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Experimental

STM Experiments

    STM measurements were performed using a commercial Scienta-Omicron LT-STM at 4.3 K. The 
system consists of a preparation chamber with a typical pressure in the low 10-10 mbar regime and a STM 
chamber with a pressure in the 10-11 mbar range. The Au(111) and Ag(111) crystals were cleaned via two 
cycles of Ar+ sputtering and annealing (720 K for Au and 700 K for Ag). Ketone substituted triangulene 
precursor molecule was evaporated from a home-built evaporator at 460 K. Hydrogenation of the sample 
was achieved with a hydrogen cracking source with a leak valve. The preparation chamber was first filled 
to a pressure of 2 × 10-7 mbar, after which the tungsten tube was heated to around 2800 K with a heating 
power of 80 W. The sample was then placed in front of the source for 2 minutes.

    All STM and STS measurements were performed at 4.3 K. To obtain BR-STM images, the tip was 
functionalized with a CO molecule that was picked up from the metal surfaces. 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 can be picked up with a metallic tip by scanning with a high current and 
negative bias (e.g. I=1 nA, U=−0.5 V). Functionalization of the tip with a Cl atom is achieved by 
approaching the tip by 350 pm from initial stabilization conditions of 100 pA and 100 mV with the 
feedback off, on the top of the deposited NaCl island on Au(111).1 After pickup, an increase in resolution 
is seen and a vacancy in the NaCl island can also be observed, which was reported in detail in our 
previous work.2 dI/dV measurements were recorded with the internal lock-in of the system. The 
oscillation frequency used in experiments is 797 Hz. The amplitude for each spectrum is shown in Figure 
captions. 

DFT calculations

    DFT calculations were performed by the Gaussian 16 package3 using the M06-2X functional and 6-
311G(d,p) basis set. Results were visualized by using the software Gaussview4 and the squares of the 
wavefunction were generated using the cubman module.

For the positively-charged species, the atomic positions of the neutral N-doped triangulene5 were used 
as input for the optimization. Initial optimization set to charge=+1 and spin=1 yielded a D3h geometry, 
independent of whether the starting geometries corresponded to D3h or C2v geometry. Similarly, starting 
from any of the neutral C2v or D3h geometries led to a D3h geometry for the negatively-charged species. 
All geometries and symmetries were confirmed further by re-performing calculations with tight 
convergence criteria using the keywords opt=tight int=ultrafine. Ionization energies (Figure S9) were 
obtained as the electronic energy difference between potential energy surface minima of neutral and 
cationic species.

Solution synthesis

    Starting materials were purchased from TCI and Sigma-Aldrich and used without further purification. 
O,O’,O’’-Amino-trisbenzoic acid-trimethylester (S3) and 4H-benzo[9,1]quinolizino[3,4,5,6,7-
defg]acridine-4,8,12-trione (1) were synthesized following slightly modified literature procedures.6,7   
Reactions were carried out in flame-dried glassware and under an inert atmosphere (Ar) using Schlenk 
techniques. Thin-layer chromatography (TLC) was performed on Silica Gel 60 F-254 plates (Merck). 
Column chromatography was performed on silica gel (40-60 µm). NMR spectra were recorded on a 
Varian Mercury 300 spectrometer.
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Figure S1. Synthesis of compound 1.

Synthesis of compound S3. A mixture of methyl anthranilate (S1) (2.0 ml, 15.5 mmol), methyl 2-
iodobenoate (S2) (6.5 ml, 43.3 mmol), K2CO3 (5.3 g, 38.8 mmol), Cu (0.2 g, 3.1 mmol) and CuI (0.3 g, 
1.6 mmol) in diphenylether (15 ml) was heated at 190 °C under Ar for 72 hours. The solvent was 
removed under reduced pressure and the residue was purified by column chromatography (SiO2; 4:1 
hexane/ethyl acetate) to afford S3 (3.6 g, 55%) as a yellow solid. 1H NMR (CDCl3) δ 7.60 (m, 3H), 7.36 
(m, 3H), 7.07 (m, 6H), 3.37 (s, 9H) ppm.

