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ABSTRACT: The emergence of quantum magnetism in nano- R

graphenes provides ample opportunities to fabricate purely organic . Au(111) or & )

devices for spintronics and quantum information. Although <& "5-uom e LN °1°'°‘{°"’d"f9°'l'°f'°" SN
heteroatom doping is a viable way to engineer the electronic " Cyokarimertation @j, N@ tomic manipulation iy
properties of nanographenes, the synthesis of doped nano- = : \%
graphenes with collective quantum magnetism remains elusive. y

Here, a set of nitrogen-doped nanographenes (N-NGs) with > t .

atomic precision are fabricated on Au(111) through a combination //f N’%

of imidazole [2+2+2]-cyclotrimerization and cyclodehydrogena- N Q‘I\

tion reactions. High-resolution scanning probe microscopy t Jrosmev W

measurements reveal the presence of collective quantum magnet-

ism for nanographenes with three radicals, with spectroscopic  Heisenberg model Ground spin states Excited spin states

features which cannot be captured by mean-field density functional

theory calculations but can be well reproduced by Heisenberg spin model calculations. In addition, the mechanism of magnetic
exchange interaction of N-NGs has been revealed and compared with their counterparts with pure hydrocarbons. Our findings
demonstrate the bottom-up synthesis of atomically precise N-NGs which can be utilized to fabricate low-dimensional extended
graphene nanostructures for realizing ordered quantum phases.

H INTRODUCTION been fabricated on surfaces, and their low-lying spin states have
been detected by scanning tunneling spectroscopy (STS), with

Graphene nanomaterial, with negligible spin—orbit coupling, is <
P ’ &8 P - examples as triangulenes,g’zo_25 Clar goblets,” and metal-free

an ideal platform to realize quantum nanomagnets with spin-

rotation symmetry and collective quantum excitations.”” The porphyrins.”*~* Collective excitations of Zc%uantum magnetisrz?
unpaired spins in nanographenes interact with each other via have been ozl;serv ed in triangulene dimers,™ triir;gulene rings
exchange interaction, forming collective quantum states which and chains,™ and metal-free porphyrin chains.”™" Recently, the
can be captured by Heisenberg model calculations. The interplay of quantum spins in nanographenes and cooper pairs
magnetism of nanographenes originates from the emergence of in superconductors has been observed.30 These results suggest
unpaired electrons in their z-bond topology, which can be that nanographenes host intrinsic quantum magnetism with
qualitatively captured by drawing non-kekulé structures.’ great potential for applications in spintronics and quantum
Sublattice imbalance, topological frustration, and topological information.

defects of 7-bond topology can introduce unpaired 7-electrons, Heteroatom substitution of graphene nanostructures pro-
giving highly tunable magnetic ground states.”*”* Although vides an effective way to engineer their electronic and magnetic
theoretical studies got started in the 1950s, experimental properties. For example, the incorporation of N dopants at the
realizatiqn of magnetic nanographenes has been achieved only edges of graphene nanoribbons (GNRs) locally tunes the
recently.””'* The experimental lag is mainly because the electron filling and results in atomically sharp GNR

magnetic nanographenes are usually unstable under ambient
conditions, and the synthesis of unsubstituted large nano-
graphene molecules using traditional synthetic chemistry is a
great challenge due to the poor solubility and high reactivity.'”
In the past decade, a bottom-up approach has been developed
as a modern method to synthesize nanographenes with precise
controllability and wide tunability, in which chemical reactions
are triggered at atomically flat metal substrates starting with
properly designed molecular precursors under ultra-high- -
vacuum conditions.'®'” Many magnetic nanographenes have

heterostructures.”’ ~** Nitrogen or boron atom doping inside
the GNR center, not at edges, introduces localized magnetic
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Figure 1. On-surface synthesis of N-NGs via imidazole [2+2+2]-cyclotrimerization and cyclodehydrogenation. (a) Imidazole [2+2+2]-
cyclotrimerization pathways on Au(111) and in solution. (b) Chemical structures of imidazole precursors (C1 and C2) with two different
adsorption configurations and nc-AFM images (resonant frequency: 26 kHz, oscillation amplitude: 80 pm, scale bars: 0.5 nm) of the corresponding
[2+2+2]-cyclotrimerization products (E1 and E2). (c) Chemical structures of in-solution synthesized imidazole trimerization precursors (P1 and
P2) and nc-AFM images (resonant frequency: 26 kHz, oscillation amplitude: 80 pm, scale bars: 0.5 nm) of the corresponding
cyclodehydrogenation products (F1 and F2). (d, e) Overview STM images (bias: 100 mV, current: 10 pA, scale bars: 3 nm) of synthesized
N-NGs on the Au(111) surface from (d) imidazoles (C1 and C2) and (e) in-solution pre-prepared imidazole trimerization precursors (P1 and P2),

respectively.

