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Graphene nanostructures (GNs) including graphene nanoribbons and nanoflakes have attracted
tremendous interest in the field of chemistry and materials science due to their fascinating electronic,
optical and magnetic properties. Among them, zigzag-edged GNs (ZGNs) with precisely-tunable
n-magnetism hold great potential for applications in spintronics and quantum devices. To improve the
stability and processability of ZGNs, substitutional groups are often introduced to protect the reactive
edges in organic synthesis, which renders the study of their intrinsic properties difficult. In contrast to
the conventional wet-chemistry method, on-surface bottom-up synthesis presents a promising
approach for the fabrication of both unsubstituted ZGNs and functionalized ZGNs with atomic precision
via surface-catalyzed transformation of rationally-designed precursors. The structural and spin-polarized
electronic properties of these ZGNs can then be characterized with sub-molecular resolution by means
of scanning probe microscopy techniques. This review aims to highlight recent advances in the on-
Received 21st October 2020 surface synthesis and characterization of a diversity of ZGNs with m-magnetism. We also discuss the
DOI: 10.1039/d0cs01060; important role of precursor design and reaction stimuli in the on-surface synthesis of ZGNs and their
n-magnetism origin. Finally, we will highlight the existing challenges and future perspective surrounding
rsc.li/chem-soc-rev the synthesis of novel open-shell ZGNs towards next-generation quantum technology.
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1. Introduction

Graphene consists of a single layer of carbon atoms arranged in
the honeycomb lattice, which can be viewed as a bipartite
lattice composed of two interpenetrating triangular sublattices
(Fig. 1)." As a result of lattice symmetry, the conduction and
valence bands touch at the so-called Dirac point with a linear
band dispersion that resembles the Dirac spectrum for mass-
less fermions. Owing to its unusual electronic spectrum, gra-
phene has led to the emergence of a new paradigm of quantum
relativistic phenomena and novel device characteristics.> How-
ever, the lack of an energy gap has limited the applications
of graphene in digital electronics. One strategy for opening
bandgap is reducing the lateral dimension of graphene into
nanoscale, creating graphene nanostructures (e.g., graphene
nanoribbons (GNRs), graphene quantum dots (GQDs) or
polycyclic aromatic hydrocarbons (PAHs)) due to quantum
confinement and edge effects, which is useful for realizing
the potential of graphene as a transistor.’*™®

In addition to bandgap engineering, reducing lateral dimen-
sion of graphene via clipping graphene along different crystal-
lographic orientations leads to the formation a diversity of GNs
with unique electronic and magnetic properties, which depend
on their sizes, shapes, and edge topologies (Fig. 1). While zigzag
edges consist of carbon atoms belonging to the same sublattice,
armchair edges are composed of carbon atoms from two
different sublattices. These edge configurations of graphene’s
n-electron network have a significant impact on the electronic
and magnetic properties of GNs. For example, armchair-edged
GNRs exhibit a quantum confinement induced electronic band
gap that selectively depends on the ribbon width, critical for
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their applications in digital electronics. In contrast, zigzag-
edged GNs (ZGNs) have been predicted to possess unpaired
n-electrons with spin-polarized edge states. Electronic Coulomb
repulsion in ZGNs can result in the formation of spin polarized
electronic structures with an energy gap.”® In addition, these
ZGNs also show the geometry- and size-dependent spin trans-
port properties. For example, triangulene homologues possess
ferromagnetically coupled edge states, which can be further
tuned by size engineering, in-plane electric field and chemical
doping. Therefore, this class of materials has been proposed as
a promising candidate for spintronics applications including
spin filter, spin valve, and spin switch.’™* Moreover, graphene
nanorings consisting of zigzag-edged GNR (ZGNR) was
proposed to be used as active channel materials for quantum
interference transistors with a high on/off ratio.’

Magnetism in ZGNs has drawn increased interest due to
their potential applications in organic magnetism, MRI con-
trast agents, and organic spintronics.'®™® In contrast to the
conventional magnetic materials involving d- or f-block ele-
ments, magnetism in GNs containing light p-block carbon
atoms is usually attributed to unpaired m-electrons or partially
filled m-band originated from their unique topologies."*™®
These ZGNs can be classified into four categories depending
on the origin of n-magnetism. (i) Non-Kekulé ZGNs with sub-
lattice imbalance in the bipartite honeycomb lattice. For this
class of materials, no Kekulé covalence structures can be drawn
without leaving unpaired electrons."”” The magnetism of the
non-Kekulé structure is rooted in an inherent sublattice imbal-
ance in the bipartite honeycomb lattice, such that not all p,
electrons can be paired to form n bonds, thus generating
uncompensated radicals.'® (ii) Topological frustration induced
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unconventional magnetism in GNs which can be explained by
the concept of “nullity” () defined by their topologies. ‘“Nul-
lity” (n), is determined by the topology of GN through the
equation: n = o — f§, where o and f§ are the maximum number
of nonadjacent vertices and edges, respectively.'® The inability
to simultaneously pair all p, orbitals is attributed to the
topological frustration of GNs, which can be classified into
two sets: involving only one or both two sublattices. Clar’s
goblet with two topologically frustrated sublattices is thus
classified as the second one (discussed in Section 4.7). (iii)
ZGNs with resonance structures of both Kekulé and non-Kekulé
forms. This class of materials also don’t possess sublattice
imbalance. According to Clar’s rule, the resonance structure
of a GN with the maximum number of Clar sextet (defined as
six m-electrons localized in a single hexagonal ring separated
from adjacent rings by C-C single bonds, as represented by the
color filled hexagonal rings in Fig. 1 and Fig. 15) is considered
as the most stable form by gaining the extra aromatic stabili-
zation energy.'®?° The magnetism (radical character in non-
Kekulé format) is driven by the maximization of the number of
Clar’s sextet (the most stable form), which is a result of gaining
aromatic stabilization energies. Zethrenes, a representative
example, show a closed-shell quinoidal form and open-shell
diradical form, and its diradical character is closely related to
the number of Clar’s sextet (Fig. 1). (iv) ZGNs are predicted to
host low-energy spin-localized states, which shift towards Fermi
level as their size increases.”® Coulomb repulsion triggers the
spin polarization for the induced magnetism in ZGNs. Such a
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trend has been experimentally demonstrated in a recent work
(discussed in Section 4.8 of this review) that reports a closed-
shell [4rhombene and an open-shell [5]rhombene.

Although spin-polarized edge states in ZGNs (e.g., triangulenes
and ZGNRs) have long been predicted,'>*! a direct verification of
their magnetic properties has remained elusive.'® The chemical
synthesis of ZGNs also presents a grand challenge due to their
high chemical reactivity arising from the presence of unpaired
electrons. Up to date, only substituted ZGNs were synthetized via
conventional solution-phase chemistry.>*** In addition, ZGNs can
also be fabricated via the “top-down” method involving clipping
graphene into nanometer-sized structures by means of lithogra-
phy or plasma treatment. However, these ZGNs synthesized via
these top-down methods generally lack atomic precision.>"**

On the other hand, on-surface bottom-up synthesis relying
on the rational design of molecular precursors and subsequent
surface-assisted methods to produce GNs with desired topolo-
gies, is gaining intensive research interest in this field. The
on-surface synthesis can be steered by a variety of factors
including rational precursor design, a choice of catalytic sub-
strates and external reaction triggers. The latter includes ther-
mal annealing protocols, light irradiation and tip manipulation
in a scanning tunneling microscope (STM). Such a bottom-up
approach offers a viable route towards the synthesis of atomically
precise ZGNs. Recent advances in tip-functionalized STM and
non-contact atomic force microscopy (nc-AFM) imaging allow for
the characterization of the structural and electronic properties of
these GNs with unprecedented sub-molecular resolution.”>>°

SoORN 8 S

dibenzoheptazethrene  Clar’s goblet

Fig. 1 Schematic illustration of various zigzag-edged graphene nanostructures. The zigzag and armchair edges are highlighted by red and blue lines,
respectively. The orange and blue filled circles represent two sublattices in a graphene unit cell. Clar sextets are highlighted with color filled hexagonal

rings in the [5]triangulene, dibenzoheptazethrene, and Clar's goblet.
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The synthesis and characterization of open-shell GNs with
zigzag edges have evolved into one of the most active research
topics. Although several reviews have been published on the
topic related to the synthesis of GNs, most of them focus
on the closed-shell GNs or on the synthetic design of the
zigzag topologies of GNs.”””® Moreover, magnetism in two-
dimensional materials,” solution-synthesized molecules,
and their theoretical models'* have been reviewed. However,
the on-surface synthesis of open-shell GNs, together with the
detailed mechanism of their magnetism origin, the open-shell
electronic structure engineering, and their potential applica-
tions have not been systematically highlighted. In this review,
we will discuss these topics and highlight the recent advances
in on-surface synthesis of various open-shell GNs under the
four categories as described above: (i) sublattice imbalance,
including: (1) triangulene, (2) extended triangulene, (3) trian-
gulene quantum ring, (4) triangulene dimer. (ii) topological
frustration, including: (5) Clar’s goblet. (iii) aromatic stabili-
zation, including: (6) super-heptazetherene, (iv) size-dependent
magnetism, including (7) higher order acenes, (8) [nJrhombene,
(9) [n]coronene. In addition, (10) peri-acene, (11) short zigzag
termini of AGNRs, (12) zigzag-edged GNRs, (13) GNR junctions,
(14) porphyrin derivatives are also included.

