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(1). EXPERIMENTAL METHODS 

The experiments were performed in two UHV systems with background pressures 

better than 2×10-10 mbar. The STM and STS measurements were obtained at 4.3 K using 

low-temperature STM (Omicron GmbH), except a few specially noted STM images 

where were taken at 85 K using Arhus SPECES STM. CO was deposited onto the 

sample via a leak valve at a pressure of approximately 5×10-9 mbar and a maximum 

sample temperature of 7.0 K. CO was picked up with a metallic W tip when scanning 

over it using high current (1 nA; -500 mV). Since there are many Br adatoms on the 

surface, Br was easy to pick up by conventional scanning or tip shaping. The Ag(111) 

single crystals were cleaned by repeated cycles of bombardment with Ar+ ions and 

post-annealing to 700 K. The precursor TBBP and DBBP were vapor-deposited from a 

commercial Kentax evaporator with quartz crucibles held at 330 K and 300 K, 

respectively. The time for each annealing process at high temperatures was kept in 

about 30 min. The XPS measurements were performed on the Catalysis and Surface 

Science Endstation located in National Synchrotron Radiation Laboratory (NSRL), 

Hefei, China.1 The XPS spectra were collected at an emission angle of 45° with respect 

to the surface normal. 

 

 

Figure S1. (a, b) overview and magnified STM images obtained after the deposition of 

TBBP onto Ag(111) surface at a low temperature. Since the manipulator could not be 

cooled down by liquid nitrogen, the low temperature substrate was obtained by quickly 

taking the Ag(111) crystal out from the LT-STM held at 78 K, and immediately 

depositing the molecules. We deduce that the temperature of Ag(111) should be around 

250 K. Tunneling parameters: (a, b) U = 1 V, I = 100 pA.  
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Figure S2. Overview STM image obtained after deposition of TBBP onto Ag(111) held 

at 300 K. Tunneling parameters: U = 0.5 V, I = 50 pA. 

 

 

Figure S3. The comparison of the molecular heights on Ag(111) between (a, b) flat 

biphenylene dimer and (c, d) “stand-up” bi-radical biphenylene. The height curves in 

(b) and (d) reveal the height changes along the blue lines in  STM images (a) and (c), 

starting from the left side and ending at the right side. The height difference is around 

1.8 Å between the two molecules. Tunneling parameters: (a) U = 0.1 V, I = 1 nA; (c) 

U = 0.1 V, I = 1 nA.  
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Figure S4. Overview STM image obtained after annealing the RT sample to (a) 400 K 

and (b) 540 K respectively, using Br functionalized tips. Tunneling parameters: (a,b) U 

= 0.1 V, I = 1 nA.  

 

 

Figure S5. (a-c) Constant-height dI/dV maps of a biphenylene dimer at different 

negative bias voltages. (d) Simulated dI/dV map corresponding to the HOMO of 

biphenylene dimer. 

 

Figure S6. (a, b) Overview and magnified STM images of the sample prepared by 

deposition of DBBP on Ag(111) held at 450 K. The images were taken at 85 K. 

Tunneling parameters: (a, b) U = -2 V, I = -0.2 nA.  
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Figure S7. STM image of an area where some byproducts are observed on the sample 

prepared by deposition of DBBP on Ag(111) held at 550 K. The image was taken at 85 

K. The monomers such as the white arrowed pointed one should be biphenylene from 

intramolecular cycloaddition reaction of DBBP. Note that the major product on this 

sample is still dibenzo[e,l]pyrene, whose yield is higher than 90%. Some large well-

ordered islands of dibenzo[e,l]pyrene were seen on this sample, similar as that in Figure 

S6a. Tunneling parameters: U = -2 V, I = -0.2 nA. 

