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ABSTRACT: Triangulenes are prototypical examples of open- Af(x,y)
shell nanographenes. Their magnetic properties, arising from the
presence of unpaired 7 electrons, can be extensively tuned by
modifying their size and shape or by introducing heteroatoms.
Different triangulene derivatives have been designed and
synthesized in recent years thanks to the development of on-
surface synthesis strategies. Triangulene-based nanostructures with
polyradical character, hosting several interacting spin units, can be
challenging to fabricate but are particularly interesting for potential
applications in carbon-based spintronics. Here, we combine
pristine and N-doped triangulenes into a more complex nano-
graphene, TTAT, predicted to possess three unpaired 7 electrons
delocalized along the zigzag periphery. We generate the molecule on a Au(111) surface and detect direct fingerprints of multiradical
coupling and high-spin state using scanning tunneling microscopy and spectroscopy. With the support of theoretical calculations, we
show that its three radical units are localized at distinct parts of the molecule and couple via symmetric ferromagnetic interactions,
which result in a S = 3/2 ground state, thus demonstrating the realization of a molecular ferromagnetic Heisenberg spin trimer.

B INTRODUCTION

Recent advances in molecular nanoscience have shown that
small graphene flakes with atomically customized shapes can
exhibit 7-paramagnetism associated with radical states in open-
shell structures. This unique form of magnetism exhibits
distinctive characteristics such as spin delocalization and large

energies generally amount to a significant fraction of an
electronvolt. While systems with considerable energy gaps
between the ground and excited spin states can be attractive
for some applications related to classical magnetism, this can
be a drawback for applications utilizing the full spin spectrum
of the nanographene.

spin exchange interactions.”” Owing to the weak spin—orbit
coupling in carbon compounds, spin-hosting nanographenes
are anticipated to exhibit long spin-coherence times, making
them promising candidates for applications in quantum
computing.3 The spin ground state of a magnetic nano-
graphene is determined by its atomic-scale structure and
composition.” Therefore, atomically precise on-surface syn-
thesis (OSS) techniques,® in combination with the solution
synthesis of organic precursors, offer a unique opportunity to
engineer novel magnetic states in two dimensions through the
creation of unpaired electrons at radical sites.

Graphene flakes with triangular shapes are paradigmatic
platforms for hosting interacting quantum spins. Ovchinnikov’s
rule’ for alternant conjugated lattices predicts an intrinsic spin
imbalance. The net spin of triangulene molecules, for example,
increases with the flake’s size and can also be modified by
heteroatom substitution.”~"> The high-spin states of triangu-
lenes are exceptionally robust because their singly occupied
orbitals (or zero-energy states) live in the same carbon
sublattice, thus having a large spatial wave function overlap.
Consequently, Hund’s exchange coupling and spin excitation
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Nanographenes with weakly interacting spins have been
successfully synthesized on surfaces by covalently bonding
triangulene building blocks through their vertices.'”'®™'**!
This strategy maintains the triangulene integrity because the
zero-energy modes have a low density of states over these
connecting sites. As a result, collective spin states emerge in
polyradical chains and rings from antiferromagnetic inter-
actions between the monomer units. However, there is scarce
direct evidence of ferromagnetic exchange interactions
between weakly coupled radical states that would allow us to
investigate the full spin excitation spectrum. An alternative
strategy rarely explored is connecting the nanographenes

through their zigzag edges. While this method modifies the
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Figure 1. (a) Schematic representation of the formation of the aza-triradical (TTAT) in (c) from four [3]triangulenes combined such that the
majority sublattice of the central triangulene results opposite to the one of the three external triangulenes. Introducing a N atom in the center of the
inner triangulene (in the majority sublattice) results in five electrons occupying four states. The final structure, therefore, hosts three unpaired
electrons, expected to couple ferromagnetically by Hund’s exchange. (b) In-solution and on-surface reaction steps leading to the synthesis of
TTAT, with the C—C bonds formed during each step indicated in blue and red, respectively. (d) STM constant-current image (V= 0.9 V, I = 30
pA) after deposition of the precursor on Au(111) and subsequent annealing at 330 °C. The white dotted square highlights an intact and planar
molecule, corresponding to TTAT. (e) STM constant-current image of TTAT measured with a CO-functionalized tip (V = 200 mV, I = 30 pA).
(f) Constant-height BR STM current scan (V=5 mV) and (g) constant-height BR AFM image (oscillation amplitude A = 60 pm), performed with

CO-functionalized tips.

electronic and magnetic configuration of the original
structure,”” it can build customized flakes with interacting
localized radicals.”