2. Potential applications of
open-shell GNs

Spintronics exploits the spin degree of freedom to inject,
transport, and detect information in devices, differs from
traditional electronics that utlizes the charge-based
31,32 gpecifically, open-shell GNs possess outstanding
n-magnetism which makes them promising candidates for
spintronics applications. Firstly, the magnetic properties of
GNs can be precisely engineered by a judicious design of their
topologies. Secondly, GNs exhibit a long spin-lifetime and spin-
diffusion length, due to their weak spin-orbit coupling and
hyperfine interaction.**® Thirdly, GNs can be potentially
“welded” with graphene-based contacts, thus circumventing
an undesirable spin-depolarization at contact-semiconductor
interface in the solid-state spintronic device.>”*®* A few con-
ceptual implementations of GNs into such a spintronic devices,
including spin filters, and logical gate are depicted schemati-
cally in Fig. 2. Several GNs with designed geometries have been
proposed for spin logic operations.’®*° For instance, the bow-
tie- and rhombus-shaped GNs (described in Sections 4.7 and
4.8) adopt anti-ferromagnetic singlet ground state spin configu-
ration. Therefore, these NGs can be potentially employed for
the realization of a NOT logic gate unit, since flipping the input
spins on one termini of the molecule requires the output spins
on the other termini to flip as well.'® Furthermore, the coupling
strength between the two termini can be further engineered by
a rational design of their topologies.

Apart from the spin-logic gate, various GNs with different
topologies have been proposed as key components for the spin
filter device.*”**** For example, zigzag-edged hexagonal GNs
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Fig. 2 Potential applications of magnetic GNs including: (i) spin logic
gate; (i) quantum spin filter; (iii) single photon emitter.

as function of different size has been theoretically studied and
proposed for spin filters.* Hexagonal-shaped GNs with six
identical zigzag edges favor the anti-ferromagnetically coupled
edge states, which enable the spin-dependent quantum inter-
ference effects that leads to the realization of the spin-filtering
operation in the absence of an external magnetic field.
Recently, a high-yield synthesis of such a hexagonal-shaped
molecule, namely circumcoronene, has been realized by our
group (described in Section 4.9), which shed new light on the
real application of hexagonal-shaped GNs in the future.

Open-shell GNs also hold a great prospect for a range of
applications in quantum nanotechnology and quantum optoe-
lectronics, wherein GNs could be used as qubits for quantum
information processing,*> single-photon emission sources,*>*’
and laser sources.’® Recent experimental breakthroughs
demonstrate that bottom-up fabricated GNs can act as highly
efficient and stable single-photon emitters at room tempera-
ture. The emission wavelength can be tuned via a judicious
modification of the functional groups on the GN edges.*
Furthermore, it has been demonstrated that edge configuration
of GNs also largely determines its photoemission quantum
yield characteristics. Specifically, armchair edged GN typically
show a rather low quantum yield due to symmetry-forbidden
electronic transitions.**° In contrast, zigzag-edged GNs allow
for a remarkable increase of quantum yield value. In addition,
according to theoretical predictions, the inherent high-spin
electronic structures of some open-shell GN, such as triangu-
lene homologues (described in Section 4.5), are expected to
allow for enhanced intersystem crossing dynamics between
different multiplet states, which may enhance the brightness
of the triangulene-based emitters.

This journal is © The Royal Society of Chemistry 2021
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3. Principle of on-surface synthesis
and precursor design

The concept of surface-assisted cross-coupling of rationally-
designed organic precursors into one-dimensional (1D) chains
or two-dimensional (2D) networks was demonstrated in the
seminal works of L. Grill and R. Fasel respectively.”>*> The
substrates used for on-surface synthesis generally involve a
clean single-crystal metallic surface. These metal surfaces (such
as Au, Ag, Cu, Ni, Pt) act as both the template and catalytic
support to facilitate the adsorption, re-organization and
chemical transformation of molecular precursors into the
desired products.”® The strategy lies in the rational design of
elegant precursors ready for the subsequent surface-assisted
transformation via different types of chemical reactions includ-
ing aryl-aryl coupling, Ullmann coupling, Glaser coupling,
Sonogashira coupling, radical polymerization and oxidative
cyclodehydrogenation.®>** These reactions are typically trig-
gered by thermally-activated bond cleavage of the precursor
molecules on catalytically-active substrates, which includes the
breakage of carbon-halogen or carbon-hydrogen bond fol-
lowed by radical polymerization and inter- or intra-molecular
dehydrogenation (Fig. 3). Such an approach has been widely

View Article Online

Review Article
used for the synthesis of GNRs and nanographene flakes>*>°
with both armchair and zigzag edge configurations.

Apart from thermally-activated reactions, other viable trig-
gers include STM tip manipulation and visible-light-irradiation
(Fig. 3). STM tip manipulation relies on the precise positioning
of atomically-sharp tip over the specific molecular site followed
by a voltage pulse to initiate chemical reactions. The underlying
mechanism typically involves inelastic energy transfer from the
hot electron to the target chemical bond, leading to multiple
excitations.”” Furthermore, the electron population of the
empty state with anti-bonding character can also promote the
activation of the chemical bonds.”® This method has been
widely used in the dissociation of oxygen, hydrogen and halo-
gen atoms on different substrates.>**>°" Alternatively, light-
irradiation produces photoexcited charge-transfer channels
that promote on-surface chemical reactions such as light-
induced sulphur-sulphur bond dissociation® and photopoly-
merization of tetraphenylporphyrin.®*"** Typically, two excita-
tion mechanisms including indirect (substrate-mediated) and
direct (intra-adsorbate) one, have been proposed for the photo-
induced surface reactions on metal surfaces. In the former
case, hot electrons generated in the bulk metal by photoabsorp-
tion transiently enter the unoccupied states of the molecule

Fig. 3 Schematic illustration of three representative on-surface synthesis protocols: thermal-annealing-induced intramolecular dehydrogenation
reaction, tip-manipulation-induced deoxygenation reaction, and visible-light-irradiation induced photodecarbonylation reaction for the synthesis of
azulene embedded peri-tetracene isomer, heptacene, and triangulene, respectively.

This journal is © The Royal Society of Chemistry 2021
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through an inelastic scattering process, leading to the formation
of ionic species that initiate photochemical reactions.®®® In
contrast, the direct mechanism relies on the photoinduced excita-
tion of electron in the hybridized molecular frontier orbitals
across the HOMO-LUMO gap of the adsorbed molecule.

The aforementioned on-surface reactions have been utilized
to synthesize a majority of GNs with different types of edge
configurations. In contrast to the synthesis of GNs with arm-
chair edges, the synthesis of GNs with zigzag edges requires the
design of new type of precursors because the polymerization of
the monomers via aryl-aryl coupling predominately takes place
along the zigzag rather than the armchair direction.”>*® GNs
with zigzag edges are typically fabricated by three different
chemical routes via on-surface synthesis: (i) the zigzag edges
are contained in the molecular precursor, such as the fabrica-
tion of peri-acene via a linear fusion of two acenes and the short
zigzag termini of the AGNRs; (ii) the missing zigzag cusps in a
partially formed zigzag edge can be completed by an oxidative
ring closure of methyl groups with its neighboring benzene ring
on the cove regions (as illustrated in Fig. 5A, 7A, and 9B); (iii)
the cleavage of protecting groups or the dehydrogenation of
methyl groups to generate pure zigzag edges, which has been
adopted to synthesize high order acenes,*®”® triangulene,”
and olympicene.””

4. On-surface synthesis and
characterization of ZGNs
4.1 Linear acences

Acenes contain a series of fused benzene rings in a linear array.
Despite being an m-extended system, one can draw only one
Clar’s sextet for each Kekulé resonance structure. The aroma-
ticity shared by a greater number of rings is reduced as the
acene increases in length. Because of this, longer acenes also
suffer from high chemical instability. While it is generally
accepted that short acenes have a closed-shell electronic
ground state, electronic properties of longer acenes (longer
than pentacene or hexacene) are still being debated. Earlier
theoretical studies have predicted an open-shell singlet,”®
triplet,’” and even higher spin ground states’® for acenes longer
than hexacene. Recent theoretical studies based on the parti-
cle-particle random-phase approximation reveal that the sing-
let-triplet energy gap of the acene series decreases as their
length increases but the ground state of longer acenes remains
as singlet.>*79782

Apart from higher chemical reactivity, longer acenes also
exhibit lower solubility, posing a challenge in solution-phase
chemical synthesis. To resolve these issues, a common
approach towards the wet chemical synthesis of higher order
acenes involves the introduction of substituents, such as trii-
sopropylsilylethynyl groups etc., for the propose of kinetic
protection and increasing solubility.>>®*®® To date, several
acene derivatives up to nonacene have been successfully
synthesized using solution-phase chemistry.**°' UV-Vis
absorption spectrum was used to monitor the lifetime of
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heptacene under ambient condition, which suggests an open-
shell ground state. However, it is challenging to synthesize even
larger acenes.

On the other hand, on-surface synthesis of acenes, which
can produce unsubstituted acenes under UHV conditions.
Although shorter unsubstituted acenes ranging from tetracene
to dodecacene have been successfully synthesized on surface
from specifically designed precursors (Fig. 3), the design and
synthesis of extended acenes with the fusion of more benzene
rings still remains a grand challenge.’?

The on-surface synthesis of pentacene on Ni(111) through a
stepwise reaction pathway constitutes a pioneer work in this
field.”* STM imaging reveals a successful conversion of tetra-
thienoanthracene precursors (2 in Fig. 4) into pentacene via
thermally induced sulfur abstraction and cyclization reaction. A
temperature-dependent STM study suggests the following reac-
tion steps are involved: as-deposited precursor undergoes: (i)
dehalogenation (ii) ring-opening and (iii) desulfurization. Sub-
sequently, the undercoordinated carbon atoms at each end of
the desulfurized intermediate bond to one another for ring
closure. This strategy can be applied to the synthesis of
pentacene from a non-halogenated analogue of the tetrathie-
noanthracene precursor.

