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ABSTRACT: The electronic and magnetic properties of
nanographenes strongly depend on their size, shape and topology.
While many nanographenes present a closed-shell electronic
structure, certain molecular topologies may lead to an open-shell
structure. Triangular-shaped nanographenes with zigzag edges,
which exist as neutral radicals, are of considerable interest both in
fundamental science and for future technologies aimed at
harnessing their intrinsic high-spin magnetic ground states for
spin-based operations and information storage. Their synthesis,
however, is extremely challenging owing to the presence of
unpaired electrons, which confers them with enhanced reactivity.
We report a combined in-solution and on-surface synthesis of n-
extended triangulene, a non-Kekulé nanographene with the
structural formula C33H;s, consisting of ten benzene rings fused in
a triangular fashion. The distinctive topology of the molecule
entails the presence of three unpaired electrons that couple to
form a spin quartet ground state. The structure of individual
molecules adsorbed on an inert gold surface is confirmed through
ultra-high-resolution scanning tunneling microscopy. The
electronic properties are studied via scanning tunneling
spectroscopy, wherein unambiguous spectroscopic signatures of
the spin-split singly-occupied molecular orbitals are found.
Detailed insight into its properties is obtained through tight-
binding, density functional and many-body perturbation theory
calculations, with the latter providing evidence that m-extended
triangulene retains its open-shell quartet ground state on the
surface. Our work provides unprecedented access to open-shell
nanographenes with high-spin ground states, potentially useful in
carbon-based spintronics.

The synthetic chemistry of polycyclic conjugated
hydrocarbons, or nanographenes (NGs), has witnessed a resurgent
interest since the isolation of graphene.! The impetus for this
development comes from the critical dependence of the physico-
chemical properties of NGs on molecular size and shape, and
more drastically, on molecular topology.># This renders the field
of NGs a fertile playground to investigate rich structure-property
relationships and emergent phenomena in purely organic
materials. While many of the NGs realized to date exhibit a non-
magnetic, closed-shell electronic structure, some NGs, as a result

of their peculiar topology, may exhibit a magnetic, open-shell
structure.’ Such

Chart 1. Non-Kekulé NGs with triangular topology®
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aN* and N denote the number of atoms belonging to 4 and B
sublattices, respectively. S denotes the total spin quantum number
derived from Ovchinnikov’s rule.!®

compounds are highly attractive for applications in molecular
electronics,®” non-linear optics® and photovoltaics.® Furthermore,
unpaired spins in open-shell NGs may be used to perform spin
logic operations for future spintronic applications.!®!! In this
respect, the family of NGs with triangular topology (see Chart 1)
has received widespread attention as high-spin organic
ferromagnets.'?> The unique topology of these compounds implies
that no Kekulé valence structures can be drawn without leaving
unpaired electrons.!> The underlying physical basis for the non-
Kekulé structure of these compounds is an inherent sublattice
imbalance in the bipartite honeycomb lattice, such that not all p,
electrons can be paired to form m-bonds, which thus generates
uncompensated radicals.'4!5 The effect of molecular topology on
the magnetic ground state may be quantified using Ovchinnikov’s
rule,'¢ which states that for alternant NGs, the ground state spin
quantum number S = (Na-Np)/2; where N, and Ny refer to the
number of carbon atoms belonging to the two interpenetrating
sublattices of the honeycomb lattice. As shown in Chart 1, this
rule predicts increasing total spin with the increasing size of
triangular NGs. Derivatives of phenalenyl (three fused benzene
rings)!7 and triangulene (six fused benzene rings)!®2° have been
obtained in solution, and generation of unsubstituted triangulene
was only recently reported via scanning tunneling microscopy
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(STM)-based atomic manipulation route.?! However, larger
homologues of the series with higher spin ground states remain
elusive. The presence

Scheme 1. Synthetic route toward n-extended triangulene®
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bReagents and conditions: (i) K,COj3, Pd(PPhs),, toluene/EtOH/H,0, 110 °C, 18 h; and (ii) I, MCH, PPO, hv (4 = 253 nm), 8 h.

of unpaired electrons makes a conventional solution-based
synthesis of such compounds extremely challenging,?? and in this
regard, on-surface synthesis under ultra-high vacuum conditions
is a powerful alternative approach to achieve highly reactive
compounds.?® In addition to its potential toward large-scale
generation of individual molecules, on-surface synthesis also
holds great promise in the fabrication of extended nanostructures
via appropriate design and functionalization of precursor
molecules. Herein, we report a combined in-solution and on-
surface synthesis of n-extended triangulene (1), consisting of ten
fused benzene rings with three unpaired electrons. STM
measurements evidence the chemical structure of 1, and we
unravel the electronic structure through scanning tunneling
spectroscopy (STS), which clearly reveals the spin splitting of
frontier orbitals. Our results are further supported by tight-binding
and ab-initio calculations, which provide detailed insight into the
electronic structure of this elusive compound.

