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Abstract 

The synthesis of atomically precise carbon nanostructures in ultra-high vacuum has 

seen extensive progress on metal surfaces. However, this remains challenging on 

chemically inert surfaces. It is because the thermally activated C-C coupling encounters 

a severe “desorption problem” on weakly interacting substrates. Here, we report an 

extraordinary [2+2+2+2] cycloaddition occurring in a highly ordered π-conjugated 

molecular array on graphite, via Fe-mediated dehydrohalogenative reactions. This is in 

contrast to the dehalogenative [2+2] cycloaddition reactions previously reported on 

noble metal surface. More interestingly, various products are observed and embedded 

in the close-packing supramolecular arrays as defective individuals or chains (grain 

boundaries). First-principles calculations reveal that the energy barriers of the multiple 

dehalogenation, dehydrogenation, and cycloaddition reactions are reduced by catalytic 

Fe atoms but remain energetically unfavorable. As thus, additional intermolecular 
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coupling, steric hindrance, and/or interfacial interactions could play significant roles on 

redirecting the on-surface synthesis on non-metal substrates.  

 

Introduction 

On-surface synthesis in ultrahigh vacuum (UHV) has garnered intensive interest as a 

promising approach to fabricate atomically precise organic nanostructures with tunable 

functionality.1-3 In particular, surface-assisted dehalogenative and dehydrogenative 

cycloaddition reactions, stemming from the conventional Ullmann coupling, have 

predominantly been showcased on noble metal surfaces. These reactions have 

generated a variety of complex π-conjugated structures, including nanographenes,4-6 

carbon nanoribbons,7, 8 and others.9 It is well understood that the metal substrates not 

only serve as a surface for hosting the precursors, intermediates, and final products, but 

also provide metal catalytic agents for the reactions and even constituents of 

organometallic intermediates.10-12 Thus, the reaction pathways, activation barriers, and 

product outcomes may vary significantly on different metal surfaces using the same 

precursor.11, 13 Furthermore, metal substrates could strongly screen the intrinsic 

properties of the designed nanostructures and might limit their applications.14-18 

Much work has also been devoted to the on-surfaces synthesis on non-metal 

substrates.17, 19-21 Various strategies have been developed to facilitate chemical reactions 

on substrates such as rutile TiO2,22, 23 calcite CaCO3,24 mica,25 NaCl,26, 27 and even 

single-layered graphene28 and boron nitride (BN)29 on metal surfaces, assisted by pre-

designed precursors, guest catalytic agents, photocatalysis, or tip manipulations under 

vacuum conditions. In particular, chemically inert graphite has been widely used in 

traditional in-solution synthesis of two-dimensional (2D) covalent organic frameworks 

via reversible condensation reactions,19, 30-34 as well as mesoscale photopolymerization 

in UHV.35 Graphite is also highly desirable for precisely characterizing the intrinsic 

properties of on-surface synthesized nanostructures, benefiting from its atomical 

flatness and electronic decoupling. However, thermally activated C-C recombination in 

UHV remains elusive on such an inert substrate due to the “desorption problem”.19 This 

arises when the reactants prematurely desorb from the surface before the reaction can 

occur, which depends on the delicate balance between the reaction barrier and the 

desorption threshold. Moreover, the underlying reaction mechanism on such a 

chemically inert surface may distinctly differ from the extensively studied metal 
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surfaces, presenting opportunities for further investigation.  

