the sample (typical values I = 50 pA, V = -1.3 to 

+1.3 V) using a Nanonis RC5 electronic controller. The images were analyzed using the WSxM59 and 

SPIP 6 softwares. 

The conformation of the molecular models superimposed on the STM images in Figs. 2,3 and Fig. S2 is 

arbitrary, no computational relaxation was performed. DFT simulations of different related structures 

can be found in previous work.6,17,19,24,31 

In TDS experiments, the quadrupole mass spectrometer (Pfeiffer PrismaPro) was brought just above the 

sample surface and the annealing was performed with a linearly increasing heating current intensity 

providing a nearly stable heating rate of 20 K.min−1. The base pressure was ~1.10-9 mbar. Masses 2 and 

82 were recorded corresponding to the desorption of H2 and HBr, respectively. The ratio of mass 82 to 

mass 81 was found identical for the Ag(111) and Au(111) cases. The same results are obtained when 

considering the second 79Br isotope and the masses 80 and 79. 

The TDS results were modelled using Kinetic Monte Carlo methods implemented in CARLOS 

program,60,61 see SI for details. 

 

Results 

The precursor for chevron GNR growth is 6,11-dibromo-1,2,3,4-tetraphenyltriphenylene (molecule 1, 

Fig. 1b). It is composed of a triphenylene core with four substituted phenyls, providing high flexibility 

due to the free rotations along the C-C single bonds. After deposition in UHV, the precursor is imaged 

by LT-STM with the main contrast consisting of four bright lobes corresponding to the four rotating 

phenyls (see Fig. 2e). In the supramolecular phase of 1,23,24 the molecules are adsorbed in their pristine 

form on the surface and self-assemble through - interactions between the phenyl groups.24 The 

supramolecular phase is observed after room-temperature deposition on Au(111) and on Ag(111) (see 

SI Fig. S1a-d). In the case of Ag(111), there is the possibility of a partial debromination of the precursors, 

similar to what has been observed for other brominated precursors.13,46 On Cu(111) the debromination 

reaction occurs usually at temperatures lower than RT. It was measured at a temperature of about -30 °C 

in the case of armchair GNR.11 We could observe accordingly the supramolecular phase on Cu(111) 

after deposition on the surface kept at -80 °C (SI Fig. S1e,f). 

 

Organometallic chains 
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On Cu(111) after room temperature deposition and up to an annealing temperature of 100 °C, the 

formation of one-dimensional (1D) organometallic chains is observed (Fig. 2). The periodicity along the 

chains is 2.22 ± 0.05 nm (see SI Table S1). The chains are lying in close vicinity to each other forming 

two dimensional (2D) domains. The attractive lateral interaction between the chains is given by the 

formation of - supramolecular bonding interactions.6 Three different supramolecular configurations 

of the organometallic chains coexist. Noticeably, the two dominant ones (Fig. 2b,c) are driven mainly 

by the - interaction between the phenyl rings labelled 2 and 3 of two neighboring chains (see Fig. 1b 

for the labelling of the phenyls). They slightly differ depending on whether the - interaction is 

achieved at the very edge of the chains (Fig. 2b) or laterally (Fig. 2c). As a result, the chains are slightly 

farther apart in the first configuration (1.85 ± 0.05 nm) than they are in the second (1.62 ± 0.05 nm). The 

third configuration (Fig. 2d) is more compact due to the complete intertwining of the two adjacent chains. 

In this case, the 2D assembly involves the - interaction between the phenyl rings labelled 2 and 3 and 

also between those labelled 1 and 4, and the distance between two chains shrinks to 1.32 ± 0.05 nm. 

Similar organometallic chains are found on Ag(111) after annealing in the temperature range of 100 °C 

to 250 °C (see SI Fig. S2). The same three types of 2D supramolecular domain configurations were 

observed on the Ag(111) and on the Cu(111) surfaces, thus revealing the molecule-molecule interactions 

as the main driving forces for the 2D self-assembly of the chains, rather independently of the underlying 

substrate. 

 

 

Fig. 2. STM images of the organometallic chains obtained on Cu(111) after annealing at 100 °C. (a) 

STM image representing the three distinct modes of 2D self-assembly highlighted with three white 

inspection areas corresponding to: (b,c) The two nanoporous phases are driven mainly by - 



 6 

interactions between the two phenyls labelled 2 and 3 in Fig. 1; (d) A more compact structure resulting 

from an important chain intertwining and - interactions involving all four phenyls. Each interchain 

configuration is represented by a model superimposed on the STM images (scaled but not 

computationally fully relaxed). Carbon atoms: dark grey; Hydrogen atoms: white; Copper adatoms: 

yellow. (e) Detail STM image showing the typical contrast observed for the molecular precursor with 

the four lobes highlighted by the white circles and assigned to the four freely rotating phenyl groups. 