 

 

 

Figure S8. Overview STM images obtained after depositing TBBP molecules on 

Ag(100) held at (a) 300 K and further annealing to (b) 450 K, respectively. Tunneling 

parameters: (a) U=-0.5 V, I=0.5 nA; (b) U=-0.1 V, I=1.5 nA; 

 

 

(2). COMPUTATIONAL DETAILS 

A. dI/dV simulations in gas phase 

Frontiers molecular orbitals were obtained from density functional theory (DFT) 

calculations using the FHI-AIMS code2 within hybrid exchange-correlation functional 

B3LYP3-4 for the gas phase molecule. The calculated frontiers HOMO/LUMO orbitals 
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employed for dI/dV simulations were identical with those obtained with optB86b-vdW 

functional. Theoretical dI/dV maps were calculated by the Probe Particle Scanning 

Probe Microscopy (PP-STM) code9 for a CO-like tip, which was represented by a linear 

combination of PxPy (85%) and s-like (15%) orbitals without tip relaxation. 

B. ACID and NICS 

Anisotropy of the Induced Current Density (ACID)5 and nucleus-independent 

chemical shift (NICS)6 was calculated in Gaussian16 package7 at UB3LYP/def2-SVP8 

level of theory and plotted using the code AICD version 3.0.3. Only π-orbitals were 

included in the calculation.  

C. Calculations of TBBP/Ag(111) 

DFT simulations using the Vienna Ab initio simulation package (VASP) 

software10-11 were conducted to simulate the formation processes of 2,2’-dibromo-

biphenyl (DBBP) and 2,2’,6,6’-tetrabromo-1,1'-biphenyl (TBBP) on Ag(111) surface. 

Electron smearing was performed with the Gaussian method with a smearing width of 

0.2 eV, and the total energy was extrapolated to 0 K. Geometric optimizations were 

considered converged when the total energy changed by less than 10 -6 eV and 

interatomic forces were less than 0.02 eV/Å for the ground state optimizations. The 

core electrons were described using the projector augmented wave (PAW) method,12-13 

using the PAW potentials that were released in 2015.14 The valence electrons were 

modeled using a plane-wave basis set that was expanded to a cutoff energy of 500 eV. 

The exchange-correlation potential was modeled with the optB86b-vdW functional.15 

Spin-polarization effects were not taken into account in the calculations since the 

Ag(111) slab is non-magnetic. The structure visualizations were performed with 

VESTA.16 

We optimized the bulk Ag lattice using a Monkhorst-Pack (12  12  12) k-point 

mesh.17 The optimized cell parameters are a = b = c = 4.09 Å from the DFT simulations, 

which agree very well with the X-ray experimental values of a = b = c = 4.08 Å.18 Thus, 

the DFT approach describes the crystal structure very well. Then, we cleaved (111) 

surface and constructed a p(88) Ag (111) slab with four layers. The unit cell of the 

slab consists of 256 Ag atoms and has a surface area of 23.11 × 20.02 Å10. In all 

geometry optimization calculations, the bottom two layers were fixed at their optimized 

bulk positions while the top two layers were allowed to fully relax. A vacuum layer of 

10 Å and a dipole correction along the z-direction were incorporated for eliminating 

interactions between periodic images of the system.19 A Monkhorst-Pack (2 × 2 × 1) k-

point mesh was used.  

The harmonic oscillator model of aromaticity (HOMA) was derived from DFT-

calculated bond lengths, which takes for benzenoide hydrocarbons Kekulé benzene as 

a reference, assuming that no π-delocalization effects are encountered other than those 

in an acyclic polyene. Benzene as the reference molecule has a HOMA value of 1.0. 

