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Abstract: Triangulenes as neutral radicals are becoming promising
candidates for future applications such as spintronics and quantum
technologies. To extend the potential of the advanced materials, it is
of importance to control their electronic and magnetic properties by
multiple  graphitic  nitrogen doping. Here, we synthesize
triaza[5]triangulene on Au(111) by cyclodehydrogenation, and its
derivatives by cleaving C-N bonds. Bond-resolved scanning
tunneling microscopy and scanning tunneling spectroscopy provided
detailed structural information and evidence for open-shell singlet
ground state. The antiferromagnetic arrangement of the spins in
positively doped triaza[5]triangulene was further confirmed by density
function theory calculations. The key aspect of triangulenes with
multiple graphitic nitrogen is the extra p, electrons composing the 1
orbitals, favoring charge transfer to the substrate and changing their
low-energy excitations. Our findings pave the way for the exploration
of exotic low-dimensional quantum phases of matter in heteroatom
doped organic systems.

Introduction

A unique class of open-shell nanographene, the zigzag-edged
triangular nanographene, has attracted enormous interest as a
promising candidate in next-generation molecular spintronics due
to their multiple unpaired T-electrons and intriguing magnetic
properties.[' However, the high reactivity of the zigzag edge leads
to a long-standing challenge to synthesize unsubstituted

triangulenes in solution based organic chemistry. In this regard,
on-surface synthesis® has become a powerful strategy to
fabricate triangulenes under ultra-high vacuum conditions
because such reactive carbon-based structures can be obtained
from designer precursors. So far, a series of triangulenes have
been synthesized on surfaces by both tip-induced manipulationf!
and annealing of precursors.®l The previous studies
demonstrated that the total net spin of triangulene and its higher
homologues (N = 3, where N is the number of carbon atoms on
each zigzag edge) linearly increases with their size N (Scheme
1a). However, even using the on-surface synthesis strategy,
extended triangulenes (N > 7) with higher polyradicals poses
significant challenges in terms of the solubility of the precursors
and the thermal stability during sublimation. It has been
demonstrated that heteroatom doping of graphene-based
structures allows further tuning of their electronic and magnetic
properties.®! For instance, introducing a nitrogen atom into the
triangulene structure is an alternative approach to obtain a higher
polyradical, consequently inducing an additional tr-electron to the
triangulene due to the double occupancy of the nitrogen’s p:
orbital.[5¢¢1 The introduction of more nitrogen atoms into the same
sublattice sites increases the imbalance of the T-electrons, which
in a controlled scenario can be used as a tool to tailor the
magnetism that arises from the topological frustrations.

Here, we successfully synthesized triaza[5]triangulene (2),
a version of the N = 5 triangulene with three graphitic nitrogen
atoms, in which the spin and orbital degeneracy coexist, driving
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the molecule to a valley-mixing phase in its neutral phase. We
synthesized 2 from 4,8,12-Tris(2,6-dimethylphenyl)-4,8,12-
triazatriangulenium*-ClI= (1) as a precursor ion pair by
cyclodehydrogenation on the Au(111) surface (Scheme 1b).
Surprisingly, C-N bonds in 1 were also broken during the
annealing process, resulting in the additional formation of N-
doped trapezoidal nanographene (3) and triaza[3]triangulene (4),
in which pyridinic nitrogen atoms exist. A combination of bond-
resolved scanning tunneling microscopy (BR-STM) with a carbon
monoxide (CO) terminated tip”? and scanning tunneling
spectroscopy (STS) revealed that all three products exhibit an
open-shell singlet ground state on Au(111). Our density function
theory (DFT) calculations show an S = 1/2 state in gas-phase
neutral 2 and 3, suggesting that the open shell-singlet is a
consequence of charge transfer between molecule and substrate.
This is consistent with cationic versions of 2 and 3 with
antiferromagnetic (AF) alignment. Hence, the excitation of two
exchange coupled spins by tunneling electrons is the reason for
the symmetric steps around the Fermi level observed in the STS,
where the magnetic exchange coupling (MEC) strengths in 2, 3,
and 4 are 9, 10.6, and 31 meV, respectively. Our finding validates
the influence of multiple graphitic nitrogen doping on high-spin
nanographene.
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Scheme 1. Chemical structures of open-shell triangulenes and
synthesis strategy for azatriangulenes and nitrogen-doped
nanographene. (a) Triangulenes with different numbers of zigzag
carbon atoms (N) and predicted spin multiplicity (S), having a
linear relationship between S and N. (b) Chemical structures of

4,8,12-Tris(2,6-dimethylphenyl)-4,8,12-triazatriangulenium*-Cl~
(1) as a precursor ion pair and triaza[5]triangulene (2), nitrogen-

doped nanographene (3), and triaza[3]triangulene (4) as products.

