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Polycyclic aromatic hydrocarbons (PAHs) have been the subject of interdisciplinary research in the fields of chemistry, physics,
materials science, and biology. Notably, PAHs have drawn increasing attention since the discovery of graphene, which has been
regarded as the “wonder” material in the 21st century. Different from semimetallic graphene, nanoscale graphenes, such as
graphene nanoribbons and graphene quantum dots, exhibit finite band gaps owing to the quantum confinement, making them
attractive semiconductors for next-generation electronic applications. Researches based on PAHs and graphenes have expanded
rapidly over the past decade, thereby posing a challenge in conducting a comprehensive review. This study aims to interconnect
the fields of PAHs and graphenes, which have mainly been discussed separately. In particular, by selecting representative
examples, we explain how these two domains can stimulate each other. We hope that this integrated approach can offer new
opportunities and further promote synergistic developments in these fields.
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1 Introduction

Carbon allotropes and carbon-based materials have recently
attracted such attention that one even describes the current
era as the carbon age [1,2]. These materials can appear as
discrete particles or bulk materials, and their structures can
be crystalline or amorphous. One can easily understand why
“diamonds are a girl’s best friend” but should also consider
that soot, a structurally ill-defined product of incomplete
combustion of carbonaceous matter, is of enormous technical
importance, such as in mechanical reinforcement of plastics.
Graphite is a carbon allotrope wherein hexagon networks of
spz—hybridized carbons are stacked on the top of each other.
Graphene is a single sheet out of this multilayered material
and can also be regarded as a giant two-dimensional (2D)
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conjugated polymer [3—10]. Although graphene has been
predicted to be thermodynamically unstable in early theo-
retical studies [11-13], the groundbreaking work by Geim
and Novoselov et al. [14], after peeling off separate gra-
phene layers from graphite, has changed the world of ma-
terials science.

Graphene nanoribbons (GNRs) are quasi-one-dimensional
(1D) graphene cutouts, typically with widths in the range of
1-100 nm and length/width ratios >10 (Figure 1) [6]. GNRs
can also be considered as an intermediate between graphene
and polycyclic aromatic hydrocarbons (PAHs). Comparing
the electronic features of the quasi-1D GNRs with those of
2D graphene reveals interesting insights. Reviewing the
outstanding properties of graphene clarifies the crucial role
of such GNRs in electronics. In particular, the ultrahigh
charge-carrier mobility appears favorable when graphene is
used as an active component of field-effect transistors (FETs)
[15]. However, this advantage is hampered by the vanishing
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electronic band gap, and consequently, a current cannot be
switched off between source and drain electrodes. An
opening of the band gap and thus a significant on-off ratio
could be achieved by a geometric confinement as shown in
GNRs [6,16]. The fabrication of GNRs is possible through
so-called top-down methods, as represented by the “cutting”
of graphene and the “unzipping” of carbon nanotubes [6].
The obtained GNRs with different widths are promising to
use in FET devices with high on-off ratios [17,18] (up to 10°
for a 2 nm-wide GNR) and high charge-carrier mobilities
[19] (up to 1,500 cm® V' s "). Nevertheless, the top-down
methods cannot accurately control the GNR structures such
as the edges and widths at the atomic level. This precision
would, however, be necessary for future electronics [15,20].
Therefore, the inverse method, namely, bottom-up chemical
syntheses from molecular precursors, has emerged as an
indispensable way to reproducibly synthesize structurally
well-defined GNRs with atomic precision. The role of GNRs
as a new family of semiconductors is further enhanced by
two attractive design opportunities in the bottom-up proto-
col: (1) by varying the aspect ratio of the ribbons, the band
gaps can be finely tuned to control charge transport proper-
ties [21,22]; (2) their electronic band structures also depend
on the nature of peripheries such as armchair, zigzag, and
cove edges (for definitions, see Section 3.1). Moreover,
zigzag structures, when synthesized to perfection, provide
entry into new areas such as spintronics and enable fabri-
cation of topological insulators [23,24]. Further reducing the
dimensionality of graphene leads to quasi-zero-dimensional
(0D) graphene quantum dots (GQDs), which are graphene
cutouts with lateral sizes ranging from 1 to 100 nm [6].
GQDs are semiconductors with non-zero band gaps, dis-
playing size-dependent optical and electronic properties
[25,26]. When the lateral size of PAHs is larger than 1 nm,
they are indeed a type of atomically precise GQDs and are
sometimes also referred to as nanographene molecules
[6,27]. These nanoscale graphenes, including the quasi-1D
GNRs and quasi-0D GQDs as well as nanographene mole-
cules, are collectively termed nanographenes [6].

