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ABSTRACT: Nitrogen heteroatom doping into a triangulene molecule allows tuning its magnetic state. However, the synthesis of 
the nitrogen-doped triangulene (aza-triangulene) has been challenging. Herein, we report the successful synthesis of aza-triangulene 

on the Au(111) and Ag(111) surfaces, along with their characterizations by scanning tunneling microscopy and spectroscopy in 

combination with density functional theory (DFT) calculations. Aza-triangulenes were obtained by reducing ketone-substituted 
precursors. Exposure to atomic hydrogen followed by thermal annealing and, when necessary, manipulations with the scanning 

probe, afforded the target product. We demonstrate that on Au(111) aza-triangulene donates an electron to the substrate and exhib-
its an open-shell triplet ground state. This is derived from the different Kondo resonances of the final aza-triangulene product and a 

series of intermediates on Au(111). Experimentally mapped molecular orbitals match perfectly with DFT calculated counterparts 
for a positively charged aza-triangulene. In contrast, aza-triangulene on Ag(111) receives an extra electron from the substrate and 

displays a closed-shell character. Our study reveals the electronic properties of aza-triangulene on different metal surfaces and 
offers an efficient approach for the fabrication of new hydrocarbon structures, including reactive open-shell molecules.   

Triangulene, as the smallest triplet-ground-state 
polybenzenoid, has attracted intensive attention since it was 

theoretically devised back in 1953.
1
 In spite of its even number 

of carbon atoms,  it is not possible to pair up all of its π-

electrons to form a closed-shell structure.
2–4

 The total net spin 
of triangulene in its ground state is quantified by 

Ovch nn k v’s rul 
5
 and L  b’s th  r m

6
 for bipartite lattices: 

S=(NA-NB)/2, where NA and NB denote the numbers of carbon 
atoms belonging to each of the two sublattices (NA=12, 

NB=10, S=1, Figure 1a). Due to its high reactivity stemming 
from its unpaired electrons, the synthesis of triangulene by 

conventional solution-phase chemistry has been inaccessi-
ble.

1,4
 Fortunately, the recently developed on-surface synthesis 

(OSS)
7–10

 under ultra-high vacuum (UHV) conditions opens a 
door for the fabrication of reactive carbon-based structures 

holding π-radicals, where a rationally designed precursor is 
annealed at high temperatures over a catalytic surface in order 

to form the target product.
11–13

 Using the OSS strategy, 
triangulene and other extended [n]triangulenes (n>3) have 

been successfully synthesized, whose structures were charac-
terized precisely with the aid of bond-resolving scanning tun-

neling microscopy (BR-STM) and non-contact atomic force 
microscopy (nc-AFM) techniques.

3,14–17
 In addition, the open-

shell character of triangulene and its derivates was confirmed 

by the observation of singly occupied/unoccupied molecular 
orbitals (SOMO/SUMO),

14,15
 Kondo resonances,

18
 and spin-

flip excitations.
17–19

  

Heteroatom doping can substantially modify the electronic 
and magnetic properties of graphene-based structures.

20–26
 For 

example, the substitution of the central carbon atom of 

triangulene by a nitrogen adds a π-electron to the system, 
resulting in different groundstate spin multiplicity with respect 
to that of undoped triangulene. In a naïve picture, one may 

assume a double occupancy of the pz orbital on the central 
nitrogen atom of aza-triangulene. This would remove its con-

tribution to the NB c unt  n Ovch nn k v’s rul   nd r sult  n   
quartet ground state (NA=12, NB=9, S=3/2, Figure 1a). The 

same may be expected from the chemical structure drawing as 

shown in structure 7 (Figure 1b), representing a molecule with 
D3h symmetry and three radicals, one on each molecular side. 

All are located on the same sublattice and are thus expected to 
align ferromagnetically. However, theoretical calculations 

predict that for aza-triangulene,
27

 a doublet ground state 
(S=1/2) with a C2v molecular symmetry, driven by a Jahn–

Teller distortion,
28

 is energetically more favorable than the 
more intuitive D3h structure.  