In this study, we implemented this connection strategy to
synthesize a large triangular nanographene with a symmetric
trimer of ferromagnetically interacting localized radicals. By
fusing three [3]triangulenes (3T) onto the edges of an
aza[3]triangulene (A3T) core, we formed TTAT (tris-
triangulene-aza-triangulene), a high-spin triradical nanogra-
phene. Each 3T unit hosts two unpaired 7 electrons localized
along majority zigzag sites.”” As shown in Figure la, this
connection strategy pairs majority sublattice sites in opposite
orientations, reducing the number of zero-energy states (i.e.,
their nullity”***) from eight to four and preserving four
unpaired 7 electrons for the pristine carbon structure.

Within the A3T core, nitrogen substitution at a majority site
introduces an additional electron into the 7 system, stabilizing
a Dy;, symmetric configuration with three unpaired electrons at
the zigzag corners. Structurally, TTAT resembles an aza[8]-
triangulene with six fewer six-membered rings, two per
triangular side. This change creates three distinct gulf regions
along the edges, each formed by two conjoined bay areas that
accommodate nine Clar sextets (Figure 1c).

In the following, we report the on-surface generation of
TTAT on a Au(111) surface and demonstrate that this
molecule behaves as a ferromagnetic Heisenberg spin triangle.
Combining low-temperature scanning tunneling microscopy
(STM) measurements with theoretical simulations, we resolve
its structural integrity on a surface and demonstrate that TTAT

lies on a neutral charge state, maintaining a spin 3/2 ground
state. The resolution of low-energy spectroscopic fingerprints
and their simulation through multiconfigurational simulations
revealed the presence of a triradical character with a
ferromagnetic interaction among its unpaired electrons. This
spin triangle represents a unique system for investigating
entanglement in a single-molecular architecture.

B RESULTS AND DISCUSSION

Synthesis Strategy of TTAT. We envisioned the synthesis
of TTAT through a combination of in-solution reaction and
OSS, as represented in Figure 1b and c, respectively. First, we
addressed the preparation of the TTAT precursor 1 following
the synthesis strategy of an aza-[S]-triangulene (AST)
precursor'* shown schematically in Figure 1b and described
in more detail in Section S1. Specifically, we followed a
sequence of in-solution reaction steps based on the treatment
of tribenzaldehyde 2 with an excess of organolithium 3,
followed by a BF;-promoted 3-fold intramolecular Friedel—
Crafts reaction. Following this synthetic protocol, we isolated
compound 1 in 38% yield. Notably, this two-step synthetic
route, which is based on the use of amine 2 as the starting
building block, may be used to obtain other complex N-doped
nanographenes with 3-fold symmetry in a very simple manner.

We deposited the TTAT precursor 1 onto a Au(111)
surface at room temperature via the flash annealing of a silicon
wafer loaded with molecular grains. Subsequently, the sample
was annealed at 330 °C to activate the dehydrogenation
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Figure 2. (a) Low-energy dI/dV spectra of TTAT measured with a CO-functionalized tip at the positions indicated in the inset. The spectra display
a zero-bias resonance and inelastic spin excitation features at V & +15 mV. The black dashed lines represent fits to the data using the perturbative
model by Ternes,”® for the case of three S = 1/2 spins coupled with a ferromagnetic exchange J = 9 meV. Weaker steps at +35 mV are attributed to
the excitation of frustrated rotational modes of the CO molecule.”” Spectroscopy parameters: V = 50 mV, I = 1 nA, and Vo4 = 2 mV. (b,c) d*I/dV?
maps at V = —3.3 mV and V = 15 mV, obtained by numerical differentiation from a grid of dI/dV point spectra (see Methods section for a
description of the procedure). The maps probe the spatial distribution of the zero-bias resonance (b) and the inelastic signal (c) without elastic
background effects. (d) Simulated Kondo and (e) spin excitation dI/dV maps, computed from the Kondo orbitals (d) and natural transition

orbitals (NTOs), respectively (see text and Supporting Information).