Here we present the realization of Fe-assisted cycloaddition reactions within a close-

packed, highly ordered supramolecular array assembled on a graphite surface via mild 

annealing. 2,3,6,7,10,11-hexabromotriphenylene (HBTP) is chosen as the precursor 

due to its relatively low dehalogenative reaction barrier.13, 36 As illustrated in Figure 1a, 

upon adsorption of HBTP molecules on Ag(111), debromination reactions can occur 

below room temperature, facilitated by the Ag adatoms to form organometallic 

intermediates. Subsequent annealing at temperatures ranging from 420 – 560 K leads 

to final [2+2] cycloaddition products by removing the Ag adatoms from the 

intermediates. Using low-temperature scanning tunneling microscopy (LT-STM), an 

extraordinary [2+2+2+2] cycloaddition reaction (Figure 1b) catalyzed by Fe guest 

atoms37-39 is identified in the well-ordered HBTP supramolecular array on graphite, via 

multiple dehalogenative and dehydrogenative reactions. The reactions further 

demonstrate a domino-like fashion among homo-species to form one-dimensional (1D) 

grain boundaries (GBs), which are facilitated by the side-by-side intermolecular 

coupling and steric hindrance. Furthermore, density functional theoretical (DFT) 

calculations propose a possible reaction pathway, suggesting that the Fe atoms also play 

significant roles in anchoring the intermediates and products. This study offers new 

insights into the metal-mediated on-surface synthesis on inert substrates and presents a 

promising route to fabricate diverse carbon-based nanostructures. 
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Figure 1. Cycloaddition reactions of HBTP molecules on different substrates. (a) Stepwise [2+2] 
cycloaddition reactions previously reported on Ag(111) with the presence of various organometallic 
intermediates [from Ref. 13, 36]. (b) [2+2+2+2] cycloaddition reactions assisted by Fe catalytic 
agent via complicated dehalogenative and dehydrogenative reactions on graphite in this work.  

  

Results and Discussion 

Figure 2a depicts a self-assembly of HBTP monolayer on a graphite surface in 

(50×50 nm2), where highly ordered, close-packed supramolecular arrays are formed 

with domain sizes extending over hundreds of nanometers. Upon closer inspection in 

Figure 2b, each HBTP molecule is discernible as a trefoil feature. It is found that under 

positive tip voltages (Vtip), the occupied states of the HBTP molecules located at its 

three peripheral aromatic rings (Figure S1 in supporting information, SI). The unit cell 

is highlighted by a yellow rhombus, with experimental lattice constants of a = b = 1.24 

± 0.02 nm and γ = 59° ± 2°. These values are consistent with the DFT optimized 

supramolecular structure on graphite (see DFT calculations in SI) shown in Figure 2c, 

where a = b = 1.23 nm and γ = 60°. The intermolecular Br-Br distance is 3.60 Å, 

aligning with previously reported values.40, 41 This HBTP supramolecular array is 

mainly stabilized via the molecule-substrate π-π coupling and intermolecular halogen 

bonding. Furthermore, it is worth noting that the assembly of achiral molecules on 
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surfaces can induce chirality.42, 43 The right (R) configuration is depicted in Figure 1c, 

and evidenced by Figure 1b and 1d. Examples of the left (L) ones can be found in Figure 

1e and Figure S4.  

Figure 2. [2+2+2+2] cycloaddition reactions occurred in the highly-ordered HBTP supramolecular 
arrays. (a) Large-scale STM image of the highly-ordered, close-packed HBTP monolayer on 
graphite surface (50×50 nm2; Vtip = -2.5 V, I = 40 pA). (b) Zoom-in topographic image revealing the 
trefoil feature of each HBTP molecule (5×5 nm2; Vtip = 3.0 V, I = 30 pA). (c) The DFT optimized 
HBTP unit cell with right configuration on graphite. (d) Various ‘defective’ molecules are 
observable in the HBTP supramolecular arrays after dosing a few Fe atoms and annealing at 210℃ 
(15×15 nm2; Vtip = 3.0 V, I = 40 pA). (e) Occupied state of the product I (green polygons) formed 
by [2+2+2+2] cycloaddition recorded at Vtip = 3.4 V, and f, unoccupied state recorded at Vtip = -2.5 
V, respectively (e and f, 8×5 nm2; I = 80 pA). (g) Optimized structural model of the product I, and 
the corresponding HOMO and LUMO states (isoface = 0.01 e Å-3). In panel (c) and (g), C atoms in 
the HBTP molecule and graphite are in dark and light grey, respectively; H and Br atoms are in cyan 
and gold, respectively. 