Kriiger et al. reported a general method to obtain larger acenes
by on-surface reduction of epoxyacenes. This method was first
realized with the synthesis of tetracene from diepoxytetrcene (1 in
Fig. 4).°® The epoxyacenes were synthesized following multistep
iterative sequence of aryne cycloadditions that start from com-
mercially available naphthodiyne or bistriflate with furan. The
resulting precursor with two, three or four epoxy groups (1, 3, 9,
and 12 in Fig. 4) can form tetracene, hexacene, decacene, and
dodecacene, respectively upon the deoxygenation by means of
either thermal annealing or STM tip manipulation.>®*”~*°

Hydroacenes, partially saturated acenes were also used as
precursors for even higher-order acenes (5, 6, 8, 10, and 11 in
Fig. 4).”>°® Zuzak et al. developed a general method for the
synthesis of hydroacenes based on the gold(i)-catalyzed cycliza-
tion of dienynes, which were assembled through a double
Sonogashira cross-coupling between 1,4-diiodobenzene and
terminal alkynes. The precursors of hepta-, octa-, non-, dec-
and undecacene can be obtained through the cyclization reac-
tion depending on the backbone length of the dienynes.

The corresponding acenes could then be generated either by
thermal annealing of the sample or by STM tip manipulation.
The latter process could be performed by applying the bias
voltage with the tip apex located over the non-aromatic ring
consisting of two methylene groups. The target acenes are
formed via the dehydrogenation followed by the aromatization
and planarization of the molecular fragment. The electronic
gap of acenes as a function of the number of the fused benzene
rings has been determined via the scanning tunneling spectro-
scopy (STS) measurements (Table 1).%*

Recently, Urgel et al. reported a new approach towards on-
surface formation of heptacene and nonacene via the photo-
decarbonylation of a-bisdiketone precursors on Au(111) surface
under UHV conditions. Two a-bisdiketone moieties attached to

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 On-surface synthesis of various acenes with different lengths via thermal annealing, light irradiation and STM tip manipulation.

the precursor backbone serve as protecting groups to ensure
a high molecular stability and solubility. Upon irradiation
with visible light (wavelength (4,) = 470 nm), the photodecar-
bonylation of the precursor occurs, leading to the formation
of the corresponding acenes. In addition, the cleavage of
the a-bisdiketone groups can also be achieved via STM tip
manipulation.”

Urgel et al. have demonstrated a thermally catalytic decar-
bonylation of a two-Br substituted precursor for the synthesis of
heptacene on Au(111).%* The first-step debromination of mole-
cular precursors leads to the formation of Au-directed organo-
metallic polymers. Subsequently, a second annealing step
activates the bisdecarbonylation of the bridging o-deketone
moieties, giving rise to heptacene organometallic complexes.

This journal is © The Royal Society of Chemistry 2021

The synthesis of larger acenes has also been realized by
designing a new precursor, 2,3-dibromotetracene.’® The pre-
cursor molecules were thermally activated at the ortho positions
to form an aryne. The subsequent cycloaddition leads to the
formation of tetracene dimers with newly-formed four-member
ring, cyclo-trimers and X-shaped tetramers depending on the
number of arynes involved in the reaction.

Based on the above mentioned on-surface synthesis of
higher acenes and their electronic structure characterization
by dI/dV spectrum. It was also found that the longer acenes
show smaller electronic gaps and higher chemical reactivity
arising from (i) the presence of one stabilizing n-sextet, and (ii)
reduced aromaticity via sextet migration as the number of
benzene rings increases.®’
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Table 1 A summary of the structure, electronic and magnetic properties of ZGNs synthesized on different surfaces

Name Benzene ring number CSs/0s* Magnetism Band gap (eV) Substrate
Tetracene®® 4 CS non” — Au(111)
Pentacene’* 5 CS non 2.20 Ni(111)
Hexacene® 6 CS non 1.85 Au(111)
Heptacene’>% 7 cs non 1.60 Au(111)
Octacene”® 8 CS non 1.41 Au(111)
Nonacene”*%? 9 cs non 1.23 Au(111)
Decacene™ 10 CS non 1.02 Au(111)
Undecacene® 11 CS non 1.09 Au(111)
Dodecacene®” 12 cs non 1.40 Au(111)
Peri-tetracene'*? 11 0s AFM° 0.35 Au(111)
Peri-petacene’® 14 oS AFM — Au(111)
BO-doped peri-hexacene'®! 13 CS non — Au(111)
Olympicene” 5 oS PM? — Cu(111)
[3]Triangulene® 6 oS FM° 3.25 Xe(111), Cu(111), NaCl
4|Triangulene®® 10 0s FM 1.55 Au(111
g

[5]Triangulene'®® 15 0s FM 1.70 Au(111), Cu(111)
[7]TQR™® 21 os FM 1.21 Au(111)
Circumcoronene'*® 19 CS non 2.50 Cu(111)
6ZGNR" — 0s AFM 1.40 Au(111)
5-AGNR'*! — oS PM — Au(111)
7,12)-AGNR""’ 28 cs non 1.90 NaCl
(7,
7,16)-AGNR'"® 38 CS non 1.90 NaCl
(7,
(7,20)-AGNR'"® 48 CS non 1.90 NaCl
7,48)-AGNR™"? 118 CS non 1.90 NaCl

,
zeeGNR1'™ — CS non 1.40 Au(111)
zeeGNR2'* — cs non — Au(111)
ETRI"*° 11 0s FM — Au(111)
ETRI dimer"*° 24 0s PM — Au(111)
DTRI"*? 14 CS non 0.90 Au(111)
LDETRI**! 24 0s AFM 0.11 Au(111)
LDETRI with pentagon ring"*’ 23 0s PM — Au(111)
Clar’s goblet''? 11 oS AFM 1.30 Au(111)
Clar’s goblet dimer'"? 24 oS PM — Au(111)
Triangulene dimer'?® 12 0s AFM 1.65 Au(111)
Triangulene dimer with spacer'>® 13 oS AFM 1.65 Au(111)
[4]Rhombene'*® 16 oS non 0.73 Au(111)
[5]Rhombene'** 25 0s AFM 0.90 Au(111)/Ag(111)/Cu(100)
Super-heptazethrene'*® 12 CS AFM 0.23 Au(111)
Zn(m)PorA,'*? 12 oS PM 1.70 Au(111)
Zn(m)PorA,'*? 6 0s FM 1.00 Au(111)
PorA4'*® 12 0s PM 2.30 Au(111)

“ CS: closed-shell; OS: open-shell. * Non: nonmagnetic. © AFM: antiferromagnetic. ¥ PM: paramagnetic. ° FM: ferromagnetic.

Despite recent success in the on-surface synthesis of higher
order acenes, a direct evidence of the magnetic response for the
acenes synthesized on surfaces is still missing. This is probably
due to the electronic interactions of the molecule with the
substrate that disfavor a direct observation of their magnetic
response. It has been reported that the magnetism of a boron-
doped GNR can be quenched due to the presence of metallic
substrates.”® In order to probe the intrinsic electronic struc-
tures of higher acenes, it is required to develop new approaches
for a direct synthesis of these structures on insulating substrate
or to transfer them from metallic substrate onto insulating
substrates by tip manipulation.

4.2 Peri-Acenes

Peri-Acenes can be viewed as the lateral fusion of two linear
acenes at the peri-position into rectangular nanographene
flakes such as bisanthene, peri-tetracene, and peri-pentacene.
An open-shell diradical structure accompanied by two addi-
tional aromatic sextet rings can be drawn for this series of

Chem. Soc. Rev.

molecules. Theoretical calculations predict a reduction of
energy gap as an increase of their length along the zigzag-edge
direction.®>*’

Ni et al. reported the successful synthesis and isolation of a
stable peri-tetracene derivative in solution with four bulk
electron-withdrawing 2,6-dichlorophenyl groups attached to
the reactive zigzag edge sites.'® This compound displays an
open-shell singlet ground state with a moderate diradical
character (yo = 51.5%). On the other hand, larger peri-acenes
usually exhibit a greater degree of diradical character as
revealed by theoretical calculations. Hence, it remains a great
challenge to synthesize and isolate large-sized unsubstituted
peri-acenes.

Recently, several groups performed on-surface synthesis of
peri-acenes derived from rationally-designed precursors. %%
Rogers et al. reported the first case on the synthesis of peri-
pentacene converted from 6,6’-bipentacene as the precursor as
depicted in Fig. 5D." The precursor bipentacene was synthe-
sized through a Staudinger-type diazo-thioketone coupling

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 On-surface synthesis and characterization of different peri-
acenes. (A, D, G) Illustration of the synthetic routes toward on-surface
synthesis of peri-tetracene, peri-petacene, and BO doped peri-hexacene,
respectively. (B and C) STM and BRSTM images of peri-tetracene, respec-
tively. (E and F) STM and nc-AFM images of peri-petacene, respectively. (H)
nc-AFM images of BO-doped peri-hexacene. Reproduced with permis-
sion from ref. 101-103. Copyright 2019 American Chemical Society, 2018
John Wiley and Sons.

reaction, whereby two pentacene molecules can be coupled
through the central benzene rings. Thermal annealing of the
deposited precursors on Au(111) at 200 °C for 30 min induces a
thermal cyclodehydrogenation of all the peri-positions to form
the fully cyclized peri-pentacene, as evidenced by STM and nc-
AFM imaging (Fig. 5E and F).