The relationship between the C-C bond length and the HOMA value is described as: 

HOMA = 1 −
𝛼

𝑁𝐵
∑(𝑅𝑜𝑝𝑡 − 𝑅𝑖 )

2
       Eq (S1) 
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In this work, Ropt and α take values of 1.393 and 282.94 Å−2. NB is the number of 

C-C bonds in the targeted π-system. Ri denotes an individual C-C bond length in the 

molecule under consideration.20 

 

 

 

 

Figure S9. Top views of the possible adsorption configurations of a debrominated 

TBBP adsorbate on Ag(111). The C, H, Br and Ag atoms are represented by black, pink, 

brown, and grey spheres, respectively. The perpendicular adsorption configuration 

(case b) turns out to be the most energetically favorable case, which is shown in Figure 

1. Color code: C, black; Ag, grey; H, pink; Br, brown. 

 

Figure S10. Top views of the adsorption configuration of biphenylene (a) binds with 

surface Ag atoms (b) binds with add Ag atoms at fcc hollow sites (c)  binds with add 

Ag atoms at hcp hollow sites on Ag(111) surface. The C, H and Ag atoms are 

represented by black, pink, brown, and grey spheres, respectively. The free Ag adatoms 

are showed by blue spheres for clarify. 

We located the biphenylene adsorbed with these two Ag adatoms at nearby fcc (case b) 

and hcp (case c) hollow sites, respectively. We found the case that b iphenylene binding 

with surface Ag atoms are energetically favorable. 
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Figure S11. (a) DFT density of states (DOS) analysis of biphenylene dimer adsorbed 

on the Ag (111) surface. Fermi energy (EF) is taken to be zero. The corresponding 

energies of HOMO and LUMO orbitals are marked with a dashed line. (b, c) DFT 

calculated charge density related to the HOMO and LUMO orbitals of biphenylene 

dimer on Ag(111) at an isosurface level of 0.001 electrons/Bohr3 The C, H and Br atoms 

are represented by black, pink and brown spheres, respectively. 

 

We calculated the DOS based on the computational technique developed by 

Dronskowski et al.,21-22 in which the PW/PAW wavefunctions are transferred into a 

local basis using analytically derived expressions. The PW and PAW eigenstates are 

reconstructed to a set of Slater-type local orbitals, allowing us to obtain accurate local 

information from plane wave calculations. The use of this projection scheme resulted 

in an error of less than 2% for the states of interest and a realistic chemical-bonding 

picture. Herein, the VESTA16 program was used to show the configurations and 

intuitive chemical interpretation. 

In order to have a comparable environment of biphenylene dimer in the simulation 

as in the experiment, the molecule was surrounded by ten Br atoms in our model on Ag 

(111) surface. The calculated charge density plots related to the HOMO and LUMO 

orbitals of biphenylene dimer are also shown in Figure S11, which is very similar to 

those in gas phase as shown in Figure 3f-g, implying a weak interaction between 

biphenylene dimer and the Ag(111) surface. 
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Figure S12. Top view of the optimized structures of TBBP adsorbing at possible 

adsorption sites on Ag(111). The C, H, Br and Ag atoms are represented by black, pink, 

brown, and grey spheres, respectively. 

 

   Firstly, we systematically checked various adsorption sites on Ag (111) surface 

using one TBBP molecule to understand its most favorable adsorption configuration. 

The adsorption energy of the TBBP was calculated as: 

       𝐸ads = 𝐸surface+molecule − 𝐸molecule − 𝐸surface           (S2) 

where  𝐸surface+molecule  is the total energy of the system when TBBP adsorbed on 

Ag (111), 𝐸surface is the total energy of the clean Ag surface and 𝐸molecule  is the 

isolated energy of TBBP in gas phase.  

    The possible adsorption sites for adsorption of TBBP on Ag (111) are shown in 

Figure S12. The adsorption sites are classified by the positions of the center of one out 

of the two benzene rings in TBBP and the azimuthal angle of TBBP backbone on 

Ag(111). Bri, fcc and hcp relate to the center of the benzene ring of TBBP at a bridge, 

fcc hollow and hcp hollow site, respectively. An azimuthal angle of 0° means that the 

C-C bond of benzene ring is parallel to the [11̅0] direction of the Ag(111) surface, and 

a value of 30° means that the C-C bond of the benzene ring is rotated by 30° with respect 

to the [11̅0] direction. 