 

Covalent polymers 

On Au(111) the organometallic chains are not observed, as is usually the case in Ullmann-like 

reactions,12,45-47 except in rare cases.49,50 Annealing to 100 °C produces directly the formation of a 

covalent polymer through the formation of C-C bonds between the precursors, see Fig. 3b,e. The 

periodicity along the 1D polymer chains is 1.70 ± 0.05 nm (see SI Table S1). Here also, the chains self-

assemble into 2D-like domains through lateral - interactions involving the phenyl rings labelled 2 and 

3 on the edges of the polymeric chain. The distance between the parallel chains is equal to 1.65 ± 0.05 

nm. The covalent chains are stable up to an annealing temperature of 300 °C. No structural difference 

could be observed by STM in the temperature range 100 °C to 300 °C. However, a minor chemical 

modification occurs between 200 °C and 250 °C, as described in the text below (partial dehydrogenation 

and formation of the intermediate state shown in Fig. 1e). 

Similar covalent chains are observed on Ag(111) and Cu(111), see Fig 3. On Ag(111) the polymer is 

formed at an annealing temperature of 250 °C. Noticeably, only one domain type remains with an 

interchain distance of 1.65 ± 0.05 nm. On Cu(111) the polymer is formed at an annealing temperature 

of 200 °C. Here, two distinct arrangements still coexist, with interchain distances of 1.65 ± 0.05 nm and 

1.90 ± 0.05 nm. 
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Fig. 3. STM images showing the domains of the covalent polymers obtained after annealing on (a) 

Ag(111) at 300 °C, (b) Au(111) at 200 °C and (c) Cu(111) at 200 °C. (d,e) On the Ag(111) and Au(111) 

surfaces, the polymer chains arrange into one similar domain type, as represented by the superimposed 

models. f) On Cu(111), two interchain interaction types coexist. On Au(111) the intermediate state 

obtained at higher annealing temperature presents the same organization (see SI Fig. S7). Each phase is 

represented by a model superimposed on the STM images (scaled but not computationally fully relaxed). 

Carbon atoms: dark grey; Hydrogen atoms: white. 

 

GNR formation 

The transition from the compact 2D-like domains of the covalent polymer phase to the GNR phase can 

be precisely observed by annealing at specific temperatures, i.e. 375 °C on Ag(111), 350 °C on Au(111) 

and 250 °C on Cu(111) (Fig. 4). Here, the local cyclodehydrogenation reactions between adjacent phenyl 

rings can be well identified by the STM contrast change, from bright dots on the protruding (rotated out-

of-plane) non-reacted phenyls to the low homogeneous aromatic contrast of the planar cyclized 

groups.62-65 Surprisingly, two different mechanisms take place. On Cu(111), the two peripheral phenyls 

labelled 2 and 3 (Fig. 4e) fuse first, while on Ag(111) and Au(111) the cyclodehydrogenation occurs 

first for a phenyl pair labelled 1,2 or 3,4 (Fig. 4d). On Cu(111) the planarization of the GNR is also 

accompanied by the appearance of bright protrusions in their vicinity that can be attributed to Br adatoms 
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(see SI Fig. S3). The different behaviors observed between the three surfaces during the 

cyclodehydrogenation process will be discussed below. 

 

 

Fig. 4. STM images showing the transition steps to the GNR formation with an intermediate 

advancement of the cyclodehydrogenation reaction. On Ag(111) (a) and Au(111) (b) the 

cyclodehydrogenation occurs first through a 1,2 or 3,4 phenyl pair (d), and on Cu(111) (c) through the 

peripheral phenyls labelled 2 and 3 first (e). The newly formed bonds are highlighted in red. In scheme 

(e), the transition is shown from the covalent polymer (Fig. 1d), and in scheme (d) from the intermediate 

state as observed on Au(111) (Fig. 1e). 

 

At high annealing temperature, full cyclodehydrogenation of the polymer chains occurs, leading to the 

formation of planar fully aromatic chevron-GNR. The required temperature is 400 °C on Ag(111) and 

on Au(111), and 300 °C on Cu(111). After GNR formation the surface morphology changes drastically. 