Synthesis of compound 1. A mixture of S3 (0.50 g, 1.2 mmol) and LiOH.H2O (0.90 g, 21 mmol) in THF: 
H2O (4:1, 25 mL) was refluxed for 6 h. After cooling to room temperature, the mixture was diluted with 
ethyl acetate (10 mL) and water (10 mL), and the phases were separated. The aqueous phase was acidified 
with concentrated HCl until pH = 2 and then extracted with ethyl acetate (3x10 mL). Organic extracts 
were combined, dried over anhydrous Na2SO4, filtered and evaporated. The crude product was dissolved 
in dichloromethane (20 mL) and two drops of DMF were added, followed by SOCl2 (1.7 mL). The 
resulting mixture was refluxed for 3 h and then cooled to 0 ºC. Then, SnCl4 (1.7 mL) was added dropwise. 
The resulting mixture was refluxed for 16 h and the formed precipitate was collected by filtration and 
washed with methanol (2x20 mL). The obtained solid was then suspended in 1 M NaOH (20 mL) and 
stirred for 30 min, filtered, and washed with water (3x20 mL), methanol (2x20 mL) and acetone (2x20 
mL) to afford 1 (115 mg, 45%) as a grey solid. 1H-NMR (10% TFA in CDCl3) δ 9.19 (d, J = 7.7 Hz, 6H), 
8.05 (t, J = 7.8 Hz, 3H). ppm.



Figure S2. (a) BR-STM image of ketone substituted N-triangulenes on Au(111). (b) dI/dV spectra taken 
on N-triangulene and the Au(111) substrate with a CO-functionalized probe, respectively. The dI/dV 
spectroscopy on ketone substituted N-triangulene (the position is marked in (a)) presents two prominent 
peaks, at −2.1 and 1.8 V. (c,d) dI/dV maps taken at −2.1 and 1.8 V. All the scale bars are 5 Å.

      dI/dV maps at −2.1 and 1.8 V should be associated with the HOMO and LUMO of ketone substituted 
N-triangulene respectively, in agreement with previous work.8  



Figure S3. (a) Large-area STM image of the ketone substituted N-triangulene covered Au(111) sample. 
(b) STM image recorded after H reduction of (a). (c,d) Zoom-in STM image of the white framed region in 
(a) and (b) respectively. (e) Relative apparent height profiles of the lines shown in (c) and (d). The 
hydrogenated molecules are much higher than molecules before hydrogenation (~2.7 Å vs.~1.6 Å), 
indicating the existence of sp3 carbons after hydrogenation. Scanning parameters: (a) U=1 V, I= 100 pA; 
(b-d) U=−1 V, I=−100 pA; metal probes. 



Figure S4. STM image of the Au(111) sample prepared by annealing a hydrogenated sample to 300 ºC. 
Almost all the molecules (>95%) are planarized at these conditions. The target product N-triangulene is 
directly obtained, as exampled by the white circle marked one. Scanning parameters: (a) U=−1 V, I=−100 
pA, metal tip.  



Figure S5. Tip manipulations on a Au(111)-supported trimer composed of two 2 and one 3. (a) BR-STM 
image of the trimer structure. One monomer has one additional hydrogen while other two have two 
additional hydrogens, as illustrated in the chemical structures below. The rings with sp3 carbons are 
obviously much larger than other rings, as pointed by white arrows. From (a) to (b), we cut off the 
additional hydrogens on 3, producing 4. From (b) to (c), we cut off all four remaining hydrogens and all 
the three monomers correspond to molecule 4. Note that middle oxygen cannot be removed by the 
conventional tip manipulations. Scanning parameters: (a-c) U=5 mV, CO-functionalized probes. All the 
scale bars are 5 Å.



