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Strong magnetic exchange coupling of a dibenzo-
fused rhomboidal nanographene and its
homocoupling with tunable periodicities on a
metal surfacef
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Open-shell nanographenes (NGs), also known as molecular t-magnets, have recently garnered attention
for their potential in spintronics and quantum computing. Tailoring of such NGs at the atomic level allows
the control of their magnetic interactions. We report here the on-surface synthesis of a dibenzo-fused
rhomboidal NG with predominant zigzag edges featuring an open-shell (antiferromagnetic) character and
a high value of magnetic exchange coupling (MEC) on Au(111) surfaces. Scanning tunneling microscopy
(STM) and noncontact atomic force microscopy (nc-AFM) confirm its chemical structure. Scanning tun-
neling spectroscopy (STS) measurements, complemented by state-of-the-art theoretical calculations,
reveal the open-shell character of the NG, observed as singlet—triplet inelastic excitations. Furthermore,
molecular chains consisting of these NGs were fabricated with tunable periodicities through the
functionalization of the precursor, showing the absence of MEC between adjacent units, which provides
deeper insights into the behavior of open-shell systems and preservation of individual magnetic entities

rsc.li/nanoscale within -conjugated structures.

Introduction

In recent years, the precise synthesis of open-shell nanogra-
phenes (NGs), also known as molecular n-magnets," has cap-
tured significant attention due to their potential in advancing
spintronics and quantum computing.® One of the key factors
behind this growing interest is the ability to tune the magnetic
exchange coupling (MEC) between unpaired electrons in these
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systems. Strategic designs of molecular precursors enable to
tailor their size, shape, and edge topology at the atomic level,
providing unprecedented control over their magnetic properties
and access to such finely tuned magnetic interactions. In this
regard, different approaches have been explored to induce mag-
netism in NGs, including: (i) sublattice imbalance of the
honey-comb bipartite lattice; (ii) topological frustration of both
sets of bipartite sublattices; (iii) strong electron-electron corre-
lation to induce spin polarization of frontier orbitals, (iv) intro-
duction of topological defects® and length-dependent vibronic
coupling between occupied and unoccupied frontier orbitals.®
In addition to these approaches, a substantial modification of
the electronic and magnetic properties in carbon-based nano-
structures can be achieved through heteroatom doping.”
Nowadays, the combination of on-surface bottom-up syn-
thesis with scanning probe microscopy (SPM) techniques has
emerged as a powerful method to achieve such typically
unstable NGs under ultra-high vacuum (UHV) conditions. This
approach takes advantage of the metal surface stabilization of
the NGs, providing an appealing playground for their study
and characterization as model n-electron systems.® Following
the aforementioned concept of topological frustration, the
magnetism of the Clar’s goblet was recently demonstrated.’
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Since then, theoretically proposed and long-pursued pristine
members of several NG families have been synthesized on the
Au(111) surface, experimentally demonstrating open-shell dira-
dical characters and different magnetic ordering between
unpaired spins. For instance, NGs with a triplet ground state

(S = 1) include triangulene and its heteroatom doped

derivatives,">'" extended triangulenes'” and heptauthrene,"

together with several porphyrinoids with phenalenyl
14,15

n-extensions; and those with a singlet ground state (S = 0)
peripenta- and periheptacene,'®*® super-nonazethrene'® and
pentadecacene®® among others>2* (see Scheme 1 for some
representative m-magnetic NGs that have been achieved
recently). Particularly intriguing has been the recent fabrica-
tion of NGs with fused benzene rings arranged in a rhomboi-
dal configuration with predominantly zigzag edges,”>>° exhi-
biting record-breaking values of magnetic MEC on the Au(111)
surface.”” Only recently, the study of diradical NGs has been
extended to higher polyradical systems*°° and related low-
dimensional quantum magnets.>”"** In fact, a high MEC value
(higher than the Landauer limit)** can be of crucial impor-
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tance for improving spin transport, state stability, and energy
efficiency in futuristic NG-based spintronic devices and
quantum computing elements.”® This can be particularly rele-
vant for systems with minimized interactions between consti-
tuting units,’®*® i.e. showing an isolated magnetic behavior
without long-range order, allowing for independent manipu-
lation of spin states.