C-N bonds indicated by red lines in 1 can be broken during
cyclodehydrogenation. The N—H bonds in 3 and 4 are omitted for
simplicity.

Results and Discussion

The precursor 1 was synthesized via solution chemistry (see
Supporting Information for detailed synthetic procedures). To
obtain triaza[5]triangulene, several different preparation
parameters were tested. For example, 1 was either deposited on
Au(111) kept at room temperature followed by annealing the
sample to 300 °C or deposited on Au(111) kept at elevated
temperatures (300~400 °C). We found that increasing the
substrate temperature increased the reaction yield of
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triaza[5]triangulene. The products were finally obtained by
depositing 1 on Au(111) kept at 380 °C (Figure S1) and
subsequently were characterized with STM at 4.3 K. We observed
three kinds of isolated products as indicated by squares in red,
blue, and green (Figure 1a), with yields of 5%, 13%, and 3%,
respectively (Figure S2). The close-up view of the STM
topography in the area indicated by the red square shows the
product as an equilateral triangular shape with a side length of
approximately 1.4 nm (Figure 1b). Both the shape and side length
are consistent with those of triaza[5]triangulene. Next, the close-
up view of the STM topography in the area indicated by the blue
square shows an isosceles trapezoid shaped molecule (Figure
1c). The length of the longer side was approximately 1.4 nm,
which is almost identical to the side length of 2. Therefore, we
tentatively identify this molecule as a broken triaza[5]triangulene,
which is formed by accidental cleavage of one C—N bond during
the cyclodehydrogenation process. Additionally, we observed a
molecule with a smaller equilateral triangular shape as indicated
by the green square (Figure 1d). The side length is approximately
0.9 nm, which is smaller than that of triaza[5]triangulene (Figure
1b). This molecule is likely triaza[3]triangulene, formed by
dissociating  all  dimethylphenyl  groups  during the
cyclodehydrogenation. The constant-height BR-STM image
(Figure 1e) of the larger triangular molecule and the
corresponding Laplace filtered image (Figure 1f) reveal the
skeletal structure. However, the left corner part was still unclear.
By setting the tip closer to the surface by 21 pm, the hexagonal
ring appeared at the corner (Figure S3), meaning that the
molecule was composed of 15 fused six-membered rings. Thus,
the larger triangular molecule corresponds to 2. The neutral form
of 2 was tentatively depicted in Figure 1g, which helped to identify
the number of its T-electrons as 49. We found significant
variations of the contrasts at the edges of 2 in the BR-STM image.
The bright contrast around the edge should relate to the spin
polarization.® Note that no significant feature relating to the CH,
termination caused by imperfect cyclodehydrogenation was
observed.? The BR-STM image (Figure 1h) of the trapezoidal
molecule and the corresponding Laplace-filtered image (Figure
1i) show 12 fused six-membered rings in the molecule. Thus, the
product was synthesized via cyclodehydrogenation among two
2,6—dimethylphenyl groups and the triaza[3]triangulene core
while the last phenyl group was simply dissociated, that is 3
(Figure 1j). After this dissociation, the N atom at the edge was
passivated by an H atom, as demonstrated by the manipulation
experiment (Figure S4). The BR-STM image (Figure 1k) of the
smaller triangular molecule and the corresponding Laplace
filtered image (Figure 11) show three benzene rings and a darker
region at the center. Due to the high mobility of this small molecule,
it was challenging to obtain a higher resolution image. Inspired by
the formation of 3, this smaller molecule could correspond to 4,
which was synthesized via dissociation of three 2,6-
dimethylphenyl groups in 1 (Figure 1m). This compound deviates
from our main focus due to the absence of the graphitic nitrogen
doping. Moreover, substituting CH groups at zigzag edges with N
atoms can retain the electronic properties of the molecule
because the nitrogen atom maintains the T-system topology
equivalent to that of the substituted CH group.l'® Additionally, the
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contribution of such pyridinic nitrogen to the modulation of the
magnetic property is considerably less.!'"! Therefore, we focus on
the products with graphitic nitrogen atoms, 2 and 3. Apart from
the isolated products, a number of dimers and trimers as well as
oligomers of 2—-4 were also formed because the highly reactive
edges of open-shell molecules tend to be stabilized by fusing with
each other at elevated temperatures.['? In a fused product

BR-STM
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composed of one 3 and two 4 molecules, 4 was bound to the
longer side of 3 (Figure S5). The reactivity of the longer side is
most probably higher than that of the shorter one due to the
localized spins. Note that we found absence of the product
synthesized by dissociating two 2,6-dimethylphenyl groups from
1, most probably relating to the low cleavage barrier of the last C—

N bond.

