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Abstract: The incorporation of non-benzenoid motifs in graphene nanostructures significantly impacts their properties,
making them attractive for applications in carbon-based electronics. However, understanding how specific non-
benzenoid structures influence their properties remains limited, and further investigations are needed to fully
comprehend their implications. Here, we report an on-surface synthetic strategy toward fabricating non-benzenoid
nanographenes containing different combinations of pentagonal and heptagonal rings. Their structure and electronic
properties were investigated via scanning tunneling microscopy and spectroscopy, complemented by computational
investigations. After thermal activation of the precursor P on the Au(111) surface, we detected two major nanographene
products. Nanographene A,_, embeds two azulene units formed through oxidative ring-closure of methyl substituents,
while A, contains one azulene unit and one Stone-Wales defect, formed by the combination of oxidative ring-closure
and skeletal ring-rearrangement reactions. A, , exhibits an antiferromagnetic ground state with the highest magnetic
exchange coupling reported up to date for a non-benzenoid containing nanographene, coexisting with side-products with
closed shell configurations resulted from the combination of ring-closure and ring-rearragement reactions (B,_,, B,_, B,
and B, ). Our results provide insights into the single gold atom assisted synthesis of novel NGs containing non-

\benzenoid motifs and their tailored electronic/magnetic properties. )
Introduction graphene stripes named graphene nanoribbons,” holds

Nanographenes (NGs) are nanometer-size polycyclic aro-
matic hydrocarbons (PAHs) with well-defined chemical
structures.['! These finite graphene segments comprise non-
alternant ring topologies within their honeycomb lattice,
resulting in extraordinary physicochemical properties.??!
The geometric confinement prevailing in NGs, as well as in

potential for controllable band gaps, relevant for graphene-
based electronics.

The incorporation of non-benzenoid rings in graphene
nanostructures strongly influences their chemical and phys-
ical properties, such as electronic band gap, chemical
reactivity, or magnetism, among others.*® Therefore, an
exhaustive study of well-defined non-benzenoid motifs in
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graphene nanostructures, from both fundamental and ap-
plied perspectives, is crucial to elucidate their structure—
property relationship. From the energetic perspective,
pentagon-heptagon pairs (fused five-seven membered rings,
so called azulene), structural isomers of naphthalene, are
one of the most stable defect models induced by the
rearrangement of carbon-carbon (C—C) bonds.”' Such
intrinsic topological defects in graphene nanostructures are
frequently classified according to dimensionality, where
point Stone-Wales defects (0D), azulene dislocations (1D)
and chains in grain boundaries (2D) are among the most
recognized defects.'”

Nevertheless, one of the main challenges limiting the
study of non-benzenoid molecules is their difficult synthesis
and separation, and only a few examples have been
successfully reported.’'*? In contrast, the “bottom-up”
approach, combining modern solutions and on-surface
syntheses to create NGs with atomically precise edge
structures, has recently appeared as an alternative.”

Over the last decade, the field of on-surface chemistry
has experienced a great progress, with the successful
achievement of a plethora of advanced metal-catalyzed on-
surface reactions unattainable through solution chemistry."
This approach has proven to be highly effective in synthesiz-
ing a wide range of NGs on noble metal surfaces, including
periacenes,”™ ! cycloarenes,’”*!! rhombene-shaped,?**! or
skeletal ring-rearranged NGs.’**! In this regard, recent

In solution:

On surface:

m Azulene unit (a)
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efforts have been focused on synthesizing and characterizing
NGs with an open-shell (magnetic) ground state, as they
hold potential for next-generation quantum technology.™”
However, up to date, the realization of atomically precise
open-shell non-benzenoid NGs remains limited,* % and
the role of non-alternant topologies in tailoring their
structural, optical, electronic, and magnetic properties is still
far from being fully understood.***

In this work, we report a comprehensive study on the
on-surface generation of NGs embedding azulene and
Stone-Wales topologies synthesized on a coinage metal
surface under ultra-high vacuum (UHV) conditions. Scan-
ning tunneling microscopy (STM) measurements reveal the
formation of distinct NGs, which undergo oxidative ring-
closure of the methyl substituents, ring-rearrangement
reactions, and their combination through thermal activation
on the Au(111) surface. Our molecular-level investigations
demonstrate that NGs A, , and B, , contain two azulene
units in their polycyclic framework, A,,, B, and B,
accommodate one azulene unit and one Stone-Wales defect.
At the same time, B,_ possess two Stone-Wales defects (see
Scheme 1). Such findings are complemented by free-energy
quantum mechanics/molecular mechanics (QM/MM) calcu-
lations, which provide a rationalization of the mechanisms
driving the distinct reaction pathways. In addition to our
detailed chemical and structural studies, scanning tunneling
spectroscopy (STS) measurements, along with density func-