reactions necessary to induce the formation of the 12 C—C
bonds as shown in red in Figure lc and culminate in the
molecular planarization. The overview STM constant-current
image recorded after annealing (Figure 1d) shows intact
triangular-shaped products alongside smaller molecular frag-
ments. A closer inspection reveals that many triangular
products retain one or more methyl groups, which appear as
protruding rounded lobes in the STM images. Nevertheless,
we identified the target product, TTAT, in a small fraction
(around 5%) of the nonfragmented molecules. The molecular
structure appears fully planarized in this case and displays
chamfered corners (Figure le). To conclusively demonstrate
the successful on-surface generation of TTAT, we performed
bond-resolved (BR) constant-height STM and noncontact
AFM imaging using a CO-terminated tip*® (Figure 1f,g). The
BR images resolve the molecular backbone, revealing the
absence of structural defects and the preserved 3-fold
symmetry of TTAT upon adsorption on the surface.
Additionally, the BR STM image, recorded at V = 5 mV,
displays an apparent increase in the current signal along the
zigzag edges near the triangulene corners and in the gulf
regions around the center, providing a first indication of an
enhanced density of states around the Fermi level, likely due to
the presence of radical states."

Evidence of Open-Shell States on Au(111). To address
the electronic and magnetic properties of TTAT on Au(111),
we performed differential conductance (dI/dV) spectroscopy
(Figure 2a). First, we explored the low-energy spectral window,
where spin fingerprints appear in the density of states. Spectra
measured on the corners of the outer triangulenes show low-
bias features indicative of an open-shell character: a weak zero-
bias peak, characteristic of a Kondo resonance, and bias-

symmetric step-like features at V & +15 mV, which are related
to inelastic spin excitation processes.1’2’17’18’20’21’23’29_31 In
contrast, spectra measured on other molecular positions
(specifically on the N atom and in the gulf regions along the
edges, as shown in Figure SS) do not display low-bias features
indicative of spin states.

To probe the spatial distribution of both Kondo and
inelastic electron tunneling spectroscopy (IETS) features, we
mapped the derivative of the differential conductance (i.e., d*I/
dV? maps) at V.= —3.27 mV and V = 1§ mV, respectively. At
these bias values, Kondo and IETS features appear as peaks in
d’1/dV? spectra, with amplitude proportional to the weight of
the Kondo and inelastic channels'® (Figure S6). As shown in
Figure 2b and ¢, in both maps, the d’I/dV* signal appears
localized on the corners of the three outer triangulenes,
indicating that the radical character of the molecule stems
primarily from orbitals distributed over the edge of the external
moieties, as we will discuss later.

Resolution of the TTAT frontier orbitals and their
distribution over the molecular architecture provide a glimpse
of the molecular spin ground state. We measured dI/dV
spectra on a broader bias range [1, —1 V] on distinct molecular
positions (Figure 3a) and found several peaked resonances
attributed to molecular states. The most protruding one is a
clear resonance centered at around —100 mV, with spatial
distribution over the central aza moiety, as probed by the
constant-height dI/dV map reported in Figure 3b. The tail of
this resonance crosses through zero bias and causes the tilted
background in the low-energy spectra of Figure 2a. It also
accounts for the increased current around the center observed
in BR constant-height images like those in Figure 1f. As shown
in Figure 3¢, a nonvanishing signal over the central aza moiety
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Figure 3. (a) dI/dV spectra measured at the points indicated in (b), revealing molecular orbital resonances (V =1V, I = 500 pA, and V,,,4 = 10
mV). (b) Constant-height (CH) dI/dV map recorded at V = —100 mV with a CO-functionalized tip, corresponding to an orbital with a
nonvanishing signal over the inner N-doped triangulene (open feedback parameters: V = —100 mV, I = 300 pA, and V,,.4 = 10 mV). (c) Constant-
current (CC) dI/dV maps recorded at different bias values around 0, with a CO-terminated tip (I = 300 pA and Vo4 = 10 mV). (d) Simulated dI/
dV maps, obtained using Dyson orbitals, corresponding to the processes of adding and removing electrons. (e) Dyson orbitals’ isosurfaces.