Wang et al. reported the first oxygen and boron doped peri-
hexacene with OBO (Oxygen-Boron-Oxygen bonds connected)
segments on the zigzag edges via the surface-assisted cyclode-
hydrogenation of the precursor containing a double helicene
connected head-to-head with two OBO segments on the
edges.’”! The cyclodehydrogenation was initially attempted in
solution with the assistance from an oxidant such as FeCl; or
2,3-dichloro-5,6-dicyano-1,4-benzoquinone. Unfortunately, a
mixture of undefined products was obtained in the solution-
phase. In contrast, the cyclodehydrogenation of the precursor
to form OBO-doped peri-hexacene (Fig. 5G) was successfully
achieved on Au(111) at 380 °C. It was also observed that planar
peri-hexacene derivatives form self-assembled structures due
to intermolecular hydrogen bonding [O---H] as shown in
Fig. 5H. Apart from the lateral fusion of two linear acenes into
peri-acenes, another strategy for the synthesis of peri-acenes
involves the oxidative ring closure of molecular precursors with
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methyl groups, similar to the aforementioned synthesis of
ZGNR.'** Using this strategy, peri-tetracene has been synthe-
sized on Au(111) as depicted in Fig. 5A-C. The electronic gap of
peri-tetracene on Au(111) was determined to be 0.35 eV via STS,
much smaller than that of the largest dodecacene (1.4 eV)
synthesized on Au(111). The dI/dV maps obtained with a CO-
functionalized tip at the energetic positions of the highest
occupied molecular orbital (HOMO) and the lowest occupied
molecular orbital (LUMO) reveal localized electronic states at
the zigzag edges.

4.3 Zigzag-edged GNRs

ZGNRs can be viewed as the lateral extension of acenes
with varied width and extended length. Prior to the synthesis
of ZGNRs, numerous efforts have been made on the on-surface
synthesis of armchair-edged (AGNRs), heteroatoms-doped, as
well as GNRs with heterojunctions.>>"%*"'°® However, the synth-
esis of ZGNRs demands a different precursor design strategy.
This is because the polymerization of monomers via aryl-aryl
coupling takes place along the zigzag direction®”'°® rather
than armchair direction. Ruffieux et al. reported the seminal
synthesis of 6-ZGNR using a specifically-designed U-shape
precursor (Fig. 6A)."> The precursor was functionalized
with two halogen groups for the thermally-induced aryl-aryl
coupling, and two methyl groups for creating two new six-
membered rings via oxidative ring closure reaction with its
neighboring benzene ring to generate continuous zigzag edges.
The chemical structure of 6-ZGNRs has been clearly resolved
by nc-AFM imaging (Fig. 6B). To decouple the electronic
interactions between the ZGNR and the metallic surface, as-
synthesized GNRs were transferred from Au(111) onto the
atomically-thin insulating NaCl films deposited on Au(111)
via atomic manipulation. The dI/dV spectrum taken at the edge
of the decoupled ZGNR segment exhibits three resonance peaks
below and above Ep, with energy splitting gaps of 4° = 1.5 eV
and 4" = 1.9 eV between the two occupied states and the
unoccupied one (Fig. 6E), in good agreement with the calcu-
lated density of states (DOS) (Fig. 6D). dI/dV maps acquired at
these peaks reveal that the corresponding states are highly
localized at the zigzag edges (Fig. 6F). The characteristic
features, such as a protrusion at each outermost zigzag carbon
atom and an enhanced intensity at the ribbon terminus, are in
excellent agreement with the local density of states (LDOS)
plots of the corresponding Kohn-Sham density functional
theory (DFT) orbitals (Fig. 6G).

Although successful fabrication and characterization of the
ZGNR was achieved, a direct characterization of the magnetism
of the ZGNR is still missing. The spin density of ZGNR on one
edge is usually balanced by a spin density of the same ampli-
tude on the other edge resulting in zero net spin. The magnetic
coupling between two opposite edges also depends on the
width of ZGNR, which deserves future exploration. Collabora-
tive effort between synthetic chemists and surface scientists is
needed to design smart precursors for the on-surface synthesis
of narrower ZGNRs such as 2-, 3-, 4-, and 5-ZGNR. On the other
hand, the fabrication of wider ZGNRs requires the design of
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Fig. 6 On-surface synthesis and characterization of ZGNRs. (A) Sche-
matic illustration of the synthetic strategy of ZGNRs. U-shaped precursor is
designed for the synthesis of 6-ZGNR upon polymerization (step 1) and
subsequent cyclodehydrogenation (step 2). (B) Constant height nc-AFM
image of 6-ZGNR with a CO-functionalized tip. Scale bar, 1 nm. (C) STM
image of a 6-ZGNR segment transferred onto monolayer NaCl islands
via tip manipulation. Scale bar, 2 nm. (D) Calculated quasiparticle band
structure (energy versus wave vector k) (left, black; a is the lattice para-
meter) and density of states (DOS, right, grey) for an infinitely long
6-ZGNR. (E) dI/dV spectrum (red) taken at the zigzag edge as marked by
the red circle in (C) and the calculated quasiparticle DOS (grey). (F) d//dV
maps of filled (left) and empty (right) edge states taken at the sample bias of
—0.3Vand 1.0V, respectively. (G) DFT-calculated LDOS maps of filled (left,
with overlaid structural model) and empty (right, with overlaid structural
model) edge states. Scale bar is 1 nm. Reproduced with permission from
ref. 15. Copyright 2016 Nature publishing group.

larger precursors that usually suffer from low solubility and
high sublimation temperature, which poses additional
challenge for on-surface synthesis of wider ZGNRs. As an
alternative to the bottom-up approach, Magda et al. developed
a nanolithography method for the fabrication of wide ZGNRs
by cutting graphene sheet into sub-nanometer-wide channel
using STM tip under ambient conditions.'” d/dV measure-
ments in combination with theoretical calculations reveal a
semiconductor-to-metal transition when the width of ZGNRs
increases above 8 nm. The experimental observation of a steep
antiferromagnetic (semiconductor) to ferromagnetic (metal)
transition can be explained within mean-field approximation
of the Hubbard model including the temperature and doping
effects.
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It has been reported that wide AGNRs can be formed by side-
by-side inter-chain fusion of narrow GNRs via an intermolecu-
lar dehydrogenation reaction.''®** This strategy was adopted
by Beyer et al. for the synthesis of zigzag edge-expanded GNRs
(zeeGNRs) with a higher ratio of zigzag edge (67%) as compared
to armchair edge (25%)."'* Although all the zeeGNRs with
different widths show a closed-shell ground state, it provides
a new approach for the synthesis of open shell GNRs in the
future.

Although localized edge states were found in the above-
mentioned ZGNRs, the long-predicted magnetism of these
structures was not directly resolved. In contrast, magnetic
response has been established in specific sites of localized
spins hosted by certain recently reported GNR junctions. Li
et al. observed that single spin localization can emerge at some
specific sites in the junction of two chiral GNRs via the
detection of Kondo resonances (Fig. 7A and B) and spin-
excitation gaps (Fig. 7E).'® The junction structures were synthe-
sized on Au(111) by cross-dehydrogenative coupling of adjacent
GNRs with the same chirality. The formation of a stable
junction structure involves a reorganization of carbon atoms
around the initial contact point. Spin density is located at the
pentagon cove site and terminal zigzag site of the junctions.
STS measurements of the Type 1 and Type 2 junctions reveal
pronounced zero-bias peaks arising from the Kondo effect. The
characteristic temperature-dependent (Fig. 7C) and magnetic
field-dependent (Fig. 7D) behaviors further support the assign-
ment of zero-bias feature as Kondo resonance. The Fano line
shape of the Kondo resonance originates from the quantum
interference between two tunnelling channels including (i)
through the vacuum and (ii) through the atom/molecule.
An enhanced tunnelling through the atom/molecule with
the suppressed tunnelling through the vacuum gives rise to
the Lorentzian peak feature, while it appears as a dip if the
tunnelling through the vacuum is dominated over the tunnel-
ling through the atom/molecule.’*>''® Therefore, a dip often
appears over the single magnetic adatoms (i.e. Co, Fe, etc.) and
metal-molecule complexes (i.e. CoPc, FePc, etc.) with more
localized magnetic moment on metal surfaces."'”'*® In addi-
tion, the Fano line shape of Kondo resonance also depends
on their specific adsorption site that affects the tunnelling
probability through different channels."*”"'*® However, the
spin density in open-shell GNs is often delocalized around/
above a nanometre range in the m-conjugated lattice. It is
expected that the delocalization of spin density over a large
space region in the open-shell GNs disfavours the tunnelling
through the vacuum, leading to the emergence of Lorentzian
peak feature.

d7/dV spectra taken over Type 3 junctions at the terminal
zigzag segment and pentagon cove regions show step-like
features (at 10 meV) in the vicinity of Fermi level (Fig. 7E).
Such a symmetric step feature across Fermi level in dr/dv
spectra was attributed to the excitation of two exchange coupled
spins localized at the junction site by tunneling electrons.
Moreover, the spin exchange coupling strength increases with
the length of the connecting ribbons (Fig. 7F).

This journal is © The Royal Society of Chemistry 2021
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Fig. 7 On-surface fabrication and characterization of GNR junctions from (3,1)chiral GNRs. (A and B) Kondo resonances over the bright regions of Type 1
and Type 2 junctions, respectively (insert is the BRSTM image of the corresponding junction). (C) Temperature dependence of Kondo resonance (black
lines) with Frota function fitting (red dashed lines) of d//dV spectra taken over the pentagon cove site. Inset shows the Fermi-liquid fit of the extracted
HWHM at each temperature. (D) Magnetic field dependence of a Kondo resonance (over the same pentagon cove site). (E) The spin-excitation features
around zero bias over Type 3 junctions. (F) Spin excitation gaps of the junctions with different sizes, determined by the precursor unit number in each
junction, labelled as L and R in (E). Reproduced with permission from ref. 16. Copyright 2016 Nature publishing group.

4.4 Zigzag termini of AGNRs

The zigzag edge geometry can be also generated on the termini
of AGNRs via bottom-up on-surface synthesis. Although various
atomic structures can be found at the termini of AGNRs, our
discussion focuses on the ones with monohydrogen-terminated
zigzag ends.'"®"?! There has been a long debate on the nature
of end states of the short zigzag termini of AGNRs. Earlier
theoretical work predicts that these end states are spin
polarized.”™ In contrast, Mgller-Plesset perturbation theory
incorporating the electron correlation effect indicates that such
edge states are pseudo-spin polarized. This has been discussed
by Huzak et al.'®>> and more recently by Aristides."*?