 



 

 

Figure 1. (a) Schematic representation of carbon atoms belonging to each of the two sublattices. (b)  Reaction steps for the synthesis of 
aza-triangulene 7 on Au(111), starting from the hydrogenation of precursor 1, followed by 250 °C annealing and subsequent tip manipula-
tion. The final product, intermediates, and byproducts observed in experiments are presented. 

Despite these interesting theoretical predictions,
27

 synthesis of 

aza-triangulene had, until now, remained elusive. Herein, we 
report the on-surface synthesis of aza-triangulene on both 

Au(111) and Ag(111). Figure 1b shows the reaction procedure 
starting from the corresponding precursor, that is, the ketone-

substituted aza-triangulene 1. In our previous work, the com-
bination of atomic hydrogen reduction followed by annealing 

was shown efficient in removing the oxygen atoms on ketone-
substituted graphene nanoribbons on Au(111).

29
 Inspired by 

this, we employed a similar procedure for molecule 1. Hydro-
gen reduction followed by annealing resulted in partial (2) or 

complete (5) deoxygenation of the precursor 1. Subsequent 
tip-induced removal of hydrogen atoms results in byproducts 3 

and 4, intermediate 6, and the final product aza-triangulene 7 
(Figure 1b). We show that aza-triangulene donates an electron 

to the Au(111) substrate and bears a triplet ground state. On 
the contrary, aza-triangulene receives an electron from the 

low-work function Ag(111) surface, resulting in a closed-shell 

ground state. 

Synthesis. Precursor molecule 1 was obtained by solution-
phase synthesis following a previously reported procedure 

(Figure S1; Supporting information).
30,31

 Figure 2a shows the 
STM image of the sample upon depositing 1 on Au(111) held 

at room temperature (RT). The molecules self-assemble into 
well-ordered dense islands stabilized by a two-dimensional 

network of intermolecular hydrogen bonds. BR-STM imaging 
(Figure 2a, inset) shows the ketone groups exhibiting V-shape 

protrusions pointing toward the hydrogen atoms of the neigh-
boring molecules. The energy and spatial distribution of fron-

tier molecular orbitals as obtained with scanning tunneling 
spectroscopy show an excellent agreement with previous 

reports (Figure S2).
30

  

The sample held at RT was then hydrogenated by exposing 
to atomic hydrogen. As a result, a considerable number of sp

3
-

hybridized carbon atoms were generated (Figure S3), which 
turned most of the molecules three-dimensional.

29
 Subsequent 

annealing at 250 °C caused a notable desorption and 
planarized most of the remaining molecular species (>70 %; 

Figure 2b). Figure 2c shows a   representative constant height 
STM image of the most abundant product in Figure 2b. The 

removal of a hydrogen from a CH2 edge atom requires an 

annealing temperature around 300 °C,
34,35

 higher than that 

us d t  d hydr   n t  th  “ nt r  r” c rb n  t ms. Our th r-
mal treatment therefore still maintains sp

3
-hybridized carbon 

Figure 2. (a) STM image of the sample prepared by depositing 
molecule 1 on Au(111) at RT. Inset shows a BR-STM image 

taken by a CO-functionalized probe.36 (b) STM image of the 
sample after hydrogenation and annealing at 250 °C. A self-

assembled triangulene trimer is marked with a white circle. (c,e,g) 
Constant-height STM images of molecules 5, 6, 7, respectively. 
(d,f) I-V spectroscopy demonstrating the tip-induced removal of 
additional hydrogens. The positions for the tip induced pulses are 
marked in (c) and (e). Tunneling parameters: (a,b) U=−1 V, I= 

−100 pA; inset of (a) and (c,e,g): U=5 mV. Scale bars in (c, e, g) 

are 5 Å. 

atoms at the molecular edges that weaken molecule-substrate 

interactions,
32

 thus facilitating molecular diffusion and hinder-
ing the acquisition of BR-STM images. However, since hy-

drogen atoms tend to passivate the most reactive sites of 
nanographenes

12,33
 (which in this case are the center carbon 

atoms at the three zigzag edges of aza-triangulene), structure 5 
is the most probable major product.  