moments near the dopants by breaking the sublattice balance
of GNR z-bond topology.” Recently, nitrogen atom
substitution has been used to modify the electronic properties
of nanographenes, observing dication and tunable magnetic
ground states.””*”~*" However, the synthesis of heteroatom-
doped nanographenes with collective quantum magnetism
remains scarce.

The chemical reactivity of aromatic compounds can be
substantially modified by introducing heteroatoms. For
example, pyridine, pyrimidine, or imidazole groups are more
reactive than their carbon counterparts, which have been
widely used to realize efficient and selective coupling reactions
in solution. During the past decade, intense efforts have been
devoted to exploring controllable on-surface covalent reactions
using heteroatom-substituted groups. Substantial progresses
have been made in this direction with examples of controllable
regiospecific C—H activation,”” [1+1+1] cycloaddition,*
[3+2] cycloaddition,** azide-alkyne cycloaddition,* carbox-
yl—amine coupling,** and cyclopentamerization,*” to name a
few. The introduction of rich and excellent chemical reactivity
by heteroatom substitution provides a flexible toolbox for the
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fabrication of complex graphene nanostructures which may be
retractable by using molecular precursors with pure carbons.
Complex covalent single molecules, one-dimensional chains,
and even two-dimensional networks with n1tr0§en substitu-
tions have been fabricated on surfaces.””*%***"*73¢ Bearing
efficient and selective coupling reactions and the ability to tune
electronic properties, heteroatom doping provides a promising
route to realize ordered quantum phases in extended
nanographene networks, which remains a formidable challenge
in the field of carbon quantum magnetism.

Here, we fabricate a set of nitrogen-doped nanographenes
(N-NGs) on Au(1l11) using on-surface or in-solution
[2+2+2]-cyclotrimerization reactions of imidazole, followed
by on-surface cyclodehydrogenation. Scanning tunneling
microscopy (STM) and non-contact atomic force microscopy
(nc-AFM) are used to characterize different products at the
single-chemical-bond level. On-surface [2+2+2]-cyclotrimeri-
zation of imidazole gives a set of N-NGs with both homotactic
and heterotactic configurations. To realize coupling selectivity,
imidazole [2+2+2]-cyclotrimerization is first conducted in-
solution, and then on-surface cyclodehydrogenation is

https://doi.org/10.1021/jacs.2c10711
J. Am. Chem. Soc. 2023, 145, 7136—7146
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Figure 2. Polymerization pathways of imidazole (a) on the Au(111) surface and (b) in solution.

triggered on Au(111), which gives rise to purely homotactic N-
NGs. We attribute the selective imidazole trimerization in-
solution not on-surface to different ways of initiating reactions
and coupling pathways. Scanning tunneling spectroscopy
(STS) measurements reveal the presence of spin-singlet,
doublet, triplet, and quartet states in different N-NGs, which
can be explained by combined density functional theory
(DFT) and Heisenberg spin model calculations. The
mechanism of exchange interaction has been revealed and
compared with their pure hydrocarbon counterparts. Our
results demonstrate that heteroatom doping is not only an
effective way to engineer the magnetic ground states of
nanographenes but also provides a versatile toolbox to fabricate
complex functional nanographenes, sought-after as new-
generation organic materials in spintronics, photolumines-
cence, and quantum information.