The adsorption energy values calculated based on Eq (S2) based on the six distinct 

sites are plotted in Figure S13. In all cases, the adsorption energy is slightly positive, 
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revealing that this process is slightly endothermic. The fcc30° site is the most favorable 

adsorption site for TBBP molecule on Ag (111) with an adsorption energy of 0.09 eV.      

We considered this favorable configuration as a starting point of the following 

TBBP on-surface reactions as shown in Figure 4a in the main text. 

 

Figure S13. Adsorption energies of TBBP molecule at different adsorption sites as 

shown in Figure S12. 

 

 

Figure S14. Top view of the optimized possible configurations of TBBP with the first 

Br atom dissociated on Ag (111). The C, H, Br and Ag atoms are represented by black, 

pink, brown, and grey spheres, respectively. The total energy of a fcc30° TBBP 

monomer adsorbate is taken as a reference for the comparison between different 

adsorbates. 

    We started these tests with the most favorable adsorption site of TBBP molecule 

(fcc30° site in Figure S12 in SI) on Ag (111) surface. The Ag (111) surface were 

modeled by a p(7×7) surface unit cell with three layered slabs separated by 10 Å of 

vacuum to ensure well-separated molecules between repeated images. After 

optimization, we found three possible adsorption configurations as shown in Figure 

S14. Since the configuration of Figure S14a is the most possible configuration with a 

relative energy of -1.25 eV, we consider it is the final product of the initial 

debromination process. In fact, it is double confirmed when we tested the transition 

state of Figure S15. 

bri0° bri30° fcc0° fcc30° hcp0°hcp30°
0.00

0.06

0.12

0.18

0.24

0.30

A
d

s
o

rp
ti

o
n

 E
n

e
rg

y
 (

e
V

)

Adsorption Site



 S11 

 

Figure S15. (a) Molecular structure model of TBBP. The four bromine atoms are 

marked by dashed red circles (sites: 1-4). (b) Energy diagram of debromination 

reaction. (c) Top and side views of the initial debromination reaction of TBBP on Ag 

(111). The initial state, transition state and final state are denoted as IS, TS and FS, 

respectively. The C, H, Br and Ag atoms are represented by black, pink, brown, and 

grey spheres, respectively. The total energy of initial state is taken as a reference.  

 

   The transition-state calculations were carried out with the climbing image nudge 

elastic band (CINEB) method by finding the saddle points and minimum energy paths 

between the inert TBBP and the final configuration.23-24 A number of intermediate 

images were optimized along the reaction pathway, with the constraints implemented 

by adding spring forces along the band between images and projecting out the 

component of the force because of the potential perpendicular to the band. The number 

of images was adjusted specifically for transition-state calculation such that the tangent 

along the path was well described. Typically, three to four images were used in these 

calculations. The structural optimization of the dimer was performed until the forces 

acting on the atoms on the images were smaller than 0.03 eV/Å. 

For IS, TBBP molecule chemisorption with two Br atoms pointing towards the silver 

surface. Since the two benzene rings are not in the same plane with a dihedral angel of 

41.56°, the other two bromine atoms point away from the surface. For FS, however, 

with the dissociation of two Br atoms at one benzene ring, a deformed ring is observed 

because two free carbon radicals coordinate with surface silver atoms, indicating the 

important role of the substrate silver surface in stabilizing the benzene. At this moment, 

two benzene rings are stay in a same plane. The TS is associated with rotated benzene 

rings with a smaller dihedral angel of 24.74° compared with that of the IS. The distance 
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of C-Br bonds is stretched to 2.1 Å (1.9 Å initially). Therefore, Two Br atoms at the 

same benzene ring (either 1, 2 or 3, 4 sites) will dissociate simultaneously with the 

energy of 0.72 eV. This excludes the possibility that the intramolecular annulation may 

also occur as long as two bromines at the same side (either 1, 3 or 2, 4 sites) of molecular 

backbone dissociated (instead of full debromination). 