A common theme in the theoretical analyses of extended
n-systems is the extrapolation from finite to infinite struc-
tures. In this context, a powerful principle for understanding
linear conjugated polymers is building up a homologous
series of monodisperse oligomers and the expected con-
vergence of their properties toward those of the corre-
sponding polymers. This “oligomer approach” is proven
valuable because oligomers have acquired importance not
only as model compounds but also as materials in their own
right [28,29]. Thus, a good case could be presented by
evaluating the performance of oligomers as active compo-
nents of devices [30-32]. The same concept could also be
applied to PAHs and graphenes to explore the interconnec-
tion between these two classes of materials.

Indeed, PAHs have played a key role in the evolution of
modern organic chemistry. Their structural description is
tightly connected to names of pioneers such as Robinson and
Clar [33,34]. The tremendous flow of graphene research, on
the other hand, may now suggest several key questions: Do
PAHs, with defined molecular structures, contribute to the
understanding of graphenes? Can new PAHs, their synthesis,
processing, and application, even offer advantages over
graphenes? In this context, linear extension of the PAHs
(e.g., hexa-peri-hexabenzocoronene (p-HBC) in Figure 1)
leads to 1D oligomer-like counterparts and eventually GNRs,
which can be regarded as an analog of 1D conjugated
polymers. As 2D polymers have emerged as an established
concept in polymer science [35], 2D “oligomers” can be
introduced here to represent the link between the “mono-
meric” PAHs (e.g., p-HBC) and graphene. By adding “shell”
structures to the existing PAH core, a sequence of larger 2D
PAHs can be obtained, eventually extending to infinite gra-
phene [36]. However, extensions of PAHs in 1D and 2D
result in completely different electronic consequences [37].
Specifically, 1D extension to GNRs converges at a defined
band gap, whereas 2D extension to infinite graphene causes
vanishing of the band gap. Therefore, the 2D extrapolation
from PAHs to graphene is less straightforward because the
fundamental difference in the electronic state diagrams of
molecular PAHs and 2D graphene prohibits direct correlation
of their electronic properties. Nevertheless, PAHs can ef-
fectively serve as model compounds of GNRs to understand
how the structural features (e.g., size, edge configuration,
and heteroatom incorporation) influence the electronic
properties of GNRs. Notably, PAHs also play different roles
in the synthesis of GNRs and graphene. In the bottom-up
synthesis of GNRs, PAHs are often used as molecular pre-
cursors, which are polymerized and then cyclodehy-
drogenated to provide tailor-made GNRs [6,10,16].
However, the bottom-up synthesis of graphene is preferably
furnished by chemical vapor deposition (CVD) from gaseous
precursors (e.g., CH; and C,H;OH) [38,39] or epitaxial
growth on SiC wafers [40,41], although PAHs sometimes,
but very rarely, are used as solid carbon sources for CVD
[42]. Overall, PAHs exhibit greater significance in the con-
text of GNRs than in the filed of graphene regarding the role
of PAHs as molecular models and synthetic precursors.

The value of PAHs is proven, in particular, when deriving
reliable structure-property relations for precise structures.
Major examples, which are discussed in the following,
concern the role of (1) different edge topologies, (2) per-
ipheral functionalizations, (3) defined “defects” such as non-
six-membered rings and holes, or (4) site-selective heteroa-
tom incorporation. Additional value for elucidating gra-
phenic structures comes from crystallographic analysis of
PAHs, which provides quantitative information on features
such as bond-length alternation and packing modes in the
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Figure 1 Golden triangle of polycyclic aromatic hydrocarbons (PAHs), graphene nanoribbons, and graphene (color online).

solid state [43].