B RESULTS AND DISCUSSION

On-Surface Synthesis of N-NGs via Imidazole
[2+2+2]-Cyclotrimerization and Cyclodehydrogena-
tion. Imidazole, as an important aromatic five-membered
heterocycle, has two meta-substituted nitrogen atoms, which
makes it unique chemoselectivity in synthetic reactions.
Therefore, polymerization of imidazole or its derivatives in
solution or solid-state has been used to construct the diverse
imidazole dimers and trimers.””*® However, direct polymer-
ization of imidazole on surfaces has not been explored, which
may be a promising approach for the synthesis of atomically
precise N-NGs. As shown in Figure 1a, this part illustrates the
[2+2+2]-cyclotrimerization of imidazole on two different
dimensions, namely, a two-dimensional Au(111) surface and
a three-dimensional solution. Due to the two-dimensional
surface confinement, there are four kinds of trimers with two
homotactic configurations and two heterotactic configurations
on Au(111) (marked by a red dashed square). Instead, the
imidazole [2+2+2]-cyclotrimerization in solution is highly
selective and gives rise to only two trimerization products with
pure homotactic configurations (indicated by a blue dashed
square). This difference may be attributed to the following two
facts: (1) the ways of initiating reactions to form the highly
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active carbon radical intermediates, in which the Au(111)
surface is through C—H activation and the solution is through
C—O activation;”® (2) the driving force of maintaining
reactions, in which Au(111) is the release of hydrogen atoms
and the solution is the release of phenols (Figure 2).

Initially, 6-methyl-S-(pyren-1-yl)-1H-benzo[d]imidazole was
used as a model molecular precursor, which may host two
different adsorption configurations (C1 and C2) due to the
Au(111) surface confinement (Figure 1b). Imidazole polymer-
ization and cyclodehydrogenation on Au(111) occur after
deposition and thermal annealing to 290 °C for 10 min,
affording a set of clover-like and bilobed structures (indicated
by a white dashed circle and ellipse in Figure 1d, respectively)
in the STM image, which can be assigned to the imidazole
trimer and dimer, respectively. High-resolution nc-AFM
images (Figure 1b) show two representative bond-resolved
[2+2+2]-cyclotrimerization products with heterotactic and
homotactic configurations, consistent with the reaction scheme
in Figure la. A frequently observed bilobal structure was also
identified by STM and nc-AFM imaging (Figure SSb),
showing two kinds of imidazole dimers that are from the on-
surface dehydrogenation homo- and cross-coupling of two
imidazoles C2, respectively. Notably, a four-lobed structure
was also occasionally observed in the STM images (Figure
S5b), which may be attributed to the imidazole tetramer,
suggesting an on-surface [2+2+2+2]-cyclotetramerization
pathway of imidazole. The statistical analysis by counting the
number of imidazole reactants in large-scale STM images
(Figure S6) reveals that the total ratio of coupling reactants is
greater than 95% (Figure S7), in which the total ratio of C—N
coupling (66%) is approximately twice that of the C—C
coupling (31%). In the formed coupling products, the most
abundant is the dimer involving C—C and C—N coupling,
followed by the trimer involving C—N coupling. The tetramer
and other oligomers are less abundant than the trimer.

To clarify the reaction pathways of imidazole polymerization
on Au(111), we conduct DFT calculations for the imidazole
polymerization process including C—H and N—H activation
(Figure S8) and subsequent C—C (Figure S9) and C—-N
coupling (Figure S10) by using 1H-benzo[d]imidazole as a

https://doi.org/10.1021/jacs.2c10711
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Figure 3. Electronic and magnetic characterization of representative diradical N-NGs. (a—c) nc-AFM images (resonant frequency: 26 kHz,
oscillation amplitude: 80 pm) of D1, D2, and D3 and the corresponding chemical structures. (d—f) dI/dV spectra of D1, D2, and D3. The
positions are marked by colored dots in Figure 2a—c. (g) Top: constant current dI/dV maps (set points from left to right: V= —15 mV, I = 40 pA;
V=15mV,I=40pA; V=-100 mV, I = 80 pA; V = 100 mV, I = 80 pA) showing the spin excitation distribution of D1 and D2; bottom: the
corresponding DFT-simulated LDOS images. (h) Constant height kondo map (bias: 2 mV) of D3 and the corresponding simulated LDOS image.
(i) DFT-calculated energy levels of the ground state and the excited state of D1, D2, and D3. Inset: corresponding spin density distributions. Scale

bars: 0.5 nm.