 

Tip induced dehydrogenation was then employed to remove 

H atoms from the sp
3
-hybridized carbons of 5 (Figure 2c-f). 

We ramped up the bias with the tip positioned over the zigzag 

edge of this product (marked as a lightning in Figure 2c). The 
dehydrogenation is observed as a current step in I-V spectra, 

as shown in Figure 2d. Subsequent BR-STM images allow for 
assignment of the intermediate product structure as 6 (Figure 

2e). The six-membered ring containing the remaining sp
3
 

carbon atom is much larger than others and exhibits a sharp 

corner—a widely reported fingerprint of sp
3
-carbon containing 

rings.
3,12,33,34

 In all our attempts, the first dehydrogenation step 

occurred directly from 5 to 6, i.e. by simultaneously removing 
two H atoms from two edges. The final product 7 was generat-

ed by the tip-induced removal of the last residual hydrogen 
from 6, as confirmed by the BR-STM image in Figure 2g. It is 

worth mentioning that, apart from the tip manipulation ap-
proach, product 7 can also be produced directly by annealing 

the sample shown in Figure 2b at a temperature above 300 °C. 
However, because the spin density of open-shell molecules 

automatically boosts their reactivity,
37

 most of the molecules 
react and appear as dimers or oligomers. An example is pre-

sented in Figure S4, in which 7 and various products from 
molecular fusions coexist.  

    As marked by the white circle in Figure 2b, a few trimers 

with a dot in the center are also observed on this sample. The-
se molecules retain a residual ketone group (2; Figure 1) and 

the trimer structure is apparently stabilized via O···Au coordi-
nation interactions and hydrogen bonds (see details in Figure 

S5-S7), as reported previously for other ketone-functionalized 
carbon-nanostructures.

29,38
 Using similar tip manipulation 

procedures as described above, products  3 and 4 (Figure 1b) 
can be obtained hierarchically as well (Figure S5-S6).  

Kondo resonance and charge transfer. Next, we investi-

gate the magnetism of 3, 4, 6, and 7, which are all expected to 
be open-shell systems as predicted by DFT calculations in 

vacuum (Figure 3b). Figure 3a shows their corresponding low-
energy dI/dV spectra on Au(111). The spectrum of 3 does not 

exhibit any visible signal (apart from the two well-known 

inelastic vibrational modes of the CO molecule at the tip apex 

at ~5 mV and ~35 mV), implying a closed-shell structure.
39,40

 
The spectra from 4, 6, and 7 all exhibit symmetric zero-energy 

peaks around the Fermi level that are attributed to Kondo 
resonances,

41
 as widely reported in metal-supported open-shell 

carbon structures.
11

 This is further supported by the tempera-

ture-dependent spectra of intermediate 6 (Figure S8). Fitting 
the spectra with a Frota function

42
 reveals a rapid peak broad-

ening with increasing temperature, following the characteristic 
trend of Kondo resonances,

12,13,43
 which originates from the 

screening of the local spin by the conduction electrons of the 
underlying metal substrate.

41,44
 The Kondo resonance from 4 

and 6 have high and comparable amplitudes and also similar 

FWHMs (full width at half maximum; 8.1±0.6 mV for 4 and 

8.6±0.1 for 6; derived from six and two data points respective-
ly) while the Kondo resonance of 7 on Au(111) is much weak-

er and has an apparently larger FWHM (13.0±2 mV; derived 

from six data points). This hints at 4 and 6 probably displaying 
a doublet ground state (S=1/2) whereas 7 presumably holds a 

high-spin ground state (S≥1), whose underscreened Kondo 

peaks typically display much lower amplitude than those from 

a S=1/2 system.
18,33,45

 

    The proposed ground-state spin for the four molecules (3, 
4, 6, 7) based on the registered Kondo resonances do not 

match the DFT predictions for the neutral molecules (Figure 

3b). However, spin multiplicities computed for the corre-
sponding cationic species 3

+
 (S=0, closed-shell), 4

+
 and 6

+
 

(S=1/2), and 7
+
 (S=1) are in excellent agreement with the 

experimental characterization (Figure 3c). In other words, 

electron transfer from the molecule to the Au(111) substrate 
reconciles the experiments with the theory.  