For a long time, PAHs have attracted attention from dif-
ferent fields of sciences, and one may argue that PAHs have
been located at important crossroads of chemical research. A
few cases should be mentioned: (1) elementary molecular
orbital theory has been developed with PAHs as ideal test
cases whose properties such as resonance energies and atom
localization energies could be readily varied by changing the
modes of benzene-ring fusion [44-46]; (2) organic dye-stuff
chemistry has often established chromophore structures by
combining PAH cores with auxochromic groups [47-49]; (3)
astrophysics has been searching for PAHs as carbon-con-
taining materials in interstellar space [50,51]; (4) pentacene,
a case with a linear mode of benzene-ring fusion, is regarded
as a prototype of organic semiconductors [52]; (5) PAHs with
4 and 5 benzene cores such as benzo[a]pyrene are metabo-
lized by initial enzymatic epoxidation and are cancerogenic
[53]; (6) PAHs have opened an entry into chirality by means
of their helical derivatives such as helicenes [54—57]. Despite
the value of PAHs, they have been relegated to the backseat,
becoming mainly an issue of toxicological analyses due to
the increasing role of life sciences and synthetic method
developments in organic chemistry. However, in the last two
decades, PAH chemistry has seen an enormous revival
(Figure 2) from synthetic and functional perspectives.
Readers may decide whether this condition is closely related
to the appearance of graphene materials. Nonetheless, other
developments have further stimulated PAH research. Among
these are the ingenious invention of scanning probe methods
that have enabled the visualization of PAHs in real space or
even their use as single-molecule electronic devices [58—60].

These developments have peaked in a unique combination of
surface science, synthetic chemistry, and scanning tunneling
microscopy (STM), i.e., the synthesis of conjugated poly-
mers, PAHs and GNRs after immobilization of precursors on
metal surfaces, and direct monitoring of the process by STM
[61-63]. Other research topics that have stimulated new in-
vestigations of PAHs relate to their broad applications, such
as in organic electronic and optoelectronic devices, as well as
in bioimaging and sensing [30,64,65]. These advances to-
gether with the rise of graphene have generated renewed
interest in PAHs over the past decades [66—71]. This review,
however, mainly focuses on PAHs in the “graphene context”
as well as the mutual interactions of the PAH chemistry and
the research interest in GNRs and graphene.

Thus far, we have studied molecularly defined, “in-
dividual” carbon-based chain or disc structures and the re-
levant structure-property relations. This approach is too
narrow in view of another characteristic feature of materials
science, that is, the need to create a defined macroscopic
state of matter before putting a material to work. This
“processing” often targets the solid state or thin films on
surfaces. In FET devices, for example, charge-carrier trans-
port between source and drain electrodes could, in principle,
employ a single chain or sheet structure, but more often relies
on ensembles of molecules [72]. For conjugated polymers,
major prerequisites for high charge-carrier mobilities are a
high degree of supramolecular order and, in most cases, a
preferable edge-on arrangement of the polymers on the
surface [73]. A similar motif, stacking into columnar order
and edge-on deposition, would be needed for PAH discs as
well [74]. GNRs that are hoped to combine the advantage of
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Figure 2 (a) Distribution of publications by year using “polycyclic aromatic hydrocarbons” as keyword for searching on the Web of Science; (b) Same
distribution diagram but excluding publications on toxicology studies (color online).

high mobilities from graphene with opened band gaps, and
thus on-off behavior of FETs, would tend to adopt a face-on
packing on the surface [17,18]. In this case, however, the
overall mobility also depends on charge transport between
the separate stripes; again, this is a supramolecular issue.
Another critical aspect in the use of both chain and disc
structures is the solubility in organic solvents. Reduced so-
lubility with increasing molecular weight inhibits further
growth during synthesis. On the other hand, solubility is a
prerequisite for film formation from solution. This deposi-
tion is a complex process which, among others, implies ag-
gregation, phase formation, and nucleation prior to the
formation of thin layers. The solubility of oligomeric and
polymeric chains can be enhanced by alkyl substituents.
While such substituents are in danger of hampering con-
jugation due to steric hindrance, they can also support su-
pramolecular order [75]. The same is true for PAHs where
the nanophase separation between soft alkyl chains and hard
aromatic cores leads to the existence of discotic mesophases
[74,76]. A similar concept is unrealistic for the large gra-
phene flakes, and alternative protocols are needed to process
such 2D materials.