Laplace-filtered Model

Figure 1. On-surface syntheses of 2—4. (a) Large-scale STM image of the sample prepared by depositing precursor 1 on Au(111) kept
at 380 °C. (b—d) Close-up views of 2, 3, and 4, respectively. (e, h, k) BR-STM images over the structure in (b—d), (f, i, I) the corresponding
Laplace filtered images, and (g, j, m) the chemical structures superimposed on the corresponding Laplace filtered images. Measurement
parameters: sample bias voltage V =200 mV and tunneling current / = 10 pAin (a). V=200 mV and / = 10 pAin (b). V=200 mV and

I=2pAin(c). V=100 mV and /=10 pAin (d).

Ovchinnikov’s rule™® and Lieb’s theorem![' are commonly
employed to estimate the spin state of [N]triangulenes.!"
However, we found that the products do not follow the
Ovchinnikov-Lieb rules since the system does not obey half-filling,
complicating the prediction of their ground state. We investigated
magnetic properties of 2 and 3 by acquiring low energy dl//ldV
spectra (Figure 2). Both d//dV curves (middle panels in Figure 2)
show dip features at the zero bias surrounded by two symmetric
steps, which are attributed to excitation by tunneling electrons of
spins localized at different sites in molecules.!" This is consistent
with the distinct contrasts observed by BR-STM as shown in
Figure 1, where brighter spots are observed at the corner and
edge of 2 and at the larger edge of 3. Assuming the spins are
concentrated over these brighter areas, the tunneling electrons
can inelastically flip the spins through a resonance process when
the energy is equivalent to the exchange coupling between the
spins.l'" We assume that the p; electrons modified by the nitrogen
atom doping induce spin alignment in the system and act as
apparent sublattices localized at the bright spots in Figure 1. The
absence of Kondo resonance at the zero bias in the d//dV curves
indicates a spin-flipping transition from open-shell singlet states
to triplets, which is similar to an AF to ferromagnetic (FM)
transition.['® Since 2 and 3 with the geometries proposed here
contain odd numbers of electrons, only a charge transfer
mechanism between the products and the underlying gold
substrate could influence their spin multiplicity in a way that allows

such spin states.5 Electron donation to gold surfaces is expected
in nitrogen-functionalized systems due to the misalignment of
their Fermi level with the vacuum.!"® The corresponding inelastic
electron tunneling spectroscopy (IETS) spectrum of 2 shows that
the MEC between spins is ~9 meV while that of 3 shows a similar
MEC of 10.6 meV (right panels in Figure 2). Note that 4 has an
MEC energy of 31 meV (Figure S6), which is relatively large for
[3]triangulene-based structures.?®! We also measured the fused
trimer composed of one 3 and two 4 molecules and the measured
MEC energy (9.6 mV) over the 4 unit in the fused molecule was
smaller than that of the isolated 4 (Figure S5). The strong spin
coupling between multi spin units significantly reduces the energy
difference between the ground state and the excited state of 4.
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Figure 2. Characterization of the magnetic properties of 2 and 3.
(a, b) d//dV and IETS spectra were taken at the sites marked by

red dots in the left panel in a and b, respectively. Vac =5 mV. The
d//dV curves in black were taken over the bare Au(111) surface.

To get an insight into the spin state of the products and to
elucidate the charge transfer mechanism, we investigated their
frontier orbitals using STS measurements. The d//dV spectra
taken at three different sites of 2 have several electronic