The charge transfer can be understood from the high work 

function of the Au(111) surface and the associated low bind-
ing energy of highest occupied molecular orbitals (HOMO) 

levels of hydrocarbon structures atop,
46

 along with the n-
doping effect of graphitic N-subsituents.

47
 Indeed, similar 

charge transfer processes were observed in  a number of N-
doped molecules on Au(111).

48–50
 In contrast, no charge trans-

fer was detected in the previous works studying unsubstituted 
extended triangulenes on Au(111).

14,15
 These findings agree 

with the lower ionization energy of aza-triangulene (5.0 eV, 
see Figure S9) as compared to those of unsubstituted 

triangulene and extended triangulenes (6.3 eV and 6.2 eV).  

Electronic properties of aza-triangulene on surfaces. In 
the following, we focus our attention to the electronic structure 

around the Fermi level of aza-triangulene (Figure 4). On 
Au(111), the dI/dV spectroscopy on 7 presents three promi-

nent peaks, at −1.35, 0.35 and 1.2 V (Figure 4a). The spatial 

maps of the dI/dV signal at −1.35 and 0.35 V are identical 

(Figure 4c, d) and can be associated to the SOMOs and 
SUMOs of 7

+
, respectively, separated by a 1.7 eV Coulomb 

gap.
13

 In fact, also the amplitude of the Kondo resonance 
appears with the same distribution as the SOMOs and SUMOs 

(Figure S10), supporting that the Kondo resonance originates 
from the SOMOs of the cationic aza-triangulene. In turn, the 

resonance at 1.2 V corresponds to the lowest unoccupied mo-
lecular orbital (LUMO; Figure 4b). The experimental dI/dV 

maps of all these orbitals exhibit three-fold symmetry and 
match well with the corresponding DFT-calculated density of 

states (DOS) for the positively charged aza-triangulene (Fig-
ure 4e; more details in Figure S11). In contrast, the conduct-

ance maps do not fit the DOS distribution of the frontier orbit-
als of the neutral aza-triangulene (Figure S11), corresponding 

to non-degenerate irreducible representations of the C2v sym-
metry point group (Figure 4f and Figure S11).  

It is known that the energy level alignment in molecule-

substrate dyads hinge on the substrate’s work function. 

Ag(111) displays a work function that is ~0.6 eV lower than 
that of Au(111) (~4.7 vs. ~5.3 eV),

51
 a difference that may be 

sufficient to prevent the electron transfer from the molecule to 
the substrate. Therefore, we used Ag(111) as substrate to 

produce aza-triangulene by the same hydrogenation procedure 

as on Au(111), followed by a 300 °C annealing treatment (see 
Figure S12). Neither a Kondo resonance nor any spin excita-

tion were detected for aza-triangulene on Ag(111) (Figure 

S12), suggesting a closed-shell ground state. This is clearly 
indicative that, rather than remaining as a neutral molecule 

with a doublet ground state, one electron was transferred from 
Ag(111) to aza-triangulene.

52
  

According to the DFT-calculated molecular orbitals (Figure 

4g), aza-triangulene indeed becomes closed-shell when it 

receives an extra electron and, like 7
+
, 7

−
 recovers three-fold 

(D3h) symm try s nc  th  d ubly d   n r t  ( ’’) HOMOs  r  

fully occupied and Jahn-Teller distortions are deactivated. 