 

Subsequently, Fe atoms were thermally evaporated onto the HBTP monolayer to 

trigger possible dehalogenative cycloaddition reactions (Experimental methods in SI). 

When a little amounts of Fe atoms (~0.01 ML) were dosed onto the HBTP arrays by 

holding the sample at 210℃, many defective molecules are observable in Figure 2d. 

They can be divided into two categories. The first species are highlighted by black 
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dashed circles, which retain the trefoil shapes with dim contrast. These are likely to be 

partially debrominated HBTP molecules, which had been previously reported on metal 

substrates.13, 36 Such molecules can also be found in the as-grown HBTP monolayer 

after annealing at 200℃ without Fe catalyst (Figure S5). 

The second species (product I) appear as spindle-like shapes, as highlighted by green 

polygons in Figure 2d, which can be easily distinguished from the surrounding HBTP 

molecules by its two-fold symmetry. Obviously, it is completely different from the [2+2] 

cycloaddition products with dog-bone-shapes.13, 36 Here, the highly ordered HBTP 

supramolecular array is well preserved with the embedded product I, whose long axis 

is parallel to the 𝑎⃑, 𝑏ሬ⃑ , and 𝑐 orientations of the molecular arrays. Figure 2e and 2f 

represent the occupied and unoccupied states of this new species recorded by STM at 

Vtip = 3.4 eV and Vtip = -2.5 eV, respectively. The possible supramolecular structure of 

the product I could be deduced by superimposing the benzenoid backbones of the 

HBTP molecules onto the molecularly resolved STM images (Figure S7). The proposed 

molecular model is depicted in Figure 2g, formed by two HBTP molecules fused 

together via complicated dehalogenation, dehydrogenation, and side-by-side [2+2+2+2] 

cycloaddition reactions. The calculated highest occupied molecular orbital (HOMO) 

and lowest unoccupied molecular orbital (LUMO) of the proposed model are in good 

agreement with the observed occupied (Figure 2e) and unoccupied states (Figure 2f) 

captured in STM images. In contrast, the head-to-head [2+2] cycloaddition reactions 

(Figure 1a) previously observed on metal substrates13, 36 are absent here, and the possible 

reasons will be discussed later. Many other possible products were also proposed for 

comparison in Figure S1-S3.  
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Figure 3. 1D GB constructed by ‘defective’ molecules. (a) Multiple domains with different 
molecular orientations are observed with the formation of 1D GBs (50×50 nm2; Vtip = 3.0 V, I = 40 
pA). The green arrows indicate three product I individuals along different orientations. (b) Enlarged 

STM image revealed that the GBs are composed by product I and II along 𝑎⃑/𝑐 and 𝑏ሬ⃑ , respectively 
(14×20 nm2; Vtip = 3.4 V, I = 50 pA). The black benzenoid backbones of the product I and II are 
superimposed for guiding eyes. (c) The schematic models of cis-product I and trans-product I. (d) 
Optimized structural model and calculated HOMO of product II. The green shadows highlight the 
intermolecular dehalogenations.  

 

More dehalogenative products were obtained by increasing the Fe doses to ~0.1ML 

(Figure 3). Interestingly, 1D GBs constructed by defective-like molecules are observed 

in Figure 3a. Meanwhile, individual products I are randomly distributed within the 

molecular domains as indicated by the green arrows. Figure 3b represents a close-up of 

the GBs, enlarged from the region highlighted by a blue rectangle in Figure 3a. The 

unit cells of domain I and II are marked by white and black rhombuses, respectively, 

revealing the chirality induced upon adsorption. The GBs are formed along the highest 

symmetric orientations of the molecular array, i.e., 𝑎⃑, 𝑏ሬ⃑ , and 𝑐, with intersection angles 

of 60°. Interestingly, the basic building blocks of the GBs along 𝑏ሬ⃑  (GB௕ሬ⃑ ) are distinctly 

different from the other two along 𝑎⃑  (GB௔ሬ⃑ ) and 𝑐  (GB௖⃑ ). In the GB௔ሬ⃑  and GB௖⃑ , the 

building units highlighted by green spindle-like shapes are similar to product I. That is, 