The synthesis of 1 is based on precursor 2 (Scheme 1),
consisting of a benzo[c]naphtho[2,1-p]chrysene core with three
strategically-placed methyl substituents which serve as active sites
that undergo oxidative ring closure reactions when 2 is annealed
on a metal surface, leading to the formation of 1. For the synthesis
of 2, it was expected that the photoactive key intermediate 7
should provide 2 via  solution-mediated  oxidative
photocyclization. The synthetic approach to obtain 7 requires a
three-step procedure (see Supplementary Information for detailed
synthetic methodology) starting from the commercially available
compounds 2-bromobenzaldehyde (3) and 1,3,5-tribromobenzene
(5). Firstly, the quantitative, stereoselective synthesis of (E)-1-
bromo-2-(prop-1-enyl)benzene (4) was carried out from 3 in the
presence of pentan-3-one and boron trifluoride diethyl etherate
(BF;0Et,), according to literature protocol.?*?3 Then, a Miyaura
borylation reaction of 1,3,5-tribromobenzene (5) affords 1,3,5-
phenyltriboronic acid trispinacol ester (6) in 52% yield.?
Thereafter, the Suzuki cross-coupling reaction between 4 and 6
affords 7 in 35% yield. Finally, 7 was subjected to a
photocyclization reaction under an inert atmosphere in the
presence of methylcyclohexane (MCH), (+)propylene oxide
(PPO) and iodine (I;). Synthesis optimization revealed that a
wavelength of 253 nm is most suitable to enforce conversion of 7
into 2, in 80% yield.

Subsequently, a submonolayer coverage of 2 was deposited on
Au(111) surface held at room temperature and annealed to 320 °C
to promote surface-catalyzed ring closure reactions. Figure la
presents an overview STM image of the surface after the
annealing process, wherein the presence of individual molecules

and irregular covalently-bonded molecular clusters can be
discerned. Approximately 17% of the molecules present on the
surface exhibit a uniform three-fold symmetric appearance
(highlighted in Fig. la, also see Fig S1). High-resolution STM
imaging of an individual molecule (Fig. 1b) reveals distinct
electronic contrast in the local density of states (LDOS) as two
prominent lobes at the three vertices and two weaker lobes along
the edges of the molecule. To access the chemical structure of the
molecule, we performed ultra-high-resolution STM imaging with
a carbon monoxide (CO)-functionalized tip in the regime of tip-
molecule Pauli repulsion,??® which confirms the successful
formation of 1 (Fig. lc, also see Fig. S2 for height-dependent
imaging data). The stable and planar adsorption of 1 on Au(111)
as seen from STM imaging indicates the absence of any chemical
bonding to the surface, and is in line with density functional
theory (DFT) calculations (Fig. 1d) which reveal a flat adsorption
geometry of 1 on gold, with the zigzag edges of 1 oriented along
the nearest-neighbor gold atomic rows.

I
T oo A A A

Figure 1. On-surface synthesis and structural characterization of
n-extended triangulene on Au(l11). (a) Overview STM
topography image after annealing precursor 2 on Au(111) at 320
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°C, revealing the predominant presence of individual three-fold
symmetric molecules (one such molecule is highlighted with a
white square) and fused molecular clusters (V' = -600 mV, [ = 60
pA). (b) High-resolution STM image of 1 acquired with a CO-
functionalized tip (V' = -400 mV, I = 100 pA). (c) Corresponding
ultra-high-resolution STM image (V' = -5 mV, I = 50 pA, Az = -
0.8 A). (d) Top and side views of the DFT-optimized equilibrium
geometry of 1 on Au(111). Scale bars: 5 nm (a) and 0.5 nm (b, c).
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Figure 2. Electronic characterization of n-extended triangulene. (a, b) Nearest-neighbor TB (a) and MFH spectrum (b) of 1 showing three
non-bonding zero-energy states and subsequent opening of a gap due to spin polarization. U denotes the on-site Coulomb repulsion. (c)
Energy level scheme of the spin-polarized frontier orbitals wq, y, and w3 of 1. (d) Computed wavefunctions of the SOMOs. Green/red
isosurfaces denote opposite phase of the wavefunction. (¢) Computed spin density distribution of 1. Blue/red isosurfaces denote spin
up/spin down density. Numbers denote spin density values. (f) d//dV spectrum acquired on 1 (blue curve) at the position marked with a
blue circle in (g). Gray curve corresponds to reference spectrum acquired on Au(111) (V'=-1.5V, I =450 pA, Vins = 12 mV). The spectra
are vertically offset for visual clarity. (g) Constant-current STM images (left panels) and simultaneously acquired d//dV maps at bias
values corresponding to the PIR and NIR (center panels), along with simulated TB-LDOS maps of SOMOs and SUMOs of 1 (right
panels). Tunneling parameters for the STM images and associated d//dV maps: V' =-400 mV, / =400 pA (PIR) and V'=+1.15V, [ =420