 

 

 

Figure 3. (a) Low-energy dI/dV spectra taken of molecules 3, 4, 6, and 7, on Au(111). Lock-in amplitude: 2 mV. A Frota function is used 

to fit the spectra from 4, 6, 7, which are attributed to Kondo resonances. (b, c) DFT calculated energy levels of frontier molecular  and  

spin-orbitals of the (b) neutral and (c) positively charged molecules 3, 4, 6, and 7 (in vacuum). The drawn resonance structure of 7 will be 
further discussed in Figure 5 and its corresponding text.  

 

Figure 4. (a, g) Long-range dI/dV spectra taken on aza-triangulene on Au(111) and Ag(111), respectively. Lock-in amplitude: 20 mV. (b-

d) Constant-current dI/dV maps of aza-triangulene on Au(111) using a metal tip, at the energies of 1.2, 0.35, and -1.35 V, respectively. 
(e,g) DFT calculated spatial distribution of electron density of states corresponding to frontier molecular orbitals of aza-triangulene on 
Au(111) and Ag(111), respectively. The calculated electronic density of states is from the summation of the squares of the calculated de-
generate orbitals. (f) Energy levels of the neutral N-trangulene. (h,i) Constant-current dI/dV maps of aza-triangulene on Au(111) using a 
metal tip, at the energies of  0.7 and -0.6 V, respectively. All the scale bars are 5 Å.  

       In the long-range dI/dV spectra of aza-triangulene on 

Ag(111) (Figure 4j), two electronic resonances are clearly 
resolved at -0.6 and 0.7 V bias, which we assign to HOMOs 

and LUMO, respectively. dI/dV maps at these two energies 
(Figure 4g, h) exhibit three-fold symmetry and match nicely 

with the DFT-calculated spatial distribution of the HOMOs 
and LUMO DOS of 7− (Figure 4h, i).  

Discussion. Based on above observations, charge transfer 

between aza-triangulene and the substrate increases the mo-
lecular symmetry (from C2v to D3h). Whereas the neutral mole-

cule is predicted to display a C2v symmetry in its ground state, 
DFT calculations disclose, in agreement with experiments, 

that positively and negatively charged aza-triangulenes exhibit 

a D3h symmetry instead. Moreover, while 7
+
 holds a ferromag-

netic ground state (S=1), 7
-
 is a closed-shell (S=0) species. 

    In the following, we further rationalize the change of 

symmetry upon charge transfer (Figure 5). According to calcu-
lations,

27
 a neutral aza-triangulene with D3h symmetry (S=3/2) 

has longer carbon-nitrogen bond lengths (Figure 5a) than in 
the C2v conformation (Figure 5b). This suggests a lower bond 

order for the C-N bonds in the D3h configuration, resulting in a 
resonant structur  w th thr   unp  r d π r d c ls (F  ur  5a) 

delocalized evenly around the three-fold symmetric molecule 
and the nitrogen pz orbital not participating in the conjugated 



 

molecular -network. Note that, for this structure, the calculat-
ed spin density on N (Figure 5c) is parallel to that of the three 

neighboring C atoms, which goes against the antiferromagnet-

ic alignment of electronic spins in chemical bonds and is thus 

in agreement with the absence of a C−N -bond.
53

 In contrast, 

adoption of a C2v symmetry with S=1/2 (Figure 5b), driven by 

a Jahn-Teller distortion, reduces the C−N bond-lengths (lowest 

with one particular neighboring carbon atom; Figure 5b). A 
resonance structure that may correspond to this configuration 

involves a zwitterionic structure and a C−N -bond (Figure 
5b). This is also supported with the calculated spin density, 

which reveals no spin frustration,
53

 i.e., antiferromagnetic spin 
polarization interactions for all neighboring atoms (Figure 5d), 

stabilizing the C2v spin doublet (S=1/2) structure by 0.49 eV 
with respect to the D3h quartet.

27
 Besides, the agreement be-

tween the calculated spin density distribution and the proposed 
location of the π r d c l also matches the suggested 

zwitterionic structure (Figure 5b, d). Lastly, it also reconciles 
the ground state spin 1/2 with Ovch nn k v’s rul , since the 

bonding nature of the N pz orbital justifies its counting towards 
NB, whereas the carbon atom hosting the negative charge at 

the low side edge has its pz orbital doubly occupied and does 
not count towards NA (NA=11, NB=10, S=1/2).  