Figure S6. Tip manipulations on another Au(111)-supported trimer composed of three 2 to generate 3 and 
4. A Cl tip was used in all these processes. Molecular chemical structures are illustrated below the 
corresponding STM images. (a,b) Constant-height and constant-current STM images, showing the trimer 
composed of three 2. The scale bar in (a) is 5 Å. (b,c) Constant-height and constant-current STM images 
taken after one H was removed (producing 3). An obvious difference between (a) and (c), or (b) and (d) 
can be recognized, though without BR-STM image. (e,f) Constant-height and constant-current STM 
images taken after further tip manipulations which obtained two 3 and one 4. The difference between 3 
and 4 is also clearly visible. (f) dI/dV spectra taken on Au substrate, 2, 3, and 4, respectively. The Kondo 
resonance is only observed on 4. It is fitted by a Frota function (black dotted line) and a FWHM of 
8.12±0.10 mV is obtained, in excellent agreement with the value in Figure 2 (8.1±0.6 mV).  Scanning 
parameters: (a,c,e) U=5 mV; (b,d) U=40 mV, I=100 pA; (f) U=1 V, I =100 pA.



Figure S7. High-resolution STM images showing the Au adatom inside the trimer structure. (a) BR-STM 
image of a trimer structure composed of 4. (b) shows the constant-current STM image of (a), where the 
middle Au adatom is clearly visible. The corresponding chemical structure matches the STM image in (b), 
as revealed in (c). White and red dotted lines present O···Au coordination interactions and hydrogen 
bonds respectively. Scanning parameters: (a) U=5 mV; (b,c) U=−0.5 V, I=−100 pA; CO-functionalized 
probe. All the scale bars are 5 Å.



Figure S8. (a) Fermi liquid model of the Kondo resonance of molecule 6 on Au(111). (b) Example raw 
data at the different temperatures used for (a). Following Mishra et al.,9 we extract the linewidth of the 
Kondo resonance by fitting a Frota function to the experimental data and correct the extracted half width 
at half maximum (HWHM) to an effective HWHMeff to account for finite temperature of the tip10 at each 
temperature point. An effective temperature Teff is used to account for the modulation of the lock-in 
amplifier.11 Finally, we extract the Kondo temperature via the empirical found formula HWHMeff = 

1
2

 ,12 with the Boltzmann constant kB and the fitting parameters α and TK. The (𝛼𝑘𝐵𝑇𝑒𝑓𝑓)2 + (2𝑘𝐵𝑇𝐾)2

values α= 8.5±0.3 and TK = 39±1 K are obtained. 



Figure S9. The ionization energies of (a) triangulene, (b) [4]triangulene, and (c) N-triangulene computed 
at the M06-2X/6-311G(d,p) level. 



Figure S10. Constant-height dI/dV maps corresponding to LUMO, SUMOs, SOMOs and Kondo 
resonance (at 2 mV) of N-triangulene on Au(111) using a Cl-functionalized probe. All the scale bars are 5 
Å.



Figure S11. DFT calculated wave functions and energy levels of the positively charged, neutral, and 
negatively charged N-triangulenes, along with their corresponding energies and orbital symmetry.  



Figure S12. (a) STM image showing different molecular products obtained by annealing the 
hydrogenated ketone-N-triangulene at 300 °C on the Ag(111) sample. N-triangulene as marked by white 
circle coexist with some polymers generated from the fusion of N-triangulenes. Scanning parameters: 
U=−0.8 V; I=−80 pA. (b) Constant-height BR-STM image of N-triangulene on Ag(111) at 5 mV, using a 
CO-functionalized tip. (c) Low-energy dI/dV spectra taken on N-triangulene and the bare Ag(111) 
substrate (the positions are marked in (b)), respectively. 



Figure S13. Constant current dI/dV maps at different energies using a metal tip on Ag(111). Tunneling 
current for the images starting from lower to higher bias values correspond to: -700pA, -500pA, -500pA, -
300pA, 300pA, 500pA, 500pA, 1nA, 700pA, 900pA. All scale bars are 5 Å.
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