model reactant. In the C—H and N—H activation of imidazole,
the calculated reaction barrier for the C—H activation (1.98
eV) is slightly 0.19 eV lower than that for the N—H activation
(2.17 eV), suggesting that the C—H activation is a
thermodynamically favorable step. In comparison, the reaction
barrier of C—C coupling is 1.11 eV, which is 0.87 eV lower
than that of the C—H activation. The reaction barriers of C—N
coupling involving two reaction pathways are 1.48 and 1.05 eV,
which is 0.5—0.93 eV lower than that of the C—H activation.
These results demonstrate that the C—H and N—H activation
is the rate-determining step of imidazole polymerization and
two C—N coupling pathways are possible, resulting in the
formation of diverse C—N coupling products. In addition, C—
N coupling involves two possible pathways while C—-C
coupling only includes one pathway, supporting the exper-
imental statistical results. Based on the experimental results
and theoretical calculations, a tentative imidazole polymer-
ization pathway on Au(111) can be proposed, as shown in
Figure 2a and Figure S11a. The imidazoles first underwent C—
H and N—H activation to form surface-bound carbon and
nitrogen radicals, which underwent sequential C—C or C—N
coupling to give diverse coupling product dimers. Finally, the
C—N coupling of the dimer with other imidazole or imidazole-
derived active radical intermediates may further undergo the
intramolecular or intermolecular C—N coupling to afford the
[2+2+42]-cyclotrimerization, [2+2+2+2]-cyclotetramerization,
and other polymerization products, respectively.
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Next, the trimerization products were pre-prepared in
solution or solid-state from the imidazole derivative 2-
phenoxy-1H-benzo[d]imidazole (the detailed synthetic proce-
dure is given in the Supporting Information). Then the
trimerization products (P1 and P2) were directly used as
building blocks with the hope of obtaining N-NGs with
homotactic configuration on Au(111). After deposition and
thermal annealing to 290 °C, STM images (Figure le) show
high abundance of clover-like structures (indicated by white
dashed cycles) individually absorbed on the Au(111) surface,
which can be assigned to the products N-NGs after
cyclodehydrogenation. Further nc-AFM imaging shows that
most N-NGs exhibit homotactic configuration in the N-doped
core structure (the details are given in Figures $22-25),
suggesting the high selectivity of imidazole [2+2+2]-cyclo-
trimerization in solution. Based on the experimentally observed
results and previous literature report,”® we proposed a tentative
reaction pathway with the site-specific C—N coupling, where
the reaction process mainly involves C—O activation to
generate active phenolic radicals and N—H activation induced
by phenolic radicals with the release of phenols (Figure 2b and
Figure S11b). To get a better understanding of the difference
between reactions in solution and on the surface, we
performed Monte Carlo simulations with different flipping
probabilities and coupling probabilities. As shown in Figures
S12 and 13, MC simulations suggest that the coupling
probability rather than the flip play a vital role in the reactions

https://doi.org/10.1021/jacs.2c10711
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toward highly selective homotactic trimers in-solution. Such
results indicate that the on-surface and in-solution thermody-
namics is similar. The reason behind the selective coupling of
homotactic trimers in solution is due to their different reaction
pathways as proposed in Figure 2.

Magnetic Exchange for Diradical N-NGs. We note that
the m-radicals in nanographenes are quenched by hydrogen
passivation, imaging as local bright protrusions in nc-AFM
imaging due to the enhanced Pauli repulsion force of sp’
carbons (Figure 1b,c). Such sp’-passivated carbons can be
controllably transferred into sp* carbons by applying a voltage
pulse above 3 V to dissociate one hydrogen. Figure 3 shows
three representative diradical nanographenes constructed by
STM tip-induced atom manipulation, which are referred to as
D1, D2, and D3 for convenience. For D1 (D2), the two
unpaired spins are antiferromagnetically coupled as evidenced
by spinlip inelastic spectroscopy (Figure 3d,e), with a
magnetic exchange coupling strength of 10.8 meV (1.7
meV). Spatially resolved dI/dV mappings show the local
density of state (LDOS) distribution of nanographenes at a
chosen bias. We note that the maps at 10 meV (2 meV) are the
same as that at —10 mV (=2 meV) of D1 (D2) with dominant
intensity at the bottom arms, which indicates that the step
feature below and above the Fermi level should have the same
origin. In the STM junction, the inelastic tunneling electrons
excite the ground singlet state into the excited triplet state once
the bias exceeds the exchange coupling J, which gives rise to a
symmetric step feature at both the positive and negative biases.
For D3, the two spins are ferromagnetically coupled as
manifested as a sharp zero-bias Kondo resonance (Figure 3f).>
As shown in Figure 3i, the Kondo mapping near zero bias
reveals the spin density distribution of D3 with node patterns
delocalized at the lower two arms.