 

 

Figure 5. (a,b) Molecular structure of neutral aza-triangulene with 
D3h and C2v symmetry, respectively, along with the calculated 
length of the carbon-nitrogen bonds (Å). (c,d) Spin density distri-
butions of neutral aza-triangulene with D3h and C2v symmetry, 

respectively. (e,f) DFT frontier molecular orbitals of 7 with D3h 
and C2v symmetry, respectively, along with their relative energy 
alignments. (g) Molecular model of charged aza-triangulenes. C-
N bond lengths are indicated as red and blue numbers (Å) for 
positively and negatively charged cases, respectively. (h) Spin 
density distribution of 7+ (S=1). 

However, whereas the picture above rationalizes the sym-

metry and net spin for the neutral species 7, it does not explain 
the symmetry change upon molecular charging. This can be 

understood from the distinct filling of the frontier orbitals. In 
the D3h symmetry, the two-fold  ’’ orbitals present larger 

electron density probability at the molecular edges (Figure 5e), 
with a three-fold symmetric combined DOS. Neutral aza-

triangulene has an odd number of pz electrons with three elec-
tr ns  n th   ’’  rb t l sp c , which prevents an equal orbital 

occupation and induces a Jahn-Teller distortion towards the 

C2v structure (Figure 5b) lowering the overall energy of the 
system. Frontier orbitals of the C2v structure (a2 and b2; Figure 

5f) pr s nt sp t  l d str but  ns s m l r t  th   ’’ p  r  n th   3h 
arrangement, with two electrons filling the b2 orbital and one 

in the a2 orbital localized on the molecular vertex crossed by 

the C2 axis. As a result, the two-fold symmetric vertex of the 
molecule remains with a lower electronic density but higher 

spin density (Figure 5d).
54

  

Positively and negatively charged aza-triangulene molecules 

(7
+
 and 7−) hold an even number of pz electrons, allowing for 

 n  qu l p pul t  n  f th   ’’ fr nt  r  rb t l p  r. In 7
+
 th   ’’ 

space is partially occupied and vibronic couplings inducing 

D3h→C2v Jahn-Teller distortion, as in neutral 7, compete with 
Hund’s-rule coupling emerging from Coulomb repulsion and 
 xch n    nt r ct  n  f th  tw   l ctr ns  n th  tw   ’’  rb t-

als. In this case, the Jahn-Teller induced orbital stabilization is 
n t  n u h t   v rc m  Hund’s rul   nd,  s   r sult, 7

+
 has a 

spin-triplet D3h ground state (like its isoelectronic sister mole-

cule pristine triangulene)
3
 with the positive charge delocalized 

over the whole molecule. The calculated structure reveals a 

reduced C-N bond length comparable to that of the neutral C2v 
structure, hinting at the involvement of the N- t m  n th  π-

conjugation network, i.e., h  h r b nd  rd r  nd π-character of 
the C-N bond (Figure 5g). Indeed, this is also supported by the 

calculated spin density (Figure 5h), which, in contrast to the 
neutral D3h case (Figure 5c), now shows antiferromagnetic 

spin orientations between the N and its neighboring C atoms, 
as well as between all neighboring atoms throughout the 

whole molecule (Figure 5h).   

In 7−, the  ’’ orbitals become both doubly occupied, result-
ing in a closed-shell structure with three-fold symmetry and no 

net spin. Also here the calculated bond length for C-N (Figure 
5g) is shorter than for the neutral D3h structure, suggesting 

again the involvement of the N atom in the π-conjugation 
network.   