In this work we demonstrate an on-surface synthesis of a
dibenzo-fused rhomboid-shaped NG 1 on an Au(111) surface
under UHV conditions, which belongs to the family of rhom-
boid-shaped NGs with strong exchange coupling through a net
spin polarization of edge states. Extending the nomenclature
of [n]Jrhombene for zigzag edges of m and n benzene rings [m,
nJrhombene, 1 can thus be called dibenzo[5,4]thombene (see
Scheme 1), the structure of which is unambiguously evidenced
by scanning tunneling microscopy (STM) and noncontact
atomic force microscopy (nc-AFM). Scanning tunnelling spec-
troscopy (STS), complemented by state-of-the-art theoretical
calculations, reveals the electronic and magnetic properties of
1. This spectroscopic measurements identify the Coulomb gap

[5,5]rhombene

28]

Super-nonazethrene

19)

Turco et. al, 2021[ Mishra et. al, 2021

MEC 23 meV 49 meV

51 meV 102 meV

"
This work
(1)
Dibenzo[5,4]rhombene [5,4Irhombene Diazulene-embedded NG Pentadecacene
Biswas et. al, 2023[271 Biswas et. al, 2024[21’ Ruan et. al, 2025 0}
193 meV 183 meV 180 meV 124 meV <

Scheme 1 Representative examples of open-shell singlet nanographenes synthesized on the Au(111) surface. The chemical sketches represent one
of the possible diradical non-Kekulé resonance structures for each nanographene, together with the reported MEC found between unpaired spins.

Blue filled rings correspond to Clar sextets and red dots to unpaired spins.
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and confirms the open-shell character of the NG, preserved on
a metallic substrate, as evidenced by singlet—triplet inelastic
excitations. Notably, 1 presents an increment in the MEC of
~10 meV compared to the [5,4]thombene. Moreover, we
demonstrate the fabrication of molecular chains consisting of
1 through the functionalization of the molecular precursor. By
installing bromo or isopropyl functional groups for its homo-
coupling, we achieve the direct conjugation of 1 by inter-
molecular carbon-carbon coupling (2) or by the introduction
of a phenylene linker in between (3), respectively, enabling
tuning of the periodicity of antiferromagnetic units in the
resulting chains. Herein, we observed the lack of MEC between
adjacent units, which behave as individual singlet NGs, preser-
ving the magnetic integrity of monomers while polymerizing.

Results and discussion

For the synthesis of dibenzo[ki,st]ovalene (DBOV) bearing two
2,6-dimethylphenyl and two phenyl groups as the precursor
(DBOV-Ph, Fig. 1), dibrominated DBOV (DBOV-Br) was initially
prepared through 10 synthetic steps following our previously
reported procedure.*® Then, the Suzuki coupling of DBOV-Br
and phenyl-boronic acid provided DBOV-Ph in 53% yield (see
Fig. 1a and methods). To explore its on-surface reactions, a
submonolayer coverage of DBOV-Ph was sublimed onto a pris-
tine Au(111) surface held at room temperature, followed by
annealing to 200 °C. The STM image in Fig. 1b shows a rhom-
boid-like nanostructures formed on the metal surface. The
chemical nature of the observed nanostructures was further
inspected by constant-height STM and nc-AFM measurements
acquired with a CO-functionalized tip (Fig. 1c and d), which
demonstrate the successful formation of dibenzo[5,4]rhom-

Pd(PPhs), Na,CO,
Tol/H,O/EtOH
80°C,6h

Br 53%

DBOV-Br

DBOV-Ph

c)

&

Fig. 1 Chemical structural characterization of 1 synthesized on Au(111).
(a) Solution and on-surface synthesis sketch of 1 reported in this work.
(b and c) Constant-current and constant-height STM images of an indi-
vidual NG 1. Scanning parameters: (b) V,, = —0.8 V, I = 400 pA. (c) Open
feedback parameters, V,, = 5 mV, I, = 50 pA. (d) Laplace-filtered con-
stant-height frequency-shift nc-AFM image of 1 acquired with a CO-
functionalized tip (z-offset 170 pm above the STM set point at 5 mV, 50
pA). All scale bars = 1 nm.
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bene 1, confirming the oxidative ring-closure and cyclodehy-
drogenation of the precursors, as well as its planar adsorption
geometry.