resonances at 0.9, —0.9, and -1.3 V as well as a dip feature
around the Fermi level (Figure 3a). We found that the contrasts in
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are C, symmetric rather than Cs symmetric (Figure 3b). The
spatial distributions of the d//dV maps measured at -0.9 and 0.9
V concentrated along the edges, with the number of bright lobes
matching those in the simulated maps at -1.2 and 0.9 V,
respectively (Figure 3c). Thus, the energies relate to the DFT
frontier orbitals w4 and w3 in Figure 3d.°4 Here, we selected the
energies of the simulated images to get a best agreement with the
measured d//dV maps. The simulated d//dV maps (Figure S7)
over a wider energy range reveal significant broadening of the
corresponding orbitals (Figure 3e). The orbitals y, and ys have
similar distributions as the d//dVimages measured at -0.7 to -1.1
V have similar contrasts (Figure S8). We also found that the d//dV
image at -1.3 V (Figure 3b) is in agreement with the simulated
d//[dV map at -1.8 V, corresponding to the w4 orbital. It should be
noted that the slight deviation of the energies would relate to the
hybridization of the molecular orbitals with the substrate. The
energy levels in Figure 3e reveal the open-shell characteristic of
2*, where the low energy spin orbitals are degenerated but
spatially separated (for example, both spin orbitals of w1 are at the
same energy (Figure 3e) but are located at opposite sides of 2*
(Figure 3d)). Note that charging the molecule leaves the w4 orbital
unoccupied, breaking the orbital-degeneracy observed in neutral
2. The d//dV maps of 3 and 4 were also measured at different
energies (Figures S9,510). We found that 4 was highly mobile at
negative sample bias voltages (Figure S11).

the constant current d//dV maps at the corresponding energies
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Figure 3. (a) Long-range d//dV spectra taken at the sites of 2 marked by green, red, and blue dots in the inset. The curve in black was
taken at the bar Au for a reference. Vac = 10 mV. (b) Constant-current d//dV maps of 2 taken at -1.3, -0.9, and 0.9 V with a metal tip,
which was obtained by contacting to a clean gold substrate. (c) DFT simulated constant height d//dV maps of 2* that best agree with
the resonances observed in the experiment. (d) Spatial distribution of the wave functions of 2*, where the w4 wave function in blue is
the orbital that becomes unoccupied when the system is positively charged. (e) Energy levels of 2* and its spin density in the inset.

In contrast to [5]triangulenel®! (Figure 4a) and singly doped
aza[5]triangulenel®® (Figure 4b), the three extra electrons in 2
populate degenerated levels, leading to Jahn-Teller distortions
and a valley-mixing of the highest occupied molecular orbital in
an S = 1/2 ground state (Figure 4c). This is similar to earlier results

for the smaller aza[3]triangulene.’® For 2, enforcing C; symmetry
as seen in Figure 4d leads the wave function to vanish completely
at the central atoms[?'l. If this restriction is removed, the distance
maps reveal that the Jahn-Teller distortion is observed around the
nitrogen atoms (Figure 4e), and charging the system does not
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induce the Cs symmetry (Figure 4f). The distortion also causes a
distribution of the wave function over the central atoms, where 2
is then driven to an AF phase as one electron is transferred to the
surface while retaining a Jahn-Teller distortion compatible to the
charged system, thus leading to the C> symmetry of the d//dV
maps. We noticed that fixing a triplet ground state in cationic 2*
and 3* brings the systems to an FM phase, increasing their total
energies by 0.9 and 5.2 meV, respectively.

a [5]triangulene b aza[5]triangulene c triaza[5]triangulene
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Figure 4. (a—c) Evolution of the low energy levels among
[5ltriangulene, aza[5]triangulene, and 2 (triaza[5]triangulene).
The Insets show the spin density of each case. (d—f) Distance
maps of 2 in three different scenarios: in (d) the C; symmetry is
kept intact while in (e) and (f) the Jahn-Teller distortion is clearly
seen around the nitrogen atoms for the neutral and cationic 2,
respectively.

-8 8

Conclusion

We demonstrated the synthesis of triaza[5]triangulene and its
derivatives via cyclodehydrogenation of triaza-precursor ion pair.
BR-STM revealed their chemical structures while their open-shell
singlet ground states were investigated with a combination of STS
and DFT calculations. The additional m-electrons introduced by
the graphitic nitrogen atoms and the charge transfer between the
molecules and the substrate led to an AF alignment. We found
that the azatriangulenes have a relatively high magnetic
exchanging coupling strength, which is an important parameter
for spin-logic operations at practical temperatures. Our results
provide elementary building blocks to explore quantum
magnetism and a strategy for the bottom-up synthesis of high-
spin quantum nanostructures for future spintronic devices.
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tnaza[5]tr|angulene Jahn-Teller distortion Sample bias (mV)

o|2//dv2 (a.u.)

Triaza[5]triangulene, containing three graphitic nitrogen atoms, and its derivatives were successfully synthesized through
cyclodehydrogenation and C—N bond cleavage from 4,8,12-Tris(2,6-dimethylphenyl)-4,8,12-triazatriangulenium on Au(111). Their
chemical structures and spin states were investigated with a combination of bond-resolved STM, STS, and DFT calculations at low
temperature.
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