is only found in the dI/dV map measured at —100 meV, with
no replica at positive bias. This points toward a doubly
occupied state over the center of the flake, in agreement with
results from DFT calculations reported in Figure S9 for a free
molecule. According to DFT, zero-energy orbital A; (with the
largest amplitude over the N site and Cs, symmetry) hosts the
extra electron provided by the N heteroatom substitution in
the neutral charge state. The molecule spin is primarily hosted
in the three remaining singly occupied molecular orbitals
(SOMOs), two of which are degenerated, with E symmetry,
and the third one is the C,, symmetric A, orbital.>* These
orbitals are distributed mainly along the molecular edges with a
weak contribution from the aza group.

Their singly occupied character can be concluded from dI/
dV maps throughout a wider energy region: characteristic dI/
dV patterns attributed to the SOMOs and their correlated
singly unoccupied molecular orbitals (SUMOs) appeared at
—700 and —300 meV and at 100 and 700 meV, respectively.
Since all states detected around Eg lie close in energy, the
molecular system is expected to exhibit a strong multi-
configurational character. Therefore, to identify and interpret
the dI/dV maps, we computed the relevant Dyson orbitals®
using the natural orbitals obtained from complete active space
configuration interaction (CASCI) calculations (see Methods
and Supporting Information). In agreement with DFT, we
obtained three Dyson orbitals accounting for electron addition
and four for electron removal (Figure 3e), as expected for a
ground state composed of three singly occupied and one
doubly occupied state. In Figure 3d, we show the simulated dI/

dV maps resulting from the computed Dyson orbitals,
including a CO-functionalized tip, calculated with the PP-
STM code.”* The maps reproduce the experimental dI/dV
maps in great detail, further confirming the identification of
three singly occupied states hosting the spin properties of the
molecule.

The simulations indicate that TTAT maintains a neutral
charge state on the electrophilic Au(111) surface. Kelvin probe
force microscopy (KPFM) measurements provided in Figure
S7 confirm that the molecule remains in a neutral state on the
Au(111) substrate. This behavior contrasts with the cationic
state found for the structurally similar molecule AST, despite
both molecules having the same spin imbalance and
nullity."'>** Although the precise factors driving charge
transfer differences near chemical equilibrium would require
further study, we speculate that the neutral stability of TTAT
(compared to TTAT") is related to its enhanced aromaticity,
evidenced, for example, by the larger number of Clar sextets. In
contrast, the antiaromaticity of neutral AST species accounts
for its tendency to oxidize in Au(111)."*

These observations suggest that TTAT has a spin ground
state S = 3/2 on Au(111), with parallel spin alignment due to
Hund’s exchange interactions among the three SOMQs.***’
We thus attribute the zero-bias resonance in the STS spectra to
an underscreened Kondo effect associated with this high-spin
state. Nanographenes with spin above S = 1/2 generally exhibit
partial Kondo screening on surfaces, leading to smaller zero-
bias resonances,”’® as seen in Figure 2a. Additional evidence
for this underscreened Kondo effect is the resonance splitting
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Figure 4. (a) Natural orbitals computed by CASSCF (7,10). The numbers at the bottom of each orbital indicate the electron occupation. We find
three orbitals with occupation close to 1, spatially distributed over the triangulene edges. (b) Diagram representing the energy and the total spin of
the many-body ground state and first two excited states of TTAT, as computed by CASSCF (7,10). (c) Schematic representation of the most
relevant Slater determinants for each of the many-body states in (b), displaying the electronic occupation of the three natural orbitals highlighted in
the dashed box in (a). The number below each Slater determinant refers to its weight in the corresponding many-body state.
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Figure S. (a) Representation of the three singly occupied orbitals using a maximally localized basis set, which shows that each spin is mostly located
on a triangulene corner. (b) Spin—spin correlation between each pair of spins computed using the orbital representation in (a). This picture
describes the magnetic state of TTAT in terms of a symmetric Heisenberg ferromagnetic trimer, as illustrated in (c). According to this model, the
experimental quartet-doublet energy gap of 15 meV corresponds to an exchange coupling J = 10 meV.*

under an external magnetic field (B = 2.7 T) as shown in
Figure S8, supporting an S = 3/2 ground state for TTAT on
Au(111).