Oxidative
ring-closure

@g@ Stone-Wales defect (s)

(61%)

S=0 open-shell

S=0 closed-shell

Scheme 1. In-solution and on-surface synthetic routes toward the formation of NGs with embedded azulene and Stone-Wales defects. Reagents
and conditions for the solution synthesis: (i) Pd(PPh;),, K,COs, toluene, ethanol, H,0, 90°C, overnight, 70%. (ii) a. 2,6-dimeth-
ylphenylmagnesiumbromide, tetrahydrofuran, RT, 30 mins; 8. BF;-OEt,, dichloromethane, RT, 5 mins, 65% in two steps. The azulene units formed
via oxidative ring-closure are marked by non-benzenoid rings colored in purple, while the Stone-Wales defects resulting from ring-rearrangement

reactions are indicated by red-colored rings.
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tional theory (DFT) as well as many-body complete active
space-configuration interaction (CAS-CI) calculations, un-
ravel their electronic structure. A,_, possesses an antiferro-
magnetic (open-shell singlet) ground state with a remarkably
high magnetic exchange coupling (J.;=180 mV), whereas
the other synthesized NGs present a closed-shell config-
uration. The NGs reported herein shed light on the synthesis
of graphene nanostructures with non-alternant ring top-
ologies and significant insights regarding their electronic and
magnetic properties.

Results and Discussion

As a starting point, the pyrene-fused s-indacene dihydro
precursor (P) with two embedded dimethylphenyl groups
was synthesized in solution, as shown in Scheme 1. First,
Suzuki coupling reaction between the readily prepared 2,5-
dibromoterephthalaldehyde (1) and 4,4,5,5-tetramethyl-2-
(pyren-2-yl)-1,3,2-dioxaborolane (2) gave the 2,5-di(pyren-2-
yDterephthalaldehyde intermediate (3) with a yield of 70 %.
Subsequently, compound 3 was treated with 2,6-dimeth-
ylphenylmagnesiumbromide to afford the diol intermediate,
which was directly subjected to an intramolecular Friedel-
Crafts alkylation promoted by BF;:OEt,, yielding the target
dihydro precursor P in 65% yield over two steps (see
general methods and materials in the Supporting Informa-
tion). To investigate the on-surface reactions of P, a
submonolayer coverage was then deposited onto a pristine
Au(111) surface held at room temperature (RT) in an UHV
environment. STM imaging of the sample provided evidence
of self-assembled nanostructures that contain nonplanar
segments resulting from the steric hindrance between the
methyl groups and the molecular backbone, which suggests
that P adsorbs intact onto the surface (see Figure S1).
Annealing the sample to 290°C led to significant changes in
the STM images. Figure 1a demonstrates the coexistence of
individual and planar NGs alongside a few fused nano-
structures. We note that, within the individual and planar
species, a majority (~80 %) presents a symmetric “Z-shape”,
named NGs A (Figure 1a). Specifically, a statistical analysis
of the reaction products (see Scheme 1) based on more than
300 NGs, shows that there are two different Z-shaped NGs
(A, and A, ). A,_, is the majority of the NGs formed on
the surface (61%), while A, is less commonly observed
(22 %).

First, we have studied the chemical structure of A, ,,
acquiring a topographic STM image (Figure 1b) and its
corresponding constant-height high-resolution STM image,
obtained using a carbon monoxide (CO) functionalized tip
and recorded in the Pauli repulsion regime (Figure 1c).”!
Figure 1d depicts the corresponding structural formula of
A,_,, clearly revealing the presence of two azulene units in
the molecular backbone.