Next, we have investigated the electronic structure of 1. We
performed Complete-Active-Space configuration interaction
(CAS-CI) and N-electron valence state perturbation theory
(NEVPT2) calculations (see Fig. S1f for the corresponding
active space and Fig. S21 for the resulting many-body wave-
functions). For the freestanding NGs, this reveals an open-
shell singlet ground state, with the triplet being higher in
energy by 215 meV. The open-shell character of the molecule is
reflected both in the spin-density at the DFT level and in the
natural orbitals and their corresponding occupations at the
many-body level (see Fig. S3 and 4, respectively, and theory
methods). To confirm such theoretical predictions, we per-
formed STS measurements. Fig. 2a shows the experimental
long-range differential conductance d7/dV spectra of 1 featur-
ing a series of peaks in the local density of states (LDOS)
assigned to the PIR-1 (=700 mV, PIR = positive ion reso-
nance), PIR (-350 mV), NIR (800 mV, NIR = negative ion reso-
nance) and NIR+1 (1300 mV). Thus, the experimental
Coulomb gap of 1 was found to be 1150 meV, established on
the basis of the energies of the PIR and NIR resonances. To
analyze the dI/dV maps of the frontier molecular orbitals for 1,
exhibiting a strong multireference character, we employed the
concept of Dyson orbitals, which are defined as overlaps
between the many-body wavefunctions of the neutral and
charged molecules, thereby explicitly accounting for both the
positive and negative molecular ions (refer to the theoretical
section and Fig. S51).”° The experimental dI/dV maps (top row
of Fig. 2b) recorded at the energy position of the ion reso-
nances shown in Fig. 2a reveal a good agreement with the cal-
culated Dyson orbitals corresponding to single electron
additions (NIR and NIR+1) and electron removal (PIR and
PIR-1) from the singlet ground state (bottom row of Fig. 2b),
altogether ratifying our rationalization of the electronic struc-
ture of 1.

Interestingly, an indirect indication of the magnetic ground
state of 1 is manifested in the dI/dV spectra acquired in the
vicinity of the Fermi level (Fig. 2c) which shows two conduc-
tance steps symmetrically positioned around the Fermi energy,
assigned to inelastic excitations. Through d*//dV* spec-
troscopy, the precise energetic positions of the steps are deter-
mined, revealing an experimental singlet-triplet spin—flip exci-
tation energy, or MEC parameter, of J. = 193 meV (in reason-
able agreement with the 215 meV singlet-triplet gap predicted
by NEVPT2). This experimental value is ~10 meV larger com-
pared to the [5,4]rhombene with a MEC of 183 meV, and
slightly higher than the previous MEC record of NG on the Au
(111) surface,”” which is often desirable for enhancing the
robustness of the magnetic ground state.*® Herein, it is note-
worthy to mention that while the observed step-like features in
dI/dV may also originate from vibrational modes, the agree-
ment between the experimentally determined excitation energy
and the singlet-triplet gap predicted by NEVPT2 calculations
strongly supports their assighment to magnetic spin-flip exci-
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Fig. 2 Electronic characterization of 1. (a) Differential conductance spectra of the molecule acquired with a CO-functionalized tip; black, green and
orange curves were acquired at the positions indicated in the constant-current STM image (V,, = 1V, I, = 40 pA) in the inset. (b) Experimental con-
stant-current differential conductance maps (top) at the energetic positions corresponding to the frontier orbitals marked in (a), and Dyson orbitals
of the corresponding electron system in the gas phase (bottom). d//dV map parameters: PIR-1 (V,, = —=0.7 V, I; = 400 pA), PIR (V, = —=0.25V, I, = 400
pA), NIR (V,, = 0.8 V, Iy = 400 pA) and NIR+1 (V, = 1.3V, I = 400 pA). All scale bars = 1 nm. (c) Short-range differential conductance spectra and the
corresponding inelastic electron tunneling spectroscopy (IETS) spectra where the Jg value for 1 is defined. Open feedback parameters, V,, =
300 mV, Iy = 650 pA, V,ms = 3 mV. The acquisition positions for the spectra are the ones indicated by black and orange colors on (a). (d) Inelastic spin
excitation dI/dV maps acquired at V, = +193 mV, Iy = 400 pA, V,ms = 1 mV and corresponding simulated maps from the singlet—triplet Natural

Transition Orbitals of 1.

tations. In addition, the constant-current d/dV maps obtained
close to the spin excitation thresholds are shown in Fig. 2d, in
agreement with the calculated Natural Transition Orbitals
corresponding to the singlet-triplet excitation (see Fig. S6t) to
account for the spatial resolution of the IETS signal, further
confirming the singlet ground state of 1. Since the molecule
possesses diradical character, the spin signal (see Fig. 2d)
coincides to some degree with the ion resonances in which the
radicals are present (compare Fig. 2b).