Recently, the end states localized at the zigzag termini of
5-AGNR™" and 7-AGNR'" have been characterized by STM.
James et al. has investigated the electronic structure of several
5-AGNRs with different lengths adsorbed on Au(111) and
monolayer NaCl islands, respectively. High resolution STM
image resolves the backbone of the ribbon, while constant-
height d7/dV maps reveal its three electronic states located
at 700 mV, 137 mV and —150 mV, respectively (Fig. 8A). dI/dV
mapping reveals that the in-gap state at 137 mV is confined
to the end regions, while the states at —150 mV and 700 mV are

This journal is © The Royal Society of Chemistry 2021

associated with the valence band and conduction band onsets,
respectively. The magnetic character of the end states was
demonstrated via transport measurement by lifting up GNR
using STM tip. The conductance of the ribbons is measured as
a function of the lifting height (Fig. 8B). The observation of a
Kondo resonance (Fig. 8B) proves the magnetic nature of the
ribbon terminals. In addition, the magnetic end states of the
GNR quench as evidenced by the disappearance of Kondo
resonance upon its exposure to molecular oxygen.

STM manipulation can be used to transfer as-grown GNRs
from the metallic substrate onto insulating NaCl islands to
electronically decouple GNRs from the metal.””* Wang et al.
reported the study of the zigzag termini of a series of (7,n)
AGNRs, where n represents the lateral dimension along the
armchair direction in the unit of carbon zigzag lines."*® In the
study, GNRs with different lengths (ranging from 3 to 10 nm)
were moved onto NaCl islands to probe the electronic coupling
between the end states as a function of ribbon length. Fig. 8A-D
shows the STM images (upper panel) and d7/dV maps (lower
panel) of the empty and filled edge states of (7,12), (7,16), (7,20)
and (7,48) GNRs on NaCl islands. It was found that the
end states are localized near the zigzag termini (Fig. 8A-D).
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Fig. 8 Characterization of the zigzag terminals of armchair-edged GNRs. (A) High resolution STM image of a 5-AGNR and constant height d//dV maps of
three states near the Fermi level. (B) 2D conductance map of d//dV spectra during lifting the GNR over NaCl island measuring transport. Zero-bias Kondo
feature is observed due to localized magnetic moment at the terminal. (C—F) STM topography images and d//dV maps of empty and filled edge states of
decoupled (7,12), (7,16), (7,20) and (7,48) GNRs on monolayer NaCl islands (—0.1V, 30 pA). Reproduced with permission from ref. 119 and 121. Copyright

2016 Nature publishing group, 2020 American chemical society.

The fundamental gaps of these GNRs were determined by
the energy splitting A4,, between the occupied and empty end-
localized states. Over the length range of 3-10 nm of the
AGNRs, 4,, is essentially independent of the separation
between the zigzag edges, in accordance with the GW predic-
tions. In contrast, the bulk band gap 4,c decreases continu-
ously from 3.5 eV for the shortest (7,12) GNR to 2.9 eV for the
longest (7,48) GNR. This trend is rationalized by a reduced
longitudinal confinement of the associated bulk states that
extend throughout the whole AGNR.

4.5 [n]Triangulenes and [7]trangulene quantum ring

The extension of fused benzene rings in a triangle fashion
along the zigzag crystallographic direction leads to a series
of open-shell zigzag-edged triangular graphene molecules
(ZTGMs), namely, [n]triangulene series (n: the number of
benzenoid rings along each zigzag edge, Fig. 9A).°%9%13
The unique topology of these molecules makes it impossible
to construct their Kekulé-style resonance structures without
leaving unpaired electrons. Therefore, these molecules are
regarded as non-Kekulé polynuclear benzenoids, whose total
net spin can be quantified based on the Ovchinnikov’s rule
established by Lieb’s theorem for bipartite lattices. According
to this rule, the ground-state spin quantum number of GNs is

Chem. Soc. Rev.

(Na — Np)
2
number of carbon atoms from the two interpenetrating trian-
gular sublattices, respectively (marked by blue and orange
circles in Fig. 9A). The progress on the synthesis and character-
ization of a series of ZTGMs has been covered in our previous
mini-review, which will not be discussed in details here.'*
Instead, we would like to highlight the recent advance in the

synthesis of triangulene quantum rings (TQRs)."%®
Topological engineering via creating an antidot in large
triangulene homologues provides an alternative approach to
fabricate a series of intriguing TQRs with a tunable spin
quantum number and magnetic ordering.'*”'*® In particular,

determined by S = , where N, and Ny denote the

the spin-polarized energy gap and spin density distribution of
TQRs can be precisely controlled via tailoring the topology of
antidots in TQRs. Similar to triangulenes, the ground-state
spin-quantum number of TQRs can be predicted by Ovchinni-
kov’s rule. As illustrated in Fig. 9B, the removal of a coronene-
moiety from a [7]triangulene leads to the formation of a [7]TQR
molecule with a hexagonal antidot in the center. It is noted that
the removed coronene-motif contains an equal number of each
sublattice so that both [7]TQR and [7]triangulene counterpart
share the same ground-state spin quantum number (S = 3).

In order to demonstrate the concept of antidot engineering,
we designed a new molecular precursor with a kekulene core as

This journal is © The Royal Society of Chemistry 2021
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Fig. 9 [nltriangulene series and [7]triangulene quantum ring ([7ITQR). (A)
Atomic structure with labelled sublattices of [3]triangulene, [4]triangulene,
and [5]triangulene, respectively. Blue and orange circles denote carbon
atoms belong to different sublattice in a graphene unit cell. (B) Schematic
illustration of the synthesis of [7ITQR and antidot engineering. The total
spin of [7ITQR remains unchanged after introducing a hexagonal anti-dot
in [7]triangulene. (C) BR-STM image of a [7ITQR molecule synthesized on
Au(111). (D) Point d//dV spectra acquired over different sites of [7]TQR and
Au(111). (E-I) Constant—current d//dV maps recorded at different energy
positions corresponding to different molecular states marked by red and
blue arrows in (D). Reproduced with permission from ref. 126. Copyright
2020 American Chemical Society.

shown in Fig. 9B. The annelated macrocyclic topology of the
kekulene and other cycloarenes makes them as the promising
candidates for the synthesis of atomically-precise TQRs via
antidot engineering. The attached three 2,6-dimethylphenyl
substituents undergo the surface-assisted cyclodehydrogena-
tion with the adjacent carbon atoms at elevated temperatures
under ultra-high vacuum (UHV) conditions, forming the well-
defined [7]TQR. BR-STM imaging of as-synthesized [7]TQR
reveals its characteristic zigzag edge topology along with a
hexagonal hole in the molecular center (Fig. 9C). dI/dV spectro-
scopic measurements and spin-polarized density functional
theory (DFT) calculations were performed to unveil its spin-
polarised electronic structures. Among all the magnetic config-
urations, ferromagnetic septuple state (S = 3) is predicted to be
the most energetically favourable. d7/dV spectrum acquired at
the corner and the edge positions reveal several features located

—0.3V, —0.61 V and +0.91 V (Fig. 9D), which can be ascribed
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to the singly occupied molecular orbitals (SOMO;), (SOMO,)
and singly unoccupied molecular orbitals (SUMOs), respec-
tively. An energy separation of ~300 meV between SOMO,
and SOMO, is due to a lower degree of degeneracy of SOMOs
as predicted by spin-polarized DFT calculations. Besides, the
experimental dI/dV maps show an edge-localization of the
SOMOs and SUMOs (Fig. 9F-H). In addition, pronounced
contrast of the d7/dV map in the center of the [7]TQR, indicating
the HOMO—1 and LUMO+1 are localized at the inner edges of
the [7]TQR (Fig. 9E and I). All these observations manifest that
the septuple magnetic ground states (S = 3) of [7]TQR is
retained on Au(111). The successful synthesis of TQR via
antidot engineering opens up a new avenue for the fabrication
of high-spin graphene quantum nanostructures towards next-
generation quantum devices.®

4.6 Triangulene dimers

Connecting two triangulene units via their tips (the minority
sublattice atoms) forms a triangulene dimer without sublattice
imbalance, which is thus expected to be a low-spin ground state
of § = 0. Introducing a phenyl ring as an organic spacer to
join two triangulene molecules not only tunes the magnetic
coupling between two triangulene units but also modifies their
magnetic correlations (Fig. 10A). Fig. 10B and C present the
chemical structures of designed precursors with the corres-
ponding synthetic strategies towards the formation of triangulene
dimers with and without a 1,4-phenylene spacer on Au(111). High-
resolution STM images reveal their molecular geometries with the
lobed patterns of these two different dimers, while Laplace-
filtered bond-resolved STM (BRSTM) images (Fig. 10D) resolve
their molecular backbones at the single-bond level.

MFH model including electron-electron correlations reveals
the formation of SOMOs and SUMOs with a sizeable Coulomb
gap. It also suggests that individual triangulene units in two
dimers are antiferromagnetically coupled, leading to an open-
shell singlet ground state (S = 0). The MFH spin density
distribution of two dimers are shown in Fig. 10E. dI/dV spectra
taken on two dimers reveal broad peaks centered at about —400
mV and +1.25 V (Coulomb gaps of these two dimers are
approximately equal 1.65 eV), which confirm the formation of
the spin-split frontier molecular orbitals of both molecules. dI/
dV spectrum taken on the triangulene dimer without a spacer
reveals a symmetric step-like feature in the vicinity of Eg, which
is attributed to the singlet-to-triplet (S = 0 to S = 1) spin
excitation with an excitation threshold of £+ 14 mV. Similarly,
the d7/dV spectrum acquired on triangulene dimer with a 1,4-
phenylene spacer also presents a singlet-triplet spin excitation
with a substantially-reduced excitation threshold of + 2 mvV.
These results indicate that the inter-triangulene magnetic
coupling can be tuned with the spatial separation between
the triangulene units.