While the polymer chains are organized in compact 2D-like domains, the GNR are observed mostly in 

isolated form with well-defined separation distances (Fig. 5a and SI Fig. S4). This issue can also be 

observed in previously published STM images of cGNR.17,19,23,29 Remarkably, the homogeneous 

separation of the ribbons seems to be quite general also for other CH-terminated GNRs,34,39,52,66 and in 

particular for armchair GNR,6,13,67 although such effect has never really been explicitly emphasized. On 

Au(111) the native herringbone surface reconstruction has been proposed as responsible for the long-

range interaction,66 but another driving force certainly also takes place because of the similar behavior 
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found on the Ag(111) and Cu(111) surfaces. In fact, repulsive intermolecular interaction is usually 

encountered on a metal surface between small polyaromatic molecules such as naphthalene,68 

tetracene,69 perylene,70 coronene,71 hexabenzocoronene72 or porphyrin.73 Electrostatic repulsion could 

arise through two different effects: the dipole-dipole interaction due to the charge transfer to the 

surface,74,75 or the polarization of the C-H bond as suggested for polyarenes.69,70,72 Because of their large 

size extending over several substrate atomic periodicities, GNRs cannot adsorb with exact epitaxial 

coincidence and they exhibit superlubricity behavior.76 The metal surface-GNR friction force was 

estimated to be in the range of 10 to 100 pN.76 For comparison, two charges of 0.1 e- at a distance of 1 

nm apart exert a repulsion force of 2 pN. When added along the full GNR length, the electrostatic 

interaction easily reaches the order of magnitude of the friction force. Note that the GNR repulsion does 

not occur in the case of heteroatom-functionalized GNR at their edges.37,38,77 

 

 

Fig. 5. STM images of chevron-GNR obtained on Ag(111) after annealing at 400 °C. (a) Large scale 

image showing the nanoribbon distribution in isolated form. (b) Zoom-in on a rare structure where two 

neighboring GNRs are locally fused. 

 

Finally, due to the repulsive interaction appearing during the GNR formation, lateral fusion of the GNR 

is made very difficult and can be observed only scarcely (Fig. 5b and SI Fig. S5).24 The full 

cyclodehydrogenation occurs first at the domain boundaries where the newly formed GNR can diffuse 

freely and withdraw from the domains, thus strongly restraining the possibility for a fusion reaction. In 

the eventuality of such withdrawing displacement being restrained due to an unfavorable arrangement 

of the GNR (hindered position or local disorder), defects can be formed locally in the form of individual 

phenyl losses (see SI Fig. S6), as it was also observed in Ref.27 Interestingly, such defects were observed 

only on Ag(111) and Au(111), never on Cu(111). This may be related to the different mechanisms for 

the cyclodehydrogenation reaction occurring on Cu(111) (fusion of the phenyls labelled 2 and 3 first, 

see Fig. 4) as opposed to Ag(111) and Au(111), as it will be discussed below. 
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TDS analysis 

In the last part, we performed thermal desorption measurements to gain further insights into the growth 

mechanism. For the general case of Ullmann-like reactions on Au(111), Br desorbs at relatively low 

temperature (230 °C to 280 °C) when there is no cyclodehydrogenation side-reaction such as for the 

formation of polyphenylene46,78,79 or alike.80 Otherwise, Br was shown to desorb in the form of molecular 

HBr at higher temperature (~350 °C), corresponding to the activation of the cyclodehydrogenation 

reactions,55-57 which can be understood considering the higher interaction of adsorbed Br with the non-

planar precursors.55 Only one report mentions the desorption of Br at 250 °C observed by XPS for 

bianthracenyl precursors,81 but the possibility of hydrogen contamination from the UHV chamber cannot 

be excluded.82 

The TDS spectra for the formation of cGNR are shown in Fig. 6. On Ag(111), the HBr desorption peak 

is observed at 350 °C (Fig. 6a), corresponding to the transition temperature from the covalent polymer 

to the GNR, as observed by STM. The formation of HBr originates from the on-surface combination of 

adsorbed Br with the hydrogen released by the cyclodehydrogenation reaction. This peak is followed by 

a H2 desorption peak due to the over-stoichiometry of the hydrogen released with respect to the amount 

of Br (H:Br ratio of 6:1), as shown previously.55-57 HBr desorption occurs first because the rate-limiting 

step is the H release, and the HBr formation is of first-order kinetics whereas the H2 formation is of 

second-order.46,55,57 In the spectrum of Fig. 6a, there is a notable overlap between the HBr and the H2 

desorption peaks, while in the case of aGNR formation it was observed that both peaks are strictly non-

overlapping.55-57 The peak partial overlap for cGNR can be assigned to a higher stability of the Br due 

to its interaction with the precursors, thus the HBr formation is slightly less favorable compared to H2 

formation and the HBr desorption peak is delayed. We performed a simulation of the desorption spectra 

of Fig. 6 with Kinetic Monte Carlo (KMC) methods by considering a simple desorption system with 

diffusing H species and immobile Br atoms. The simulation indeed suggests a higher activation barrier 

for HBr desorption, as compared to the case where the peaks are strictly non-overlapping (see SI Fig. 