Spin-unrestricted DFT calculations have been performed to
determine exchange coupling | between the two spins in
diradical nanographenes by comparing the total energies for
different spin configurations. As shown in Figure 3i, we found
that DFT calculations qualitatively agree with experiments. For
D1 (D2), DFT calculations reveal that the spin-singlet state
has lower total energy than that of the spin-triplet state, giving
exchange coupling J = 6.3 meV (4.1 meV). The simulated
STM images using singly occupied/unoccupied molecular
orbitals in Figure 3h agree well with the experiments. For D3,
the spin-triplet state is the ground state with exchange coupling
J = —2.1 meV. In addition, the Heisenberg S = 1/2 model has
been performed to elucidate the experimental observations.
For ferromagnetically coupled S = 1/2 dimers, the ground state
is the three-fold degenerated triplet state, and the first excited
state is the spin-singlet state with an energy gap of J; for the
antiferromagnetically coupled case, the ground state is the
spin-singlet state, and the excited state is the degenerated
triplet state. Using a perturbative approach to address the
scattering process in the STM junction, the simulated dI/dV
spectra fit with experiments very well using the exchange
coupling of ] = 10.8, 1.7, and —1.2 meV for D1, D2, and D3,
respectively (Figure $14).°° Our results indicate that DFT
calculations using mean-field approximations qualitatively
agree with Heisenberg spin model calculations for such two-
spin systems, consistent with the previous studies.”'"'¥°!

Exchange Mechanism of Diradical N-NGs and
Comparison with Their Pure Hydrocarbon Counter-
parts. As shown in Figure 4a,b, the unpaired spin in each arm
originates from sublattice imbalance, with dominated spin
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Figure 4. Comparison of N-NGs with pure hydrocarbon counter-
parts. (a) Sublattice imbalance of each arm with gray dots indicating
sublattice A and open red circles indicating sublattice B. (b)
Calculated spin density distribution of each arm. Red: spin-up
density; blue: spin-down density. (c—e) Left: different linkers; right:
chemical structures and the magnetic ground state of different dimer
configurations.

density at sublattice A. There are three different diradical
dimers when two arms are connected via a conjugated linker.
For comparison, we calculated the magnetic ground states of
three different linkers, as marked by LN1, LC1, and LC2 in
Figure 4c—e. For all the linkers, the diradical dimer
configurations D1 and D2 host antiferromagnetic exchange
interaction with a singlet magnetic ground state; the diradical
dimer configuration D3 hosts ferromagnetic exchange
interaction with a triplet magnetic ground state. As illustrated
in Figure S19, the s-electron topologies of LC1 linked
nanographenes can be simplified as bipartite honeycomb
graphs by removing the sp® carbon sites. The magnetic ground
states can be determined by counting the number of carbon
atoms in each sublattice of the graphene honeycomb lattice.
For the D3 configuration, the sublattice imbalance is N, — Nj
= 2, which gives rise to a magnetic ground state of S = (N, —
Ng)/2 = 1 according to Lieb’s theorem.” For the D1/D2
configuration, the sublattice imbalance is zero, which gives rise
to either an open shell S = 0 singlet state or a closed-shell state.
To determine the ground state, one can calculate the bipartite
graph’s nullity (7 = 2a — N, where a is the maximum possible
number of non-adjacent sites and N is the total number of
sites).” The nullity is 7 = 2 for D1 and D2, which indicates that
there are two zero eigen states of this graph, giving rise to an
open-shell S = 0 singlet state due to topological frustration,
similar to Clar’s goblet structure.” In short, sublattice
imbalance results in a ferromagnetic coupled state and
topological frustration of s-electron topology gives rise to an
antiferromagnetic coupled state for LC1 linked nanographenes.
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Figure S. Collective quantum magnetism of a triradical N-NG with ground state S = 1/2. (a) Chemical structure of the triradical N-NG. (b) dI/dV/
spectra as taken at the positions marked in Figure 3d. (c) Simulated dI/dV spectra using a perturbative approach. (d) Constant-height current
image (bias: 2 mV) of the triradical N-NG. (e, f) Constant-current dI/dV maps (set points from left to right: V= —1SmV, I =40 pA; V=15 mV, I
=40 pA). (g) Heisenberg spin model of the triradical N-NG. (h) Calculated spin states using the Heisenberg spin model. (i) Wave function of the
ground states (black box) and excited states (red box) in Figure 3h. Scale bars: 0.5 nm.