4.7 Extended triangulenes and Clar’s goblet

The magnetism induced by the sublattice imbalance also exists
in one of the extended triangulenes (ETRI) as shown in Fig. 11A.
This extended triangulene processes 19 carbon atoms in one
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Fig. 10 On-surface synthesis of triangulene dimers. (A) Atomic structure
of triangulene dimer and triangulene dimer connected with a 14-
phenylene spacer. Blue and orange circles denote carbon atoms belong
to different sublattice. (B and C) Schematic illustration of the precursor and
on-surface synthesis of (B) triangulene and (C) triangulene dimer with a
1,4-phenylene spacer, respectively. (D) High-resolution STM images with
the corresponding Laplace-filtered BRSTM images of the triangulene
dimer and triangulene dimer with a 1,4-phenylene spacer Scale bars in
panel D are 0.5 nm. (E) MFH spin polarization plots of the triangulene dimer
(left) and triangulene dimer with a 1,4-phenylene spacer (right). Repro-
duced with permission from ref. 126. Copyright 2019 John Wiley and Sons.

sublattice and 17 carbon atoms in the other, resulting in a total
spin S = 1 according to Lieb’s theorem (Fig. 11A)."*° This is in
contrast to the double triangulene (DTRI) without sublattice
imbalance (Fig. 11A).

The synthetic strategies for ETRI and DTRI molecules are
depicted in Fig. 11B. The constant height current image with a
CO-functionalized tip resolves the molecular backbone struc-
ture for both ETRI (Fig. 11C) and DTRI (Fig. 11E). It is noted
that ETRI shows additional bright features at the edges for the
STM image recorded at 2 mV, which indicates an enhanced
LDOS at these specific sites close to Ex. Such a difference is
further manifested by the dI/dV spectra measured on both
structures. ETRI shows a pronounced zero-bias peak in the
d7/dV spectrum, which can be attributed to the Kondo effect
arising from the screening of local spin by conduction elec-
trons. The assignment of zero-bias feature as Kondo resonance
is further supported by its characteristic temperature-
dependent (Fig. 11F) and magnetic field-dependent (Fig. 11G)
behaviors. The zero-bias peaks get broadened as temperature
increases. A plot of the half width at half maximum (HWHM) of
zero-bias peak versus temperature follows the trend as
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Fig. 11 On-surface synthesis of extended triangulene. (A) Atomic struc-
ture of ETRI and DTRI molecules. Blue and orange circles denote carbon
atoms from two sublattices. (B) Synthetic routes toward the fabrication of
ETRI (left) and DTRI (right). Bond-resolved STM images of (C) ETRI, (E) DTRI
and (H) ETRI dimer. MFH spin polarization maps of (D) ETRI and (I)
ETRI dimer. (F) Temperature dependence of Kondo resonance for the
ETRI molecule (measured at the site marked by blue cross in (C) with Frota
function fitting (red dashed lines)). The inset plots the half width at half
maximum (HWHM) at each temperature with Fermi-liquid fitting result of
Kondo temperature Ty ~ 6 K. (G) Magnetic field dependence of the
Kondo resonance with fitting curves (red dashed lines). The inset shows
the dependence of Zeeman splitting (g = 1.98 + 0.07) of the Kondo
resonance with magnetic fields. Reproduced with permission from
ref. 130. Copyright 2019 American Physical Society.

predicted by Fermi-liquid model (Fig. 11F inset), which yields
a Kondo temperature of Tx ~ 6 K. Furthermore, the zero-bias
peaks show a characteristic Zeeman splitting as magnetic field
increases. A linear fit of the splitting energy as a function of
magnetic field (Fig. 11G inset) gives rise to the Landé factor of
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g =1.98 £ 0.07, close to the value for a free electron (g, = 2).
These additional evidences further confirm that the zero-bias
peak can be assigned as Kondo resonance, which therefore
offer a direct proof of magnetic response of the open-shell ETRI
on Au(111). By contrast, the dI/dV spectrum of DTRI is rather
featureless in the vicinity of Ep, suggesting a closed-shell
ground state. Mean-field Hubbard (MFH) calculations also
reveal an emergence of magnetism in ETRI with a ferromag-
netic (open-shell triplet) ground state. Two spin centers of ETRI
are predicted to localize at opposite sides of the triangulenoid
(Fig. 11D), which resembles the experimental current map
(Fig. 11C).

A paramagnetic ground state was also observed for molecu-
lar dimers formed during the annealing process (Fig. 11H). Two

A Q 0 330°C

Br—»

Au(111)
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ETRI moieties are covalently linked through the Ullmann-like
C-C coupling via the halogenated sites to from an extra
pentagonal ring between two monomers. The current map
acquired at 2 mV (Fig. 11H) reveals the bright features around
the dimer backbone well (indicated by the dashed ellipses)
corresponding to the localization of the Kondo resonance (the
d7/dV spectra measured on either of the two show a prominent
zero-bias peak). The spin polarization maps obtained from
MFH simulations reproduce the bright features in the current
map well (Fig. 11I).

Shantanu et al. fabricated a linearly-fused dimer of ETRI
(denoted as LDETRI, Fig. 12A)."*' BRSTM images of LDETRI
(Fig. 12B and C) confirm its all-benzenoid topology with
triangulene-like termini. The calculated spin density distribution
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Fig. 12 On-surface synthesis of LDETRI and LDETRI with pentagon ring. (A) Illustration of the synthetic route toward the formation of LDETRI and
LDETRI with a pentagon ring. (B—E) Laplace-filtered BRSTM images of the termini of LDETRI (B and C) and LDETRI with a pentagon ring (D and E). Scale
bar is 0.5 nm. Tunneling parameters: V = =5 mV, | = 50 pA. (F and G) MFH spin density distribution of LDETRI (F) and LDETRI with a pentagon ring (G).
Blue/red isosurfaces denote spin-up/spin-down density. (H and I) STM image of LDETRI (H) and LDETRI with a pentagon ring (I). Scale bars in H and | are
0.5 nm. (J) dI/dV spectrum of LDETRI. The position where d//dV spectrum was acquired is marked with blue circle in (H). (K) Temperature dependence of
the Kondo resonance with Frota fitting detected at the position marked by red dot in (I). (L) Temperature dependent of the extracted HWHM of the Kondo
resonance, with Fermi-liquid fitting. Reproduced with permission from ref. 131. Copyright 2019 American Chemical Society.
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of LDETRI (Fig. 12F) within MFH model reveals the dominant
spin localization at the zigzag carbon atoms of the termini, with
the spatial separation of spin up and spin down populations. The
dr/dv spectrum (Fig. 12]) taken at the triangulene-like termini
(Fig. 12H) reveals two peaks at —50 mV and +60 mV in the vicinity
of Ey, yielding a frontier electronic gap of 110 meV.
Interestingly, the majority of the products (94%) exhibit
different STM contrast at two termini (denoted as LDETRI with
a pentagon ring). While one terminus presents a two-lobed
feature similar to that of LDETRI, the other terminus exhibits a
triangular topography without two-lobed feature (Fig. 12I).
BRSTM images of LDETRI with a pentagon ring (Fig. 12D and
E) reveal the formation of a pentagonal ring in the left terminus
and a retained triangulene-like pattern of the right terminus.
The formation of a pentagon ring results from the loss of a
single methyl group from an Ullmann-coupled dimer. Notably,
an enhancement of zero-bias LDOS occurs exclusively on the
triangulene-like terminus. In contrast to the all-benzenoid
topology, the presence of a pentagon disrupts the bipartite
symmetry of the underlying honeycomb lattice, and thus
Ovchinnikov’s rule cannot be applied to determine the ground
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state spin multiplicity. As a result, a non-Kekulé structure is
formed with an unpaired electron (S = ). The calculated spin
density distribution of the molecule reveals a spin localization
only at the triangulene-like terminus. The dI/dV spectrum
performed on that terminus (red circle labeled in Fig. 12I)
also reveals a zero-bias peak whose temperature-dependent half
width at half maximum (HWHM) follows the characteristic
broadening trend of a Kondo resonance (Fig. 12K) and can be
fit with Femi-liquid model (Fig. 12L).

Despite the absence of sublattice imbalance, certain benze-
noid topologies have been hypothesized to be open-shell non-
Kekulé GNs. Shantanu et al. recently reported a bowtie-shaped
GN, namely Clar’s goblet with antiferromagnetic (open-shell
singlet) ground state (Fig. 13A). It was first envisioned by Erich
Clar'®? in 1972 that topological frustration in the r-electron
network renders it impossible to assign a classical Kekulé
structure without leaving unpaired electrons, driving the sys-
tem into a magnetically non-trivial ground state.

Fig. 13B depicts the synthetic strategy of the Clar’s goblet,
wherein the methyl groups connected to the central benzene
ring serve as pre-selected reactive sites that are expected to
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Fig. 13 On-surface synthesis of Clar's goblet and its dimer. (A) Illustration of the atomic structure of Clar's goblet and Clar's goblet dimer. Blue and
orange circles denote carbon atoms belong to different sublattices. (B) Synthetic routes of Clar's goblet and its dimer. (C and D) MFH spin density
distribution of Clar's goblet and Clar's goblet dimer. Spin up/spin down density are represented in different colors. (E and F) Laplace-filtered BRSTM
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(H) dI/dV spectra acquired in the vicinity of EF over the Clar's goblet dimer at different sites of the terminal triangular motif indicated in (F). (I and J)
Temperature and magnetic field dependent Kondo resonance with Frota function fit. (K) Extracted HWHM of the Kondo resonances as a function of
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undergo surface-catalyzed oxidative ring closure against the
anthracene moieties to form the target product. BRSTM image
(Fig. 13E) with a CO-functionalized tip confirms the successful
formation of the desired product.