Triradical Character of TTAT. To rationalize the high-
spin triradical ground state of TTAT, and the origin of the
IETS features observed in the dI/dV spectra, we performed
multiconfigurational calculations with the complete active
space self-consistent (CASSCF) method. Considering a
CAS(7,10), we obtain that three natural orbitals (highlighted
in the dashed box, Figure 4a) have an electron occupation
close to 1, thus indicating the presence of three unpaired
electrons in the ground state. In accordance with the DFT
calculations and the experimental results, a natural orbital with

A, symmetry and centered on the N heteroatom appears with a
larger electron occupation. As shown in the many-body energy
levels in Figure 4b, the CASSCF calculations confirm the
quartet (S = 3/2) ground state of TTAT, which accordingly is
predominantly described by a single determinant,” as depicted
in Figure 4c.

The first two excited states are two nearly degenerate spin
S = 1/2 levels found at 19 and 22 meV above the ground state.
These values lie close to the experimental excitation gap
obtained from the IETS steps (A ~ 15 meV), supporting the
identification of the inelastic spectral features with a spin
excitation process from S = 3/2 to S = 1/2. These doublets are
described by a linear combination of different Slater
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determinants with similar weights (Figure 4c), justifying
multiconfigurational methods utilized in Figure 3.

The multiconfigurational nature of the doublet excited states
is likely reflected in the experimental magnetic fingerprints
shown in Figure 2b,c. To explain the spatial localization of the
Kondo signal, we used the concept of Kondo orbitals recently
introduced in ref 35 to describe the Kondo effect in open-shell
polyradical molecular systems. In this framework, the Kondo
orbitals are associated with scattering processes between
molecular electrons and conduction electrons of the underlying
metal, featuring antiferromagnetic exchange coupling. Using
CASCI calculations, we obtained the set of Kondo orbitals
shown in Figure S12, which we used for calculating the
corresponding Kondo dI/dV map using the PP-STM code.*
The simulated dI/dV map shown in Figure 2d reproduces the
shape and distribution of the experimental Kondo map, further
confirming the interpretation of the Kondo signal as the
fingerprint of a § = 3/2 spin state.

Similarly, the inelastic spin excitation from the quadruplet
ground state to the two doublet excited states is represented by
CASCI NTOs shown in Figure S11. The simulated spin
excitation dI/dV map®* reported in Figure 2e was obtained by
summing the contributions of the NTOs corresponding to the
spin excitation to the two degenerate excited states. The
excellent agreement with the experimental map of the IETS
signal supports the origin of the inelastic signal as a quartet-
doublet spin excitation.

The localization of spin fingerprints at the three vertices
suggests that the open-shell character of TTAT could be
described by three spatially localized radicals rather than a set
of overlapping SOMOs. Using a maximally localized orbital
basis set, we obtain a representation where each of the three
unpaired electrons is mostly located at an individual
triangulene corner, as displayed in the SOMOs in Figure Sa.
We computed the spin—spin correlation
Ay = (E:S;) - (g,\)@]\) for each pair of spins i and j in
those maximally localized orbitals. The results, illustrated in
Figure Sb, confirm the ferromagnetic coupling between the
three unpaired spins in the ground state with the value of the
spin—spin correlation A; = 0.22 au. In contrast to other
ferromagnetic triradical systems*' with central moieties acting
as spin couplers, in TTAT the SOMO states have a residual
weight over the central aza-triangulene unit. Therefore, their
small exchange is governed by the weak overlap of the three
radicals.