For LC2 linked nanographenes, a similar exchange mechanism
applies. As shown in Figure S20, the D3 configuration has
sublattice imbalance N, — Ny = 2 and thus has magnetic
ground state S = 1; D1 and D2 configurations have a balanced
sublattice and have a magnetic ground state of the S = 0 singlet
state.

For LNI1 linked nanographenes, the situation is more
complicated since the pentagon rings break the bipartite
sublattice symmetry of graphene. One cannot determine the
magnetic ground by counting the sublattice imbalance or
topological frustration nullity of z-electron topology. Here, we
propose an empirical way to determine the magnetic ground
state of LN1 linked nanographenes. As illustrated in Figure
S21, we can determine the magnetic ground state through a
local counting rule. Such an empirical method also applies for
LC1, LC2, and LNI nanographenes.

The magnetic exchange coupling strength between any two
unpaired electrons in 7-conjugated systems is a metric of the
overlap of the two singly occupied orbitals, given by
J=2U%, Iq)l(i)lzlqaz(i)l?', where U denotes the Coulomb
repulsion.”> Qualitatively, the larger the overlap is, the stronger
the exchange coupling strength. Since the singly occupied
molecular orbital of each arm is asymmetric, the exchange
coupling strength should be different for different dimer
configurations. Additionally, we notice that LC2 linked
nanographenes have the largest coupling strength, LN1 linked
nanographenes the medium, and the LC1 linked nano-
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graphenes the smallest. This indicates that the conjugation
degree of the linkers also plays an important role in the
coupling strength.

Collective Quantum Magnetism in Triradical N-NG
with Ground State S = 1/2. As shown in Figure Sa, we
studied the spin states of a triradical N-NG with one radical
per arm. We refer to the three arms as Al, A2, and A3.
Differential tunneling spectroscopy measurements have been
performed to resolve the low-lying spin states of the triradical
N-NG. As shown in Figure Sb, a sharp zero-bias peak is
observed only at Al, and a U gap is obtained at A2 and A3
with the same step energy at 10.8 meV. Spin-unrestricted DFT
calculations reveal the presence of four spin states with equal
intensity of spin density per arm: (1) the ground state is S = 1/
2; (2) three excited spin states with the energy difference
between the ground state and the three excited states of 4.7,
8.5, and 9.1 meV, respectively (cf. Figure S15). Apparently,
DFT calculations fail to describe the experimental results,
where the predicated three excitation gaps and the uniform
spin density distributions clearly deviate from experiments.
The discrepancies between experiments and DFT calculations
are mainly from mean-field approximations, in which the wave
functions are not the eigenstates of the total spin operator $,
but of the S, projection. It is, therefore, inaccurate to describe
spin states of open-shell nanographenes with more than two
spins by using mean-field approximations. Many-body
quantum chemistry methods should be more suitable but are
limited to small systems due to their heavy computation load.
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Figure 6. Collective quantum magnetism of triradical N-NGs with ground state S = 3/2. (a) nc-AFM images (resonant frequency: 26 kHz,
oscillation amplitude: 80 pm) of four representative N-NGs. (b) Chemical structures of four representative triradical N-NGs as marked as T1', T2/,
T3', and T4'. (c) dI/dV spectra of T1', T2, T3/, and T4’ as taken at the positions as marked in Figure 4d. (d) Corresponding constant-height
current images (bias: 2 mV). (e) Heisenberg spin model of triradical N-NGs. (f) Calculated spin states of triradical N-NGs using the Heisenberg
spin model with parameters in (e). (g) Simulated dI/dV spectra based on the spin states in (f) using a perturbative approach. Scale bars: 0.5 nm.

The triradical N-NGs can be simplified as three spins with
unequal exchange coupling with J;, = =12, J, = 1.7, and J; =
10.8 meV (the exchange coupling values are obtained by fitting
the experimental spectra of spin dimers as shown in Figure
S14). The spin states of triradical N-NGs can be obtained by
using the Heisenberg spin model with Hamiltonian