The electronic structure of the molecule was characterized
via dI/dV spectroscopy. A series of peaks are observed at
—1.15 V, —300 mV, +1.00 V, +1.80 V and +2.20 V, which can
be assigned to HOMO-1, SOMO, SUMO, LUMO+1 and
LUMO+2, respectively. The Coulombic gap is determined to
be 1.30 eV on the basis of the energies of the SOMO and SUMO
resonances. Fig. 13C shows the spin density distribution of
Clar’s goblet. The spin up and spin down populations are
sublattice-polarized and localized on opposite parts of the
molecule, thus maintaining a local spin polarization. In addi-
tion, dI/dV spectrum acquired in the vicinity of the Er over this
molecule shows symmetric step-like features at £23 mvV, attrib-
uted to the singlet-triplet spin excitations."*® The delocalized
nature of n-radical renders the molecule with sufficient stability
to prevent spin quenching on the metallic substrate. The broad
peak profile of the spin excitation spectrum indicates a finite
Kondo coupling of individual spins with surface electrons.'**

The spectroscopic analysis above confirms that the two spin
centers are coupled anti-ferromagnetically with an exchange-
coupling strength of J.¢ = 23 meV. A further increase of the
separation of the spin-bearing moieties is expected to decouple
the interaction between two spin centres (Jor = 0), wherein
individual spins behave as free paramagnetic centres (S = 3).
Therefore, screening of individual spins by itinerant conduc-
tion electrons on the surface results in many-body Kondo
ground state. This scenario can be realized by a linear fusion
of two Clar’s goblet molecules to generate a dimer (Fig. 13B). dI/
dV spectroscopic measurements reveal that a zero-bias peak
(Fig. 13H) can be observed at the terminal triangular motif but
is absent in the center of the dimer. In addition, this zero-bias
peak shows a characteristic temperature-dependent linewidth
broadening (Fig. 13I) and magnetic-field dependent peak
splitting (Fig. 13]) that follows the expected behaviors of Kondo
resonance. The Fermi-liquid fitting result of the extracted
HWHM yields a Kondo temperature of T, = 37 £ 4 K
(Fig. 13K), and the linear fitting of the extracted Zeeman
splitting generates a g factor of 2.3 & 0.2. The calculated spin
density distribution of the dimer (Fig. 13D) reveals a negligible
spin density at the central part of the molecule, consistent with
the spatial intensity distribution of Kondo resonance.

4.8 Rhombenes

On-surface synthesis of ZGNs with a rhombus shape, namely
[7]-rhombenes, where n is the number of benzenoid rings
along an edge, has been reported recently by Shantanu and co-
workers.’*® The [n]thombenes with balanced sublattice are
expected to possess singlet ground state with a total spin quantum
number S = 0 (Fig. 14A). The precursor design and synthetic
strategy of [4]-rhombene and [5]-rhombene are shown in
Fig. 14B and C, respectively. Theoretical calculations revealed
that [n]-rhombenes gradually acquire an open-shell singlet ground
state when 7 is larger than 5 (closed-shell for n < 4 and open-shell
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Fig. 14 On-surface synthesis of rnombenes. (A) Atomic structure of [4]-
rhombene and [5]-rhombene. Blue and orange circles denote carbon
atoms belong to different sublattices. (B and C) Schematic illustration of
the precursor and on-surface synthesis of (B) [4]-rhombene and (C) [5]-
rhombene respectively. (D) High-resolution STM and Laplace-filtered
BRSTM images of [4]-rhombene and [5]-rhombene. Scale bars in D are
0.5 nm. (E) dI/dV spectrum acquired over the corner of [5]-rhombene as
marked by filled blue circle in the inset. (F) The corresponding IETS
spectrum (filled circles), and fitted curve using the Heisenberg dimer
model (solid line). The spin excitation threshold is extracted to be
+102 mV (G) Mean-field Hubbard spin polarization plot of the open-
shell singlet ground state of [5]-rhombene with schematic illustration of
the exchange coupling of spins. Blue and red isosurfaces denote spin up
and spin down populations. Reproduced with permission from ref. 135.
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for n > 5). In this system, Coulomb repulsion triggers the spin
polarization, attributed to the magnetism. In addition, theory
prediction suggests that low-energy spin-localized states of GNs
shift towards Fermi level as their size increases.”®

BRSTM images (Fig. 14D) ambiguously reveal the backbone
of both [4]rhombene and [5]-rhombene molecules whose
electronic structures are probed by dI/dV spectroscopy.
d1/dV spectrum of [4]-rhombene, shows two peaks located at
—330 mV and 400 mV, which can be assigned to close-shell
HOMO and LUMO orbitals as supported by DFT calculations.
In contrast, d7/dV spectrum of [5]-rthombene reveals a symmetric
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step-like feature around Er due to spin excitation (Fig. 14E).
The excitation threshold was measured to be £102 meV via the
fitting of experimental IETS spectrum to the Heisenberg dimer
model (Fig. 14F). Spin-polarized DFT calculation of the magnetic
ground state of the [5]rhombene further confirms that the
inelastic excitation can be ascribed to the spin excitation in
this system. Fig. 14G presents the MFH spin polarization maps
of [5]-thombene, wherein spin up and spin down electrons are
populated at sublattice-polarized sites localized at the opposite
ends of the molecule.

4.9 Circumcoronene

Hexagonal GNs with six zigzag edges (namely [n]coronene,
where n is the number of carbon atoms in each zigzag edge.)
were predicted to show open-shell ground state as the size
increases to a certain regime. For example, the [2] and [3]cor-
onene are predicted to be closed-shell, while a larger [4]cor-
onene shows an open-shell multiradical character.” The
synthesis of large-sized coronene homologues represents a
big challenge due to their high chemical reactivity, which thus
call for a rational design and synthesis of the large elegant
precursors for on-surface synthesis.

Recently, we reported a novel surface-assisted synthetic
route for an ultra-high yield fabrication of circumcoronene
and its superlattice on Cu(111)."*® Specifically, we designed a
unique precursor molecule, which consists of coronene core
attached by the corner benzene rings decorated with six pairs of
methyl groups (Fig. 15A). Such a precursor design prevents the
undesired intramolecular and intermolecular side reactions,
thereby allows for a high-yield (>98%) synthesis of circumcor-
onene. The chemical transformation of precursor molecule into
circumcoronene involves two major steps, namely the dehydro-
genative coupling of the adjacent methyl groups followed by
dehydrogenative aromatization on Cu(111). The molecular
structure of the products has been unambiguously revealed
by the BRSTM and nc-AFM as shown in Fig. 15D and E.

Notably, nc-AFM image of individual circumcoronene acquired
at a moderate tip-sample distance reveals brighter contrast over
the corner C-C bonds (yellow arrows), attributed to their higher
bond order, which is also consistent with the prediction from its
Kekulé structure comprising of the seven Clar’s sextets and six
double bonds localized at molecular corners. The successful
synthesis of [3]coronene will guide the design of elegant precur-
sors for the synthesis of large open-shell coronene homologues.

4.10 Super-heptazethrene

Zethrene with Z-shape geometry was first reported by Clar et al.
in 1955,"*7 (Fig. 1). A unique character of zethrene and
expanded zethrenes is the existence of different resonance
structures, including closed-shell quinoidal form and open-
shell diradical form (Fig. 16A). Although the substituted super-
heptazethrene has been synthesized in solution,'*® on-surface
synthesis of the unsubstituted super-heptazethrene has been
only reported recently.'*’

Fig. 16B presents the precursor design and synthetic strategy
of super-heptazethrene. The precursor contains two anthracene
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Fig. 15 Synthesis and self-assembly of circumcoronene. (A) A series of
hexagonal GNs with six zigzag edges, showing the size dependent
magnetic ground state. (B) Schematic illustration of the synthesis of
[3lcoronene through the cyclodehydrogenation of precursor on Cu(111)
via methyl radical-radical coupling towards a high-yield fabrication of the
[3lcoronene. (B) BRSTM image of as-synthesized circumcoronene-
superlattice on Cu(111). (D—E) high-resolution nc-AFM images of individual
circumcoronene acquired at a moderate (D) and reduced (E) tip-sample
distance. Yellow arrows highlight the brighter contrast over the C—C
bonds at the corner, attributed to their higher bond order. Reproduced
with permission from ref. 136. Copyright 2020 American Association for
the Advancement of Science.

units bridged by a dimethylnaphthalene motif. In addition,
the methyl groups are expected to form new zigzag lobes by
cyclodehydrogenation. The successful synthesis of super-
heptazethrene on Au(111) was confirmed by BRSTM imaging
(Laplace-filtered, Fig. 16D). dI/dV spectrum taken on the super-
heptazethrene (the position of dI/dV spectra was marked
in Fig. 16C) reveals apparent features at —1.05 V, —110 mV,
120 mV and 1.7 V, which can be assigned to HOMO—1, HOMO,
LUMO, and LUMO+1 resonances, respectively (Fig. 16E).
Although the magnetic ground state of super-zethrene is
reported to be open-shell in both solution and solid state,
tight-binding (TB) calculation and experimental data reveal a
closed-shell ground state on Au(111).

4.11 Porphyrin-based open-shell molecules

In addition to the above-mentioned mechanisms, charge trans-
fer between molecule and substrate can also induce open-shell
character in intrinsic closed-shell molecules."****> Recently,
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Fig. 16 On-surface synthesis of super-zethrene. (A) Schematic illustration
of the closed-shell Kekulé and open-shell non-Kekulé resonance struc-
tures of super-zethrenes. (B) Schematic illustration of the precursor design
and on-surface synthetic strategy of super-heptazethrene. (C) High-
resolution STM image of super-heptazethrene with a CO-functionalized
tip. (D) Corresponding Laplace-filtered BRSTM image of the super-
heptazethrene. (E) d//dV spectra taken on the super-heptazethrene at
the positions marked in (C). (F) Energy spectrum of the super-
heptazethrene as predicted by tight-binding mode. Reproduced with
permission from ref. 139. Copyright 2019 Royal Society of Chemistry.