GBs along 𝑎⃑  and 𝑐 are both constructed by 1D cis-product I chains via intermolecular 

C-C coupling, after debrominations at the sites denoted by green shadow in Figure 3c. 

Meanwhile, trans-product I emerges at the intersection of the GB௔ሬ⃑  and GB௖⃑  (Figure 

S8a). In contrast, the building block of GB௕ሬ⃑  is identified as product II with a dumbbell-
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shape, formed by a pair of debrominated HBTP molecules as shown in Figure 3d. The 

benzenoid backbones of the product I and II are superimposed in Figure 3b for guiding 

eyes.  

The formations of such 1D GBs suggest that the dehalogenative and dehydrogenative 

C-C coupling can occur in a domino-like fashion,20 and the steric hindrance effect could 

play significant roles. It can be seen that the neighboring HBTP molecules across the 

GB௔ሬ⃑  and GB௖⃑  are packing in a side-to-side manner (Figure S1), thus facilitating the 

[2+2+2+2] cycloaddition reactions to form products I. While across the GB௕ሬ⃑ , the 

neighboring molecules are aligned in a head-to-head manner (Figure S1) to form 

products II. In fact, the irregular GBs are mixtures of products I along  GB௔ሬ⃑ /GB௖⃑ and 

products II along GB௕ሬ⃑  (Figure S8a). The length of the regular GB௔ሬ⃑  or GB௖⃑ composed 

by cis-product I can extend over tens of nanometers, e.g., ~30 nm (Figure S8b). The 

GBs divide the large, homogeneous domains with single packing configuration into 

small, heterogeneous domains with mirror-symmetric configurations.  

Close-packed supramolecular islands extending over 100 nm persist on the graphite 

surface even with more than 30% products (Figure S9). As shown in Figure 4a, when 

the total products reach ~30%, HBTP molecular domains decrease to several 

nanometers only, and larger supramolecules or even polymers based on the product I 

and II are formed. For instance, Figure 4b demonstrates a trimer I formed by simple 

dibrominated C-C coupling (highlighted by red bonds), derived from product II; while 

Figure 4c and 4d show a trimer II and a tetramer respectively, derived from product I 

via multiple [2+2+2+2] cycloadditions (red bonds). Furthermore, trimer I and II can be 

considered as new types of GBs, where the molecules in the upper and bottom domains 

separated by these trimers possess the same orientation. More examples are given in 

Figure S9. 
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Figure 4. Products at high Fe dosage (~0.3 ML). (a) The formation of close-packed molecular 
domains with a high density of reaction products and dendritic GBs (50×50 nm2; Vtip = 3.0 V, I 
= 10 pA). (b-d) Left: STM images of trimer I (b), trimer II (c), and tetramer (d) (b, 5.5×4.5 nm2; 
Vtip = 3.0 V, I = 80 pA; c, 5.4×4.4 nm2; Vtip = 3.0 V, I = 20 pA; d, 2.7×2.7 nm2; Vtip = 2.6 V, I = 10 
pA). Middle: the corresponding molecular models. Right: the corresponding HOMO states. (e) 
Statistical productivities of product I and II with the increasing Fe dosages. Each dosage was 
statistically analyzed over 1000-2000 molecules. 
 
  Consequently, we analyze the productivities of product I and II under various Fe 

dosages in Figure 4e, which quantitatively increase with the Fe dosages. Products I can 

be obtained as individuals at extremely low Fe dosage (e.g., ~0.01 ML) (Figure 2), 

while products II are found at GBs as the dosage increases to ~0.05 ML (Figure 3). 