This is a direct consequence of the successful oxidative
ring-closure of the four methyl substituents, which results in
the formation of two heptagonal and two hexagonal rings
integrated into the NG, highlighted by white and purple
arrows, respectively.
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Subsequently, we investigated its electronic properties
by conducting STS measurements. Our results indicate that
for A,_, (Figure le-h), the local density of states (LDOS)
exhibits resonances at —870 mV, —380 mV, 410 mV, and
780 mV, as revealed by the differential conductance (dZ/dV
vs V) spectra obtained using a CO-functionalized tip (Fig-
ure le). We have obtained experimental constant-current
dI/dV maps at the energies mentioned above, which display
the agreement with the simulated dI/dV maps of the
HOMO-1, SOMO (singly occupied molecular orbital),
SUMO (singly unoccupied molecular orbital), and LUMO +
1 molecular orbitals for a free-standing A, , (as depicted in
Figure 1f). Based on the energy separation between the
SOMO and SUMO, we determined an experimental
Coulomb gap of 790 meV. Upon a closer examination of the
energy region near the Fermi level (Figure 1g), an abrupt
stepwise change in conductance that is symmetric around
the Fermi energy at +180 meV is observed. This behavior
indicates an inelastic excitation and the threshold of the
effective exchange parameter (J.;), which is extracted from
the d*I/dV?* spectrum in Figure 1h. This inelastic excitation
and the presence of singly occupied MOs provide strong
evidence for A, ,’'s open-shell ground state. Such an inelastic
excitation is assigned to a singlet—triplet magnetic excitation
(S=0 to S=1; Figure 1i) resulting from tunneling electrons,
in good agreement with the calculated J.z=208 mV (ob-
tained through the many-body DFT + CASCI method, see
methods and Figure S3 in the Supporting Information),
representing to the best of our knowledge, the highest
magnetic exchange coupling reported for a non-benzenoid-
containing NG to date.””! Finally, Figure 1j depicts spin-
polarized DFT calculations of the free-standing NG, show-
ing the spin density distribution of the molecule.

The ability of the Au(111) surface to catalyze chemical
reactions involved in the formation of molecular carbon-
based nanostructures is nowadays widely recognized.”>*
Such surface-catalyzed reactions significantly reduce the
strength of the C—X bonds (X=C, H, halogens, etc.), often
leading to the selective cleavage of X and the generation of
novel nanostructures. Furthermore, the cleavage of C—H
bonds in aromatic complexes is a non-trivial matter and
requires high activation energies.”’® In fact, recent studies
have shown the significant role of gold adatoms in enabling
a significant reduction of activation energies in the cleavage
of C—H and C—C bonds in PAH molecular compounds on
surfaces.**’

Therefore, to gain a more comprehensive understanding
of the reaction mechanism, we have explored the reaction
pathway leading to the formation of A, , using DFT and
Umbrella Sampling quantum mechanics/molecular mechan-
ics (QM/MM) simulations® at 227°C. To rationalize the
different reaction pathways from the precursor P to the final
nanographene A, ,, we need to take into account several
reaction steps, including a series of selective dehydrogen-
ation reactions, as well as the closure and planarization of
the rings (see Figure S2 for the structural formula of the
complete sequence of dehydrogenation reactions from P to
the final state (FS), also named A,,). To reduce the
computational cost, we have focused our theoretical studies
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Figure 1. Structural and electronic characterization of the non-benzenoid nanographene A,_, on Au(111). a) Overview STM topographic image of
the surface after the deposition of P and subsequent annealing at 290°C, which led to intramolecular oxidative ring-closure and formation of
different reaction products. Scanning parameters: V, =200 mV, |;=120 pA, scale bar 5 nm. The blue-colored square highlights a nanographene
A,_.. b) Zoomed-in STM image of an isolated NG A,_,. Scanning parameters: V,=5 mV, I,=50 pA, scale bar=0.5 nm. c) Constant-height high-
resolution STM image of (b) acquired with a CO-functionalized tip that reveals the chemical structure of the NG. Scanning parameters:
Z e =180 pm above STM set point: 5 mV, 50 pA, scale bar=0.5 nm. d) Structural formula of A, . Purple and white arrows highlight the formation
of a heptagonal and a hexagonal ring, respectively. e) dI/dV spectroscopy on A,_,. Acquisition positions are marked with corresponding filled color
cross in the inset STM image. The orange curve corresponds to the reference dl/dV spectrum acquired on Au(111). f) Constant-current d//dV
maps (top) and the corresponding simulated DFT maps (bottom) of the HOMO—1 (H—1), SOMOs (SO), SUMOs (SU), and LUMO+1 (L+1) of
A, .. Scanning parameters: (H-1), V,=—0.87 V, ;=200 pA; (SO), V,=—0.38 V, |,=250 pA; (SU), V,=0.41V, ;=250 pA; (L+1), V,=0.78 V,
1;=200 pA. g) Zoomed-in differential conductance spectra in the bias range marked with the box in (e), where an abrupt stepwise change in
conductance around the Fermi energy is observed. h) d’//dV* spectra of (g). i) Schematic representation of the ground- and first-excited states. S,
denotes the spin projection quantum number. j) Calculated spin density distribution of a free-standing A, , NG using DFT-PBEO.
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Figure 2. QM/MM free energy calculation and maps of the gold adatom-assisted formation of the two new carbon-carbon bonds toward the
formation of product A, _,. a) Structural formulae and corresponding top view of the reaction snapshots representing the intermediate states (IM)
and transition states (TS) involve in the formation of new carbon-carbon bonds evaluated at 227 °C, together with the free energy profile of the
three-step reaction associated with the formation of the two new carbon-carbon bonds. C, H and Au are represented in black, white and yellow
balls, respectively. Free energy profile values are given in Kcal/mol. b) Zoomed-in schemes of the molecule showing the reaction coordinates
employed in the free energy maps (a). Carbon-carbon distance (d,) is highlighted by a blue arrow, and the difference between the hydrogen-carbon
distance (d,, red arrow) and the hydrogen-adatom distance (d;, green arrow). The asterisk serves as a guide to the eye for comparing both
molecules. In addition, the two-dimensional weighted histogram analysis method (2D-WHAM) free energy maps for the closure of the rings in two
stages is also shown. The first map depicts the most favorable reaction pathway for IM2 to IM4 and the second one for IM5 to IM6; in both cases
we have employed the reaction coordinates, described in (b). Notice that to go from IM4 to IM5 an extra hydrogen from the methyl group has
been removed, so that the second ring-closure can initiate (see Supporting Information for further information). For detailed atomistic view of the
optimal reaction pathways shown in (b) see videos attached in the Supporting Information.
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S-S5