PA (NIR); Vs =22 mV. Scale bar: 0.5 nm.

The electronic structure of 1 can be described well within the
nearest-neighbor tight-binding (TB) model. The most important
feature in the TB energy spectrum of 1 is the presence of three
non-bonding, half-filled zero-energy states (Fig. 2a). Inclusion of
electron correlation within the mean-field Hubbard (MFH) model
induces spin polarization in the system, and leads to the opening
of a Coulomb gap (Fig. 2b). The energy level scheme of the
frontier orbitals is presented in Fig. 2¢, which shows three quasi-
degenerate singly-occupied molecular orbitals (SOMOs), with the
populating spins aligned parallel to each other to give rise to an

open-shell quartet (i.e. spin-3/2) ground state. The magnetic
structure of 1 computed via MFH calculations is in agreement
with previous theoretical reports®® and our spin-polarized DFT
calculations, where we also find the open-shell quartet state as the
ground state, with the open-shell doublet (i.e. spin-1/2) state 236
meV  higher in energy. The computed spin-polarized
wavefunctions of the SOMOs are displayed in Fig. 2d, which
exhibit a dominant edge-localized character with maximum
amplitude on one sublattice only. Similarly, the computed spin
density distribution shown in Fig. 2e reveals spin localization

3
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mostly at the zigzag carbon atoms of sublattice 4 with negligible
spin density on the atoms of sublattice B.

The principal outcomes of TB analyses are reproduced in our
STS experiments, wherein dZ/dV spectroscopy on 1 reveals broad
and pronounced peaks in the DOS centered at -400 mV and +1.15
V (Fig. 2f, also see Fig. S3 for additional STS measurements),
which correspond to the positive and negative ion resonances
(PIR and NIR), respectively. Spatial mapping of the dZ/dV signal
(d//dV maps) at these bias values (Fig. 2g) exhibits excellent
correspondence to the TB-LDOS maps of the SOMOs (-400 mV)
and the singly-unoccupied molecular orbitals (SUMOs, +1.15 V)
of 1. This confirms the assignment of the peaks in the dI/dV
spectrum to molecular orbital resonances, and the associated
Coulomb gap of 1 is deduced to be 1.55 eV. To determine the
magnetic ground state of 1 adsorbed on Au(111), we performed
eigenvalue self-consistent GW calculations including image
charge screening effects from the underlying surface (GW+IC
calculations, see Fig. S4) for the open-shell quartet and doublet
electronic configurations. From these calculations, it is found that
the experimental Coulomb gap of 1.55 eV shows excellent
agreement to the GW+IC frontier orbital gap of 1.67 eV of the
open-shell quartet state of 1, while the GW+IC frontier orbital gap
of 640 meV of the open-shell doublet state differs significantly
from the experimental value. These observations thus strongly
suggest that 1 exhibits an open-shell quartet ground state on
Au(111).

In summary, we have synthesized stable and unsubstituted 7t-
extended triangulene adsorbed on a gold surface. Our synthetic
protocol combines in-solution synthesis of a key intermediate
compound 7 which, when subjected to oxidative photocyclization
in solution, provides precursor 2 that undergoes surface-catalyzed
oxidative cyclization on Au(111) to yield the final product 1.
STM and STS characterization at sub-molecular level, in
conjunction with a range of theoretical calculations, confirm the
chemical structure of 1 and allow real-space visualization of the
spin-split frontier orbitals. In particular, comparison of
experimental STS data with GW+IC calculations suggests that 1
maintains its expected open-shell quartet ground state when
adsorbed on Au(l11). The high-spin, delocalized m-radical
systems of m-extended triangulene and its homologues provide
rich opportunities to conduct further studies on spin-spin
interactions in pure hydrocarbon compounds and, as nanoscale
organic ferromagnets, open perspectives toward applications in
quantum electronic and spintronic devices.
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