Moreover, we have explored the intermolecular carbon-
carbon coupling of 1 wusing functionalized precursors,
DBOV-Ph-Br and DBOV-Ph-iPr, equipped with bromine and
isopropyl functional groups, respectively (Fig. 3a), which were
synthesized in a similar manner as DBOV-Ph (see the ESIf for
details). Annealing at 250 °C a sample containing DBOV-Ph-Br

17772 | Nanoscale, 2025,17,17769-17776

or DBOV-Ph-iPr affords the expected oxidative ring closure and
dehydrogenation reactions, along with the Ullman-like coup-
ling®" and the [3 + 3] cycloaromatization of isopropyl substitu-
ents, respectively,'>**>* towards molecular chains consisting
of dibenzo[5,4rhombene moieties that are directly coupled or
conjugated with phenylene linkers.

Fig. 3b,c show high-resolution constant-current (top) and
constant-height (bottom) STM images acquired with a CO-
functionalized tip, confirming our assumptions for both
chemical reactions, with distances between NG units of 1.8
(2) and 2.2 nm (3), respectively. Furthermore, STS measure-
ments performed on different positions of both chains reveal
similar features as those observed for 1 (Fig. 3c), which
points toward a lack of interaction between closest spins of
adjacent nanographene units (see Fig. S7f for a different

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Synthesis of one-dimensional chains with 1 as repeating unit. (a) Chemical sketch of the two molecular precursors (DBOV-Ph-Br and
DBOV-Ph-iPr) deposited on the Au(111) surface to induce the formation of 1D chains through carbon—carbon couplings. (b and c) High-resolution
constant-current and constant-height STM images of 1D chains with 1 as a repeating unit acquired with a CO-functionalized tip, together with the
corresponding sketches. In (b) units of 1 are connected through single carbon—carbon bonds through the Ullmann-like reaction of the DBOV-Ph-Br
precursor, while in (c) the linking units are benzene rings, coming from the [3 + 3] cycloaromatization of isopropyl of the DBOV-Ph-iPr precursor.
Open feedback parameters, V, = 5 mV, I, = 50 pA. All scale bars = 1 nm. (d) Short-range STS measurements performed at the positions marked with
blue and red colored circles in (b) and (c), respectively. Open feedback parameters; blue curve: V,, = 250 mV, I; = 300 pA, V,ms = 3 mV, red curve: V,,
= 300 mV, Iy = 500 pA, V,ms = 3 mV. (e) Representation of the spin correlations for a dimer 3. The spins on the same NG unit have an antiferro-
magnetic coupling with a spin correlation of —0.69, while the spin correlation between the adjacent sites are zero, indicating that they are indepen-

dent units.

coupling motif and its corresponding STS measurements).
This result suggests that the dibenzo[5,4]rhombene moieties
in these chains behave as isolated nr-magnetic units for the
explored configurations and NG distances, in agreement
with the many-body calculations, where the spin-correlations
in the localized orbitals (shown in Fig. S8 and 97%) calculated
between neighboring spins in adjacent monomers is zero,
allowing for independent spin states (see theoretical section
and Fig. 3e). This behavior contrasts with the formation of a
collective spin system observed in other reported
cases.’”%*>%3 Nonetheless, future experiments varying the
proximity of 1 units through distinct synthetic strategies will
be performed to get further insights into the magnetic
characteristics of this NG.

This journal is © The Royal Society of Chemistry 2025

Conclusions

In summary, we have demonstrated the synthesis of the
dibenzo[5,4rhombene featuring a strong MEC for a NG syn-
thesized on an Au(111) surface under UHV conditions, result-
ing from the net spin polarization of its edge states. The
chemical structure of 1 was characterized using STM and nc-
AFM. STS measurements, supported by advanced theoretical
calculations, revealed the electronic and magnetic properties
of 1, including its Coulomb gap of 1.15 eV and the open-shell
singlet ground state, which was evidenced by singlet-triplet
inelastic excitations with a J.¢ = 193 meV.

Furthermore, we explored the fabrication of molecular
chains consisting of 1 with different periodicities via homo-

Nanoscale, 2025,17,17769-17776 | 17773
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coupling using bromo- and isopropyl-functionalized precur-
sors, revealing a lack of intra-chain MEC between adjacent NG
units (2 and 3). Each unit behaves as an individual antiferro-
magnetic NG, providing important insights into the behavior
of open-shell systems and their fundamental magnetic inter-
actions. This work contributes to the broader understanding
of spin polarization in nanographenes and offers a valuable
framework for future developments in molecular spintronics
and quantum materials.
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