S8). 

On Au(111), the HBr desorption peak is measured at a temperature of 250 °C and occurs simultaneously 

with a minor H2 desorption peak (Fig. 6b). This desorption is observed at a temperature much lower than 

the GNR formation (350 °C, as determined by STM) and indicates that partial dehydrogenation has 

occurred. Below and above this temperature, similar covalent polymers are observed by STM (see SI 

Fig. S7). The partially dehydrogenated polymer that is compatible with such unchanged STM imaging 

contrast corresponds to the intermediate state shown in Fig. 1e. Here, an additional C-C bond connects 
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the phenyls labelled 1 and 4 with the triphenylene core. The stoichiometry of the corresponding partial 

hydrogen release is related to a H:Br ratio of 2:1, thus the HBr desorption peak is accompanied by a 

much lower H2 desorption peak. The two HBr and H2 desorption peaks are perfectly overlapping (Fig. 

6b), suggesting again a high stability of Br due to its interaction with the precursors, as revealed also by 

the KMC simulations (see SI Fig. S8). The latter shows a slightly lower stability of Br on Au(111) as 

compared to Ag(111). The full completion of the cyclodehydrogenation reaction on Au(111) and the 

GNR formation finally occurs at 350 °C as revealed by a second H2 desorption peak and in agreement 

with the STM observations. 

On Cu(111) no HBr desorption peak was observed (Fig. 6c). The cyclodehydrogenation reaction takes 

place at around 250 °C and is revealed by a H2 desorption peak. On this surface, no sign of Br desorption 

was measured up to an annealing temperature of 500 °C, in agreement with the observation of adsorbed 

Br species in the vicinity of the GNR in the STM images (SI Fig. S3). This is also coherent with the 

formation of armchair GNR shown in previous work,81 where the presence of adsorbed Br was confirmed 

by XPS after the completion of the cyclodehydrogenation reactions and the GNR formation. Our results 

thus confirm that, on Cu(111), Br does not recombine with as-released H and stays on the surface up to 

high annealing temperature. This behavior could be modelled by KMC simulations provided an 

activation barrier for HBr formation larger than 1.3 eV (see SI Fig. S8). Interestingly, it was shown 

previously that Br can be anyway removed from the metal surface in the form of HBr by bombarding 

with an atomic H flux at room temperature,55,82-85 but in this case a low yield of ~10-3 per H atom83 was 

estimated for HBr recombination. On copper surfaces, bromine is expected to leave the clean surface at 

higher annealing temperatures in the form of copper bromide.86,87 
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Fig. 6. Thermal desorption spectra (TDS) on (a) Ag(111), (b) Au(111), (c) Cu(111). Heating rate 

20K/min. The signals are arbitrary scaled. The color bars refer to the different chemical structures as 

detailed in Fig. 1. The decreasing (resp. increasing) background signal at low (resp. high) temperature 

is due to degassing from the filament and the heating stage. 

 

Discussion 

In LT-STM images the adsorbed Br atoms are usually visualized in the form of individual bright dots88 

(SI Fig. S3), and in surface-supported Ullmann-like coupling reactions they often remain in the vicinity 

of the polymers after their release from the molecular precursors, as e.g. during the formation of 

polyphenylene chains.46,83 In the case of aGNR obtained from dibromo-dianthracenyl precursors, the Br 

adatoms were never observed in STM images.6,11,13,81 It was shown that for the intermediate poly-

anthracenyl chains, the Br atoms preferentially sit under the protruding arm of the anthracenyl units55 

and thus become invisible to STM. Similarly, in the case of precursor 1, on all surfaces the Br atoms 

were never observed in the organometallic chains and the covalent polymers (see Figs. 2,3). We can thus 
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expect Br to be sitting in close interaction with the protruding phenyls, and thus eventually to influence 

the cyclodehydrogenation process.  

On the Ag(111) surface, Br can capture a H atom released by the cyclodehydrogenation and desorb in 

the form of HBr, and on Au(111) Br has already left the surface. On both Ag(111) and Au(111) the STM 

observations show that only neighboring 1,2 or 3,4 phenyl pairs react in the first step in a similar reaction 

pathway (Fig. 4d), thus suggesting that Br is not involved in the cyclodehydrogenation mechanism, and 

that the latter is intrinsic to the precursor. But on the Cu(111) surface, the cyclodehydrogenation takes 

place through a modified reaction pathway, involving first the two phenyls labelled 2,3 (see Fig. 4e). 