This representation suggests the possibility of describing the
triradical molecule TTAT as a symmetric Heisenberg S = 1/2
trimer.”” Considering an equal ferromagnetic coupling |
between the three unpaired spins (Figure Sb), a Heisenberg
spin model yields a ground state with total spin S = 3/2 and
two degenerate doublets (S = 1/2) as the first excited states,
similar to the results of the many-body CASSCEF calculations.
In the case of an equilateral Heisenberg trimer, the exchange |

is given by J = %AE, where AE is the quartet-doublet energy

difference. Therefore, considering the experimental excitation
energy AE = 15 meV, we determine for TTAT an exchange
coupling J = 10 meV, in good agreement with the value of 9
meV obtained from the fit to the STS data using the
perturbative model by Ternes.”

B CONCLUSIONS

In summary, we have presented a polyradical aza-nano-
graphene (TTAT) hosting three unpaired 7 electrons localized
at the vertices of a triangle and coupled through symmetric
ferromagnetic interactions. It was designed by combining well-
known molecular building blocks, all-carbon and N-doped
[3]triangulenes, and fabricated via a combination of in-solution
and on-surface synthesis. The detection of clear magnetic
fingerprints in scanning tunneling spectroscopy (i.e., both a
weak Kondo resonance and a IETS step-like feature)
demonstrated the open-shell and polyradical character of the
molecule on Au(111). Combining differential conductance
spectra and orbital maps with DFT and advanced multi-
configurational CASSCF calculations, we revealed the presence
of three radicals and their ferromagnetic alignment, resulting in
an S = 3/2 (quartet) ground state. The many-body molecular
states renormalize into three symmetric, weakly interacting
radical states, forming a molecular trimer reminiscent of a
Heisenberg system. We envision that the spin interactions
within this triangular architecture can be further tuned by
modifying its structure and composition through related
synthesis processes. These resulting carbon-based platforms
hold promise as potential candidates for the development of
multispin quantum systems.

B METHODS

The (111) surface of a gold single crystal was cleaned by several cycles
of sputtering with Ne* ions and subsequent annealing at T = 600 °C
under ultrahigh vacuum conditions. The precursor of TTAT was
prepared in solution as described in Figure 1 and in the Supporting
Information (Section 1). The sublimation was achieved via the fast
thermal heating of a Si wafer loaded with grains of compound 1.

All measurements were conducted in a low-temperature STM at S
K in ultrahigh vacuum conditions, except for those reported in Figure
S8, performed in a commercial Joule—Thompson (JT) STM with a
base temperature of 12 K. STM constant-current images were
performed with a gold-coated tungsten tip or, when indicated in the
text, with a CO-terminated tip. The BR STM and AFM images were
always recorded using a CO-functionalized tip in the constant-height
mode. The figures representing the experimental data were prepared
using WSxM and SpectraFox software.">*

Differential conductance spectra were recorded using a lock-in
amplifier with a frequency f = 753 Hz (f = 887 Hz for the spectra in
Figure S8). The modulation amplitude and current parameters are
indicated in the captions of the respective figures.

The d’I/dV* maps reported in Figure 2 were obtained through
numerical differentiation of an XY matrix of dI/dV spectra taken over
a region covering the molecule. Each dI/dV spectrum was recorded at
a constant tip—sample height within the bias range (50, —S0 mV) at
each point of a 20 X 20 grid. After each individual spectrum
measurement, the feedback loop was reactivated (with parameters V =
50 mV and I = 1 nA) before the tip was moved to the next position on
the grid. After recording the whole matrix of dI/dV spectra, the
differentiation of the dI/dV signal and the visualization of the spatial
distribution of the resulting d’1/dv? signal at different energies were
performed using WSxM software.*” This procedure enabled the
generation of d*I/dV? maps at specific energies."®

The AFM BR image reported in Figure 1 and the KPFM
measurements reported in Figure S7 were performed using a qPlus-
type sensor with an eigenfrequency f, = 30.72 kHz and a Q-factor of
the order of 10**" The AFM was operated in the frequency
modulation mode,** with an oscillation amplitude A = 60 pm.
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