Overall, the product I (golden column) increases faster and dominates over the product 

II, and its productivity can reach as high as ~25% within the investigated range. In 

contrast, the productivity of product II (blue column) reaches its maximum at ~12% at 

~0.2 ML, and almost saturate at ~10% with even higher Fe dosages. This observation 

seems anomalous, as the formation of product I involves much complicated 

debromination, dehydrogenation and recombination processes, while product II only 

requires debromination and C-C bonding processes. The underlying mechanisms are 

explored in below.  

To simulate the formation processes of product I on the graphite substrate, we divide 

the reactions into five possible steps: 0) Fe-assisted debromination; 1) the 1st 
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dehydrogenation; 2) the 2nd dehydrogenation; 3) desorption of two HBr molecules; and 

4) [2+2+2+2] cycloaddition. Firstly, DFT calculation results suggest that the step 0), 

debromination, is exothermic (Figure S10). This implies that debromination could 

occur spontaneously upon capturing Fe atoms near the HBTP molecule. Additionally, 

it is found that the single HBPT molecule interacts weakly with graphite via van der 

Waals forces, while the Fe atom acts as an anchor, firmly fixing the HBPT on the 

surface, thus facilitating the subsequent reactions. Subsequently, in the step 1), the 

configuration 0 in Figure 5c is formed by two Fe atoms bridging the debrominated 

HBTP (debr-HBTP) molecule and the Br atoms, due to the spontaneous breakage of 

the C-Br bonds. In the following, one C-H bond next to the debromination site is 

activated and broken, forming an HBr molecule adsorbed nearby the Fe atom 

(configuration 5 in Figure 5c). This process repeats again in the step 2) to form the 2nd 

HBr molecule (Figure 5d). Figure 5a reveals that the energy barrier for the 1st 

dehydrogenation (configuration 0-5) is 1.23 eV (Δ1), which slightly increases to 1.42 

eV (Δ2) for the 2nd one (configuration 5-10) due to the positively charged HBTP 

molecule. After these two steps, the debrominated and dehydrogenated HBTP (debr-

dehy-HBTP) molecule is still anchored on the graphite surface via the Fe atoms, and 

the two HBr molecules are physisorbed, as demonstrated in configuration 10, Figure 

5d. In the step 3), these two HBr molecules could diffuse away from the reaction sites 

(Figure 5e) via a small energy barrier of 0.68 eV (Δ3), which indicates the possibility 

of releasing at even room temperature (a barrier of ~30 kBT ≈ 0.77 eV). In the final step 

4), two debr-dehy-HBTP molecules are placed side-to-side for the [2+2+2+2] 

cycloaddition (configuration 0 in Figure 5f). These two molecules could spontaneously 

slide closer to each other (configuration 0 to 3 in Figure 5f), which is exothermic as 

revealed by Figure 5b. Then the recombination of the first pair of C-C bonds 

(configuration 3 to 4 in Figure 5f), namely the first half of the [2+2+2+2] cycloaddition, 

is endothermic with an energy barrier of 0.72 eV (Δ4), while the second half of the 

[2+2+2+2] cycloaddition (configuration 4 to 6 in Figure 5f) is exothermic. 

According to this proposed step-by-step reaction pathway, the highest energy barrier 

to be overcome is the 2nd dehydrogenation, namely Δ2 = 1.42 eV, which is possible upon 

mild annealing at ~210℃. Indeed, this temperature is relatively low compared to that 

usually required to active dehydrogenation and/or eliminate organometallic 

intermediates on metal substrates.10, 22, 36, 44, 45 Furthermore, the side-views of all these 
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configurations discussed in Figure 5c-f are shown in Figure S11. It is worth noting that 

the Fe atoms are bonding with all the intermediates/products and the graphite substrate 

to increase the stability. In particular, after the [2+2+2+2] cycloaddition reactions, the 

Fe atoms are sandwiched between product I and graphite as shown in Figure 5f and 

Figure S11d. Further MD calculations demonstrates that the Fe atoms could escape 

within 5 ps at 600 K (Figure S12). In fact, many FeBrx clusters and domains are 

observable at the edges of the molecular islands after annealing (e.g., Figure S6e and 

Figure S8b). 