While Br does not participate in the global cyclodehydrogenation reaction as it remains afterwards on 

the surface, this observation suggests that nevertheless on Cu(111) the adsorbed Br has a certain 

influence on the reaction mechanism. 

The similarity between the Ag(111) and Au(111) surfaces further suggests that, on Ag(111) also, the 

polymer intermediate state (Fig. 1e) is formed during the cyclodehydrogenation process, although short-

lived and not observed. 

During the cyclodehydrogenation reaction pathway, at a certain step, a noticeable stress is produced at 

the phenyl labelled 1 and 4 that can eventually give rise to their elimination and the creation of typical 

defects (Fig. S6). Because these defects are observed only on Ag(111) and Au(111), it is also suggested 

that the mechanism leading to their creation may be related to the formation of the polymer intermediate 

state of Fig. 1e. The proposed scenario for these different issues is however only speculative, and a 

detailed theoretical study would be necessary to elucidate the full cyclodehydrogenation mechanism. 

 

Summary of the main issues observed during the growth of chevron GNR: 

• The organometallic chains are not observed on Au(111), only on Ag(111) and Cu(111) 

• Different kinds of interchain interactions are found depending on the degree of chain 

intertwining 

• Partial dehydrogenation at an intermediate annealing temperature is found on Au(111) 

• The cyclodehydrogenation mechanism occurs in a defined order, between the phenyls labelled 

2,3 on Cu(111) and between those labelled 1,2 or 3,4 on Ag(111) and Au(111). 

• A long-range repulsive interaction between the as-formed GNR leads to their distribution on 

the surface in mostly isolated form. 

• In the STM images the Br atoms remain hidden behind the precursors during all steps before 

GNR formation 
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• In TDS, the HBr desorption peak is relatively delayed with respect to the H2 desorption peak, 

thus revealing a high stability of Br in interaction with the precursors 

• HBr desorption is not observed on Cu(111) 

 

Conclusions  

We have performed a systematic comparative study of the growth mechanism of chevron GNR on the 

Ag(111), Au(111) and Cu(111) surfaces. While on all surfaces the structure of the GNR remains 

qualitatively the same, noticeable differences are observed for the intermediate species appearing during 

the growth. The latter is a four-step process after the UHV deposition of the molecular precursor 1: 

debromination, formation of organometallic chains, formation of covalent polymer chains and 

cyclodehydrogenation to produce the final fully aromatic planar GNR. No organometallic compound is 

observed on Au(111) as it is usually the case in Ullmann-like coupling reactions except in rare cases.49,50 

The organometallic and polymer chains organize in dense domains through lateral - interactions 

between the freely rotating phenyl groups of the precursors. They can be of different types, depending 

on the degree of chain intertwining. A partially dehydrogenated polymer was observed as an additional 

intermediate state on Au(111), as revealed by the HBr and H2 desorption peaks measured in TDS at an 

intermediate annealing temperature. Two different mechanisms were found for the final 

cyclodehydrogenation step. The fusion between the four freely rotating phenyls of the precursor occurs 

first between the phenyls labelled 2 and 3 on Cu(111) and between those labelled 1 and 2, or 3 and 4 on 

Ag(111) and Au(111). An important long-range repulsive interaction is systematically observed after 

GNR formation leading to the transformation of the supramolecular domains into a distribution of well-

separated GNRs. Before the GNR formation, the Br atoms released after the debromination of the 

precursors are adsorbed under the molecules and remain invisible by STM. The analysis of the TD 

spectra and their modelling by Kinetic Monte Carlo methods reveal a higher stability of the Br adsorbed 

state in this configuration. The Br desorbs from the surface during the dehydrogenation reaction in the 

form of HBr on Au(111) and Ag(111), but remains in an adsorbed state in close vicinity of the GNR on 

Cu(111). 

Our results demonstrate that, due to its relative complexity with four freely rotating phenyl groups, 

precursor 1 can produce an important number of intermediate states and intriguing side effects along the 

pathway to chevron GNR formation. The precise chemical structure of the intermediate states should be 

considered carefully, depending on the nature of the supporting surface. In particular, the adsorption site 

of Br under the molecule and its role in the cyclodehydrogenation process still needs to be elucidated, 
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as well as the surface-dependent mechanism of the cyclodehydrogenation reaction. Finally, it is expected 

that similar or even more complex effects take place for other GNRs when large and flexible precursors 

are used. 
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