Figure 3. Structural characterization of A, , B, ., B, §, B,_, and B, ¢ NGs on Au(111). a—e) Constant-height high-resolution STM images acquired

with a CO-functionalized tip and corresponding structural formulae of individual A, , B

B, ., B,_, and B,_; NGs upon annealing of the sample at

a—ar

290°C. Scanning parameters: V=5 mV, |,=50 pA, Z,ge= 100 pm, 95 pm, 90 pm, 90 pm and 90 pm, respectively. All scale bars =0.5 nm. The
colored arrows depicted in the structural formulae serve to highlight the formation of new rings. Azulene subunits are highlighted in purple and

Stone-Wales defects in red.

on only one of the two identical reaction sites (lower
segment of the NG in Figure 2a). Based on reported
literature,® ! we have also considered that the hydrogen
atoms situated at the sp® carbon atoms of the two five-
membered rings are already detached from P (denoted as
the initial state (IS) in Figure S2), once the molecule is
deposited on Au(111) surface. In the second step, the
dehydrogenation of the methyl group, corresponding to
steps IS—IMI1, occurs. According to our calculations, the
dehydrogenation assisted by a single gold adatom has a very
low barrier ~17 kcal/mol (see Table S1 for a comparison
with other less favorable gold adatom-assisted dehydrogen-
ations and C—C bond cleavage previous to the ring-closure
process). Importantly, a single gold adatom substantially
lowers the activation barrier and stabilizes the final product
energetically by passivation of the radical carbon atom
generated after the dehydrogenation.

Figure 2 displays the two key steps in the formation of
A,_,, namely the single gold adatom-assisted formation of
two new carbon-carbon bonds, comprising the intermediate
and transition steps from IM2 to IM6 and from TS1 to TS3,
respectively. In addition, the corresponding optimal activa-
tion energy profiles between such steps are summarized in
Figure 2a. We have studied these two processes by means of
two independent reaction coordinates defined in terms of
atomic bond lengths d;, d, and d;, which makes the
simulations computationally extensive. The two-dimensional
(2D) maps shown in Figure 2b depict an intuitive way to
plot the minimum energy pathways for energy landscapes./*”!
The optimal reaction pathways presented in Figure 2b are
also summarized in the videos attached in the Supporting
Information.

In the first step, a feasible scenario is the one where a
gold adatom breaks the C—H bond on an adjacent benzene
ring, which facilitates the formation of a new benzene ring

Angew. Chem. Int. Ed. 2024, 63, €202318185 (6 of 9)

(see reaction path IM2—IM4 in Figure 2a). Notice that, to
describe the transition from IM2 to IM4, two reaction
coordinates, d, and d,—d;, are employed simultaneously (see
Figure 2b). According to our QM/MM calculations, this
sequence has a relatively low activation energy barrier 35—
45 kcal/mol, which allows the reaction to occur within a
matter of seconds at the experimental temperature 290°C.
Importantly, the formed intermediates are thermodynami-
cally more stable than the initial intermediate IM1. Next,
another gold-assisted dehydrogenation step of the other
methyl group takes place, forming intermediate IMS. After-
ward, the cyclization process leading to a heptagonal ring
(IM6) can be achieved with a relatively favorable activation
barrier of 31 kcal/mol. An identical gold-assisted formation
of two new carbon-carbon bonds is expected to occur also at
the other side of the precursor, see Figure S2. To form the
final nanographene A,_,, both the pentagonal and heptago-
nal rings must dehydrogenate the remaining sp’ carbons (see
Figure S4 in the Supporting Information). Moreover, Fig-
ure S4 also compares the free energy profile of the
dehydrogenation process with and without a single gold
adatom, which underlines the importance of the gold
adatoms, as discussed previously. Note that from the
calculations, we cannot determine the order in which the
dehydrogenations and closure of the remaining rings occur.