Q. Sun et al. reported an on-surface synthesis and characteriza-
tion of two open-shell Zn()porphyrins, namely, Zn(i)PorA, and
Zn(u)PorA,, with two and four meso,,p triply-fused phenalenyl
moieties, respectively (Fig. 17D and G).'*® dI/dV spectrum
shows that the characteristic differential conductance steps
are symmetrically located in the vicinity of the Fermi level,
along with a zero-bias peak (Fig. 17I). The spectrum can be
fitted by the dynamical scattering model developed by M.
Ternes,"** which suggests a triplet S = 1 ground state of a
molecule. The ferromagnetic (triplet) to antiferromagnetic
(singlet) exchange coupling energy (derived from fitting) was
estimated to be 19.4 meV. In the case of Zn(u)PorA,, both DFT
calculation and resonance structure analysis suggest a closed-
shell ground state. However, the dI/dV spectrum (Fig. 17F)
shows a pronounced zero-bias resonance which can be ascribed
as Kondo resonances due to the presence of an unpaired
electron (S = 7). DFT calculations indicate a charge transfer of
—1.11 electrons from the molecule to surface as well as a
magnetic moment of 0.69 ug, consistent with the S = ; ground
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Fig. 17 Porphyrin-based open-shell molecules. (A, D and G) Chemical
structures and the corresponding AFM images (B, E and H) of the on-
surface synthesized porphyrin-based open-shell molecules. (C) Illustration
of the charge transfer from the neutral molecule to underneath substrate.
(F) Temperature dependent d//dV spectra of the PorA4 with the corres-
ponding fitting curve using Frota function (Vinoq = 0.8 mV) (I) d//dV spectra
taken over PorA; (Vinog = 0.8 mV). The experimental data (blue) was fitted
(red) with dynamical scattering model. Inset shows the spin density plots
for the ferromagnetic and antiferromagnetic ground states, where red and
yellow colors denote different spin-direction contributions. Reproduced
with permission from ref. 143 and 145. Copyright 2020 American Chemical
Society.

state. In contrast, the metal-free PorA, is predicted to possess
an open-shell singlet (S = 0) ground state with two unpaired
(Fig. 17A) electrons in gas phase by different levels of theore-
tical calculations.'*> However, charge transfer between PorA,
and Au(111) substrate also renders it a monoradical (S = 1)
character. These examples indicate the charge transfer between
organic molecules and substrate act as another approach to
induce the open-shell electronic structures of organic mole-
cules on surface.

5. Conclusion

Over the last decades, the combination of organic chemistry
and on-surface bottom-up synthesis has proved to be a fruitful
approach towards the synthesis of numerous ZGNs with appeal-
ing electronic and magnetic properties. In general, these
unsubstituted ZGNs cannot be obtained via the conventional
organic synthesis in solution phase but can be precisely
fabricated via the bottom-up on-surface synthesis thanks
to the development of a broad synthetic toolbox in recent
years. The advances in scanning probe microscopy allow for
submolecular-resolution characterization the structural, elec-
tronic, magnetic properties of these ZGNs.

Despite a tremendous progress, several exciting directions
deserve more attention. For example, topology engineering of
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ZGNs with pentagonal and hexagonal geometries beyond the
triangle and rhombus (Fig. 18A) is also intriguing since these
molecules are predicted to exhibit open-shell ground state with
unique magnetically-coupled edge states.'*® It was also found
that larger n-extended systems with fully zigzag edges exhibit
larger diradical character than smaller ones owing to the
stabilization of the open-shell singlet resonance structures
due to the delocalization of m-electrons in larger n-conjugated
systems.'*” Moreover, it has been proposed that the decoration
of the zigzag edge of nanographene with transition-metal
adatoms (e.g. ruthenium) can introduce in-plane magnetization
in the direction perpendicular to the molecular edge as pre-
dicted in the edge-functionalized [8]triangulene molecule
(Fig. 18D)."*®

For the ZGNRs, the net spin density on one edge is usually
balanced by a spin density of the same amplitude on the other
edge, resulting in zero net spin. In this regard, asymmetric

A \
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ZGNRs with only one zigzag edge is expected to possess robust
ferromagnetic behavior (Fig. 18A)."*° Furthermore, great efforts
have been made by theoretical groups to predict novel ZGNs
with tunable electronic and magnetic structures by edge func-
tionalization (N, NH,, NO,, CH;) and hetero-atom doping with
nitrogen and boron."**” In addition, semiconductor-to-metal
transition occurs for wider ZGNRs, which requires the design of
novel precursors for the on-surface synthesis.'® To date, the
majority of GNRs synthesized have limited length (~50 nm),
presumably due to the inherent short life-time of the radical
intermediates. To solve this problem, it is highly desired to take
advantage of other non-radical reactions in the toolbox of
organic chemistry.>

Current progress in the on-synthesis of open-shell GNs
mainly involves low-spin GNs with extended zigzag edges or
high-spin non-Kekulé GNs. More research attention shall be
paid to engineer the magnetism in GNs by intentionally

PO Y e VY e e W Y e VI YN L/\ AT e B e e T T e Tt oW o N W o /L\

Metal substrate

Fig. 18 (A) The design of new open-shell ZGNs with different geometries including hexagonal and pentagonal ZGMs, and asymmetric ZGNR. (B)
Schematic illustration of the transfer of ZGNRs from metal substrate onto insulating substrate for probing their electronic and optical properties. (C) A
synthetic strategy of nanographene molecules on insulating surfaces by fluorine-programed nanozipping. (D) The spin density of ruthenium adatom
decorated [8]triangulene the blue and red color indicate different spin configurations. (E) Control the spin density and spin quantum number of
[8ltriangulene by applying different in-plane electrical fields. Reproduced with permission from ref. 148,162 and 173. Copyright 2013 Beilstein institute for
the advancement of chemical sciences (Germany), 2012 American physical society. 2019 American Association for the Advancement of Science.
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introducing topological defects, such as non-benzenoid rings.
Non-benzenoid rings including five-, seven-, and eight-member
rings, are considered as the important structural motifs
for tuning the electronic,"**™**® magnetic,"*” and mechanical
properties'>* % of GNs. For example, azulene moiety consist-
ing of a five- and a seven-member ring are often observed in the
grain boundaries of graphene or on-surface synthesized closed-
shell GNs, which also modify the local electronic properties of
the host."” In addition, the presence of a five-member ring
usually induces a positive Gaussian curvature (such as full-
erene), while the presence of a seven- or eight-member ring
induces a negative Gaussian curvature, as displayed in Mackay
crystals and carbon schwarzite.'®" Theoretical studies also
reveal that a schwarzite related structure could carry a net
magnetic moment in the ground state. The unpaired electrons
are introduced by satirically protected carbon radicals in the
aromatic system with a negative Gaussian curvature.'®" Unfor-
tunately, the open-shell GN with non-benzenoid ring synthe-
sized so far is rather limited.'®” It has been reported that they
could be synthesized by transforming the sterically stressed
precursors into planar GNs on surface via strain relief.'** It
is highly desired to design and synthesize more open-shell GNs
with non-benzenoid rings to explore their unique electronic
and magnetic properties.

In addition, a high level of spin control of these ZGNs by
applying in-plane or out-of-plane electric field is critical for
unlocking their potential for future spintronic applications.'®*
Prior to the application of an in-plane electric field, the spin-up
densities are mainly distributed at one particular sublattice of
the edge atoms (Fig. 18E). The spin-up and spin-down densities
almost compensate each other in the center of the molecule. As
the strength of the electric field increases, the total spin
decreases and is mainly located in the molecular center. Recent
experimental progress has offered new capability to control the
charge state of molecules integrated with back-gated graphene
devices.'®*'®* Therefore, we envision that spin control at the
single-molecule level can also be realized through the synthesis
of magnetic ZGNs on back-gated devices via tip-assisted
manipulation.

Additionally, a combination of STM with optical techniques
to perform tip-enhanced Raman'®>'®® and fluorescence
spectroscopy allows for the investigation of the optical proper-
ties of GNs at the atomic scale.'®”"°® To date, these techniques
have been mainly used to study commercially available aro-
matic molecules and 2D materials such as transition metal
dichalcogenides. It will be highly appealing to deploy this
technique to explore the quantum emission of ZGNs trans-
ferred to the insulating substrates by tip manipulation
(Fig. 18B).

The current on-surface synthesis of ZGNs mainly relies on
the catalytic role of the metallic substrate to facilitate the
chemical reactions. However, for most practical applications,
it is required to transfer as-obtained ZGNs onto insulating or
semiconducting surfaces. Similar to the transfer protocol estab-
lished for large-sized graphene, a successful transfer of bottom-
up fabricated GNRs from the metal surface onto insulating

This journal is © The Royal Society of Chemistry 2021
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substrates for the fabrication of field-effect transistors has been
demonstrated.'*®*¢°"'7> However, the implementation of this
approach to chemically reactive ZGNs in a non-invasive manner
remains a challenging task. Inspired by a recent report on the
synthesis of armchair-edged graphene nanostructures and
polyanthrylene on TiO, (Fig. 18C),"”*™""” a direct synthesis of
atomically-precise ZGNs on an insulting or semiconducting
substrate provides an attractive route towards the future device
applications. The rapid advancement in both theoretical
exploration and experimental realization in this field continu-
ously amazes the material science community, further pushing
the boundaries of imagination.
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