We also calculated the possible reaction pathways of the product II. The formation 

of product II only requires the breaking of a single C-Br bond and the recombination 

of a C-C bond, with relatively low energy barriers of 0.83 eV and 0.58 eV, respectively 

(Figure S13). Usually, the productivities depend on the activation energies, the lower 

the energy barrier, the higher the productivity. Thus, it is unusual that the products I are 

always more than the products II. One possible reason is that the product I is actually 

held by two de-Br-HBTP molecules at the sides via chemical coupling, namely product 

I’ shown in Figure S1c and Figure S7. Such intermolecular coupling might not only 

enhance its stability on the graphite surface, but also reduce the reaction barrier to form 

product I’. Furthermore, the formation of individual product II is excluded in the highly 

order HBTP supramolecular arrays, possibly due to the steric hindrance effect.  

Finally, possible pathways lead to the head-to-head [2+2] cycloaddition reactions 

(Figure 1a) were considered. As shown in Figure S14, the formation of the [2+2] 

cycloaddition involves two debrominations and two C-C bonding processes without 

dehydrogenation. However, the energy barriers for the 1st and 2nd C-C coupling in the 

[2+2] cycloaddition are as high as 3.05 eV and 1.94 eV, respectively. These barriers are 

much higher than that for the product I, making it reasonable of the absence of [2+2] 

cycloaddition. Such phenomena are distinct from those on intensively studied metal 

surface, where individual intermediates/products could strongly interact with the 

substrates, and the steric hindrance and intermolecular coupling are less significant. 
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Figure 5 Possible reaction paths of the product I. (a) The energy profile of the dehydrogenations 

of the 1st (step 1) and 2nd (step 2) H atoms, and the desorption of the two HBr molecules (step 3) for 

a single HBTP molecule. (b) The energy diagram of the [2+2+2+2] cycloaddition of two debr-dehy-

HBTP molecules (step 4). (c-f) The corresponding configurations of the possible transition states 

with local energetic minima of the step 1-4 in the panel (a) and (b). C atoms in the HBTP molecule 

and graphite are in dark and light grey, respectively; H, Br and Fe atoms are in cyan, gold and blue, 

respectively.  

 

In conclusion, we have demonstrated the redirected on-surface synthesis on the 

chemically inert graphite surface, where [2+2+2+2] cycloaddition reactions are 

observed in the self-assembled HBTP molecular arrays via Fe-catalyzed 
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dehydrohalogenations. A variety of complex products are observed as the dosage of Fe 

catalytic agents increases, including product I, product II, and their derivates.  

Additionally, we conducted calculations to explore the possible reaction pathways of 

the products I and II, as well as the excluded [2+2] cycloadditions. It suggests that the 

formation of the major product I via [2+2+2+2] cycloaddition could be facilitated by 

additional intermolecular coupling, steric hindrance, and/or interfacial interactions. 

These findings reveal the emergence of entirely different products and a distinct 

reaction mechanism and on graphite. This study could serve as a prototype model for 

the on-surface synthesis on weakly interacting substrates, opening a new access to 

engineer carbon-based nanostructures.  
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On-surface synthesis on chemically inert substrates via thermally activation is 

extremely challenging in ultra-high vacuum (UHV), suffering from a severe 

“desorption problem”. Here, we report an extraordinary side-to-side [2+2+2+2] 

cycloaddition via dehydrohalogenations occurring in a highly ordered self-assembled 

molecular array on graphite, where the cycloaddition products are embedded as 

defective individuals or chains (grain boundaries) even with product density up to 

~30%. 