Finally, we have investigated the minority NGs found on
the Au(111) surface. A, exhibits a slight asymmetry with
respect to the “Z-shape” compared with the STM top-
ography of A, ,. A close inspection of A, is shown in
Figure 3a. It unveils a skeletal ring-rearrangement reaction
that gives rise to a unique combination of pentagonal and
heptagonal rings at one of the reacting sites of the NG,
identified as a Stone-Wales defect (highlighted by red
arrows). The formation of A, implies a 12-shift of a
carbon-carbon bond adjacent to the embedded azulene unit,

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

85UB017 SUOLILLOD 3AIRRID 3|edldde 8Ly Ag pausenob a1 S3jole YO ‘Bsn J0 S3|nI 04 A%iq1T 8UIUO /8|1 UO (SUORIPUOD-PUR-SLLBIWI0D" A3 1M A RRIq 1 RU1IUO//SARY) SUOIIPUOD PUe SWiB | 83U} 885 *[7202/70/60] UO AR1q178UlUO AB|IM ‘PHPRIN 8P BLIOUOINY PepISRAIUN AQ SBTBTEZ0Z 31UR/Z00T OT/I0P/L0D A8 | IM" AReiq1BU1|UO// SRy W1y papeojumoq ‘€T %202 ‘€LLETZST



GDCh
=

reducing the ring size of a hexagon to a pentagon while
extending another to a heptagon (see Figure S5). In
addition, a non-negligible amount of asymmetric NGs,
named B, were also achieved (13 %). Figures 3b-e show the
four different NGs detected on the surface. Herein, an
unforeseen rearrangement of one pyrene subunit per nano-
graphene is observed in all of them, followed by the
oxidative ring-closure of methyl substituents and/or the
combination of oxidative ring-closure and skeletal ring-
rearrangement reactions that give rise to the formation of
the azulene or Stone-Wales defects, respectively (see the
details in Figure S5). Therefore, the combination of the
above-mentioned reactions induces the formation of four
distinct B type NGs containing: i) two azulene units formed
through oxidative ring-closure of methyl substituents (B,_,,
in Figure 3b), ii) one azulene unit and one Stone-Wales
defect, formed by the combination of oxidative ring-closure
and a skeletal ring-rearrangement reaction that occurs at
one side of the NG (B, and B,_,, in Figure 3c, d), and iii)
two Stone-Wales defects, produced by oxidative ring-
closure and skeletal ring-rearrangement that arises at the
two sides of the NG (B,_,, in Figure 3e). Furthermore, the
electronic structure of the five NGs shown in Figure S6
reveals a non-magnetic, i.e. closed-shell ground state where
the abrupt stepwise change in conductance symmetric with
respect to the Fermi Energy is absent, in contrasts to what
has been observed for A, _,.

Conclusion

In summary, we explored the on-surface generation of NGs
embedding azulene and Stone-Wales topologies synthesized
on a coinage-metal surface under UHV conditions. The
reported NGs contain two azulene units (A, ,, B,_,), one
azulene unit, one Stone-Wales defect (A, , B, and B,_,)
and two Stone-Wales defects (B,_). The majority product,
A,_,, is formed via oxidative ring-closure of the four methyl
substituents of the employed precursor after annealing of
the sample, whether all the other NGs undergo oxidative
ring-closure and skeletal ring-rearrangement reactions.
Their structural characterization has been detailed by high-
resolution STM imaging. STS measurements, complemented
with state-of-the-art theoretical calculations, reveal that A,_,
possesses an antiferromagnetic open-shell singlet ground
state with a remarkably high magnetic exchange coupling
(the highest among the reported non-benzenoid-containing
NGs); in contrast, the other NGs present a closed-shell
configuration. Finally, DFT and QM/MM simulations pro-
vide insights into the reaction mechanism that originates
A,_,, revealing the fundamental catalytic role of the single
gold adatoms for oxidative ring-closure. This observation
opens new venues to explore single-adatom gold catalysis in
on-surface synthesis.
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