Altogether, this is a simplistic chemical view of symmetries 

vis-à-vis the charge state of the molecule: the neutral aza-
triangulene adopts a conformation, i.e., symmetry and reso-

nance structure, that minimizes the number of unpaired spins 
at the expense of lowering its symmetry and generating local-

ized charges in the zwitterionic form. In turn, the charged 
molecules adopt a three-fold symmetric conformation that 

delocalizes the charge and leads to closed-shell (7−) or open-
shell (7

+
) structures. 

Conclusion. In summary, we synthesized nitrogen-doped 

triangulene on both Au(111) and Ag(111) surfaces by H re-
duction followed by annealing and tip manipulations. The 

Kondo resonances of different intermediates and products 
provide evidences that charge transfer sets in from molecules 

to the Au(111) substrate and the aza-triangulene acquires a 
triplet open-shell ground state. This is further confirmed by the 

excellent agreement between the experimentally obtained 
conductance maps at the energies of the frontier molecular 

orbitals of aza-triangulene and DFT calculated counterparts on 
the positively charged aza-triangulene. Opposite from the case 

on Au(111), a low-work-function Ag(111) substrate donates 
an electron to aza-triangulene, leading to the formation of a 

closed-shell structure. In addition, we provide a chemically 
intuitive picture for the origin of the C2v symmetry of a neutral 

aza-triangulene molecule, and rationalize the symmetry diver-

gences of its charged states.  
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Methods 

 

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 cham-

ber 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 tem-

perature 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). After pickup, an increase in resolution is seen and a va-

cancy in the NaCl island can also be observed, which was reported in detail in our previous work.
1
 

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 package
2
 using the M06-2X functional and 6-

311G(d,p) basis set. Results were visualized by using the software Gaussview
3
 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 triangulene4 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 conver-

gence 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 spe-

cies. 

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.
5,6

   

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 re-

moved under reduced pressure and the residue was purified by column chromatography (SiO2; 4:1 hex-

ane/ethyl acetate) to afford S3 (3.6 g, 55%) as a yellow solid. 
1
H 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 dilut-

ed 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). Or-

ganic 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. 
1
H-NMR (10% TFA in CDCl3) δ 9.19 

(d, J = 7.7 Hz, 6H), 8.05 (t, J = 7.8 Hz, 3H). ppm. 

 

  



 

 

13 

 

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 bar are 5 Å. 

      dI/dV maps at −2.1 and 1.8 V should be associated with the HOMO and LUMO of ketone substitut-

ed N-triangulene respectively, in agreement with previous work.
7
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Figure S3. (a) large-area STM image of the ketone substituted N-triangulene covered 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 hydrogenat-

ed molecules are much higher than molecules before hydrogenation (~2.7 Å vs.~1.6 Å), indicating the 

existence of sp
3
 carbons after hydrogenation. Scanning parameters: (a) U=1 V, I= 100 pA; (b-d) U=−1 

V, I=−100 pA;  
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Figure S4. STM image of the 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. 
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Figure S5. Tip manipulations on a 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 sp
3
 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. All the scale bars are 5 Å. 
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Figure S6. Tip manipulations on another 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 recog-

nized, 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. 
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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. All the 

scale bars are 5 Å. 
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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.,
8
 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 tip
9
 at each 

temperature point. An effective temperature Teff is used to account for the modulation of the lock-in am-

plifier.
10

 Finally, we extract the Kondo temperature via the empirical found formula HWHMeff = 

 

 
          

 
        

  ,
11

 with the Boltzmann constant kB and the fitting parameters α and TK. The 

values α= 8.5±0.3 and TK = 39±1 K are obtained.  
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Figure S9. The ionization energies of (a) triangulene, (b) [4]triangulene, and (c) N-triangulene comput-

ed at the M06-2X/6-311G(d,p) level.  
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Figure S10. Constant-height dI/dV maps corresponding to LUMO, SUMOs, SOMOs and Kondo reso-

nance (at 2 mV) of N-triangulene on Au(111) using a Cl-functionalized probe. All the scale bars are 5 

Å. 
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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.   
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Figure S12. (a) STM image showing different molecular products obtained by annealing the hydrogen-

ated 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.  
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