 

Figure S16. Top and side views of the possible adsorption configurations of 

debrominated TBBP adsorbing on Ag(111). The C, H, Br and Ag atoms are represented 

by black, pink, brown, and grey spheres, respectively. Color code: C, black; Ag, grey; 

H, pink; Br, brown. The total energy of a TBBP monomer (two phenyls and four 

bromines) on surfaces is taken as the reference for the comparison of energies between 

different cases, as listed in each picture. 

Next, we consider the two-monomer system. To determine the underlying 

potential energy surface per TBBP monomer adsorbate (Figure 4 in the main text) and 

per DBBP monomer adsorbate (Figure S19) in these two-monomer systems, we 

calculated the total adsorption energies of monomers on surfaces in all the reaction 

steps based on: 

                    𝐸monomer =
1

2
(𝐸system1 − 𝐸surface − 2 × 𝐸molecule )        (S3)  

where 𝐸system1  is the total energy of the adsorbate system, 𝐸surface  is the total energy 

of the clean Ag (111) surface, and 𝐸molecule  is the isolated energy of a TBBP or a 

DBBP molecule in the gas phase. 

After the full debromination of the TBBP, we found two possible pathways, i.e. 

the four-radical biphenyl either undergoes intramolecular annulation reaction to form 

bi-radical biphenylene monomer, or bonds with surface Ag adatom to form Ag-biphenyl 

complex. Hence, there are three possible configurations: case a involves two bi-radical 

biphenylene monomer, case b is two Ag-biphenyl complex and case c shows one bi-

radical biphenylene monomer and one Ag-biphenyl complex. Case a is the most 

energetically favorable configuration, which is shown in Figure 4a. Both the adjacent 

biphenylene monomers are slightly tilted instead of being perpendicular to the surface 
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due to their intermolecular interaction, as seen in Figure S16a. They will coordinate 

with two Ag adatoms to form an organometallic dimer in the next step, as shown in 

Figure 4a.  

Figure S17. Possible configurations of dibenzo[e,l]pyrene nanographene adsorbing on 

Ag(111). The different positions of dissociated H atoms on Ag (111) surface have 

different energies as shown in Figure S18. The C, H, Br and Ag atoms are represented 

by black, pink, brown, and grey spheres, respectively. The dissociated H atoms are 

represented by orange spheres for clarity. 

 

 

Figure S18. Relative energies for the possible configurations of dibenzo[e,l]pyrene 

nanographene adsorbing on Ag(111) surface as shown in Figure S17. Case 4 is the most 

favorable configuration.  
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Figure S19. Optimized geometries of the reaction evolution of DBBP to 

dibenzo[e,l]pyrene nanographene on Ag(111). The C, H, Br and Ag atoms are 

represented by black, pink, brown, and grey spheres, respectively. The total adsorption 

energies (calculated with the Eq S3) of the DBBP monomer in each structure on the 

Ag(111) surface are given.  

    The reaction of DBBP is an exothermic reaction where the energy diagram goes 

downhill in each reaction step. Firstly, unlike the endothermic adsorption of TBBP, the 

intact DBBP adsorbs strongly on the surface with the adsorption energy of -1.53 eV. 

Then, the dissociation of Br atoms is much less exothermic for DBBP as compared to 

TBBP (-0.26 vs. -3.97 eV). A Ag-biphenyl complex is produced with two radicals 

stabilized by one underneath surface silver atom. Next, an organometallic dimer with 

four-fold C-Ag bonds are formed, which planarize the structure and further lower the 

energy of the system. Finally, dibenzo[e,l]pyrene is formed through Ullmann coupling 

followed by the cyclodehydrogenation, after the release of the interstitial Ag adatom in 

the organometallic dimer. 
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