A= 2 ;é]_]n §,§] In such a model, the exchange interaction

among two spins is isotropic without considering magnetic
anisotropy due to the negligible spin—orbit coupling of
carbon/nitrogen materials. Such Heisenberg Hamiltonian can
be strictly solved and give a complete set of ground spin states
and excited states. For a system with three spins, there are in
total eight eigen states. As shown in Figure Sh, the ground
states have two-folder degeneracy, with quantum number S =
0.5, S, = — 0.5,0.5 (marked by black dots). The wave functions
are shown in Figure Si, where the ground states have dominant
projected weight in the z direction at spin #1. This nicely
agrees with experiments, where the ground states show
dominant Kondo intensity at Al (Figure 5d). There are six
nearly degenerated excited states as marked by red dots. The
wave functions of the two excited states with S = 0.5 have
dominant weight at spin #2 and #3, while the wavefunctions of
the four excited states with S = 1.5 have an equal weight per
spin. In total, the six excited states have dominated weight at
spin #2 and spin #3. The excited states also agree well with the
experiment, where there is only one excitation gap (instead of
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three as predicted by DFT) with dominated spectra weight
only at A2 and A3 (Figure Se,f). For a better comparison, the
dI/dV spectra are simulated using a perturbative approach
based on the calculated Heisenberg spin states (Figure Sc),
which finely reproduce all the experimental observations. The
agreement between the Heisenberg spin model and experi-
ments suggests that open-shell nanographenes with three spins
host collective quantum magnetism.

Collective Quantum Magnetism in Triradical N-NGs
with Ground State S = 3/2. Homotactic nanographenes can
be fabricated by merging in-solution imidazole [2+2+2]-
cyclotrimerization and on-surface cyclodehydrogenation. Due
to the flip of the methylnaphthalene group after adsorption on
Au(111), there are four different configurations of N-NGs with
radicals that are quenched by hydrogens (Figure 6a). Using
atom manipulation, we controllably dissociated sp® hydrogens
to construct diradical nanographenes, which have ferromag-
netic coupling for all the cases due to homotactic coupling of
imidazole (Figures S22—25). Triradical nanographenes are
further constructed, and their magnetic properties are resolved
by dI/dV spectroscopy. As shown in Figure 6b, we refer to the
four configurations with triradical N-NGs as T1’, T2/, T3’, and
T4'. We find that all the homotactic trimers exhibit the same
magnetic ground state. A sharp zero-bias Kondo peak is
observed at each arm of all the T1'—T4/, suggesting the
presence of a high spin state with S = 3/2. Kondo mapping
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resolves the spatial distribution of spin density, which
delocalizes inside the whole nanographenes (Figure 6d).
These results suggest that magnetic coupling depends crucially
on reaction coupling details. Homotactic coupling gives
ferromagnetic coupling (Figure 3c and Figures $22—25), and
heterotactic coupling results in antiferromagnetic coupling
(Figure 3a,b).

The spin states of T1'—T4' are elucidated using the
Heisenberg spin model, with J; = J, = J; = —1.2 meV (Figure
6e). The calculated spin states are shown in Figure 6f. The
ground states have four-fold degeneracy, with S = 1.5, S, = —
1.5, — 0.5,0.5,1.5 (marked by black dots). The wave functions
of the ground states have an equal weight per spin site, which
agrees with the experimental observation of delocalized spin
density distributions (Figure 6d). The excited states also have
four-fold degeneracy, with S = 0.5, S, = — 0.5,0,0.5,0 (marked
by red dots). Based on Heisenberg spin states, we simulated
the dI/dV spectra using a perturbative approach, which fit with
experiments well (Figure 6g).

B CONCLUSIONS

In summary, we fabricate a set of nitrogen-doped nano-
graphenes with collective quantum magnetism via merging on-
surface or in-solution imidazole [2+2+2]-cyclotrimerization
and cyclodehydrogenation reactions. We reveal that imidazole
[2+2+2]-cyclotrimerization occurs both on-surface and in-
solution. On-surface imidazole trimerization gives rise to both
homotactic and heterotactic trimers, while in-solution
trimerization has high selectivity and results in pure
homotactic trimers. Such differences can be attributed to the
different ways of initiating reactions and coupling pathways.
The magnetic spectroscopic features of these N-NGs are
reproduced by Heisenberg spin model calculations. Our work
demonstrates that heteroatom substitution provides a versatile
toolbox for the efficient and selective fabrication of complex
nanographenes which are difficult to realize by using
precursors with pure carbons. The ability to engineer both
the electronic properties and chemical reactivity by heteroatom
substitution shows substantial potential to further realize
designer quantum phases, such as quantum spin liquid states,
in extended graphene frameworks.
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