Conjugated oligomers and polymers, PAHs and graphenes
have been extensively reviewed from different angles com-
prising fundamental and application-oriented aspects [3—
6,10,16,32,52,67,74,77-81]. The reader is advised to consult
the insightful texts cited in this article (and also those that
may have been overlooked). How can the present article,
being far from comprehensive, still contribute to the field?
The present piece is intended to describe the promising role
of PAHs in light of graphene research and sketch a few trends
by which both fields have stimulated each other. The story of
their linear (quasi-1D) counterparts can thereby serve as
helpful references. What the materials sciences of both
conjugated polymers and graphenes have in common is their

strongly interdisciplinary nature with emphasis on physical
properties and device behavior. However, materials must be
first fabricated, thereby requiring the competence of syn-
thetic chemistry. This review leans toward chemistry-driven
achievements from molecular and supramolecular points of
view. The reason is that robust technologies are derived not
only from physical properties established in a complex sys-
tem but also from the “reliability” of the material. This
condition implies not only ease of production and costs but
also structural perfection of the products. In the following,
we first introduce the synthetic strategies toward PAHs
(Section 2), and then discuss the recent advances in the PAH
chemistry and mutual interactions between the fields of
PAHs and graphenes (Section 3). Finally, we summarize and
propose future opportunities (Section 4).

2 Synthetic strategies for PAHs

2.1 Two-stage synthesis: precursor formation followed
by a “stitching” step

The various concepts of PAH synthesis often comprise two
key stages: formation of precursors and further ring closure
(“stitching” or “graphitization”) to generate the fused ring
system (Figure 3). For p-HBC as an example, hex-
aphenylbenzene (HPB) 1 can be obtained by (1) metal-cat-
alyzed cross-coupling reactions of 1,4-diiodo-2,3,5,6-
tetraphenylbenzene 2 with phenylboronic acid 3, (2) cobalt-
mediated [2+2+2] cyclotrimerization of diphenylacetylene 4,
or (3) Diels-Alder reaction between diphenylacetylene 4 and
tetraphenylcyclopentadienone 5; then, the HPB precursor is
subjected to a Scholl reaction in the presence of chemical
oxidants, yielding the planarized p-HBC 6. A number of
PAHs have been synthesized according to this two-stage
protocol [79]. Although various methods are available to
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construct the precursors from small n-moieties, the important
factors are the ring-closure reactions for the “stitching” step
to furnish the final PAHs. These “stitching” methods are
discussed in the following.

The Scholl reaction has undoubtedly played an indis-
pensable role in the final stage of PAH synthesis [82]. This
reaction, which is described as proceeding through either a
radical cation pathway or an arenium cation pathway (Figure
4), is highly efficient in forming multiple carbon-carbon
bonds in one step and powerful in synthesizing large PAHs.
A number of PAHs have been synthesized by the Scholl
reaction (see previous reviews) [67,74,80,81], such as p-
HBC derivatives and hexagonal PAH 16 comprising 222
carbons with a diameter of approximately 3 nm by Miillen et
al. [83] (Figure 5(a)). The broad scope of the Scholl reaction
has not only been demonstrated in the formation of planar
PAHs, but also in the syntheses of non-planar structures in
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spite of the existing strain. For example, Scott and Itami ef al.
[84] described a palladium-catalyzed direct C—H arylation of
corannulene 17 to provide precursors 18 and 19, followed by
the Scholl reaction, yielding the grossly warped nano-
graphene molecules 20 with five- and seven-membered rings
(Figure 5(b)). Despite the significant steric demand, the re-
action works efficiently to obtain highly curved PAHs in
good yields (50%—62%). However, in some cases, the Scholl
reaction involves drawbacks such as undesired chlorination
and unexpected structural rearrangements [83,85-87].
Another ring-closure method that involves a radical me-
chanism is flash vacuum pyrolysis (FVP), which is normally
conducted under high temperatures [88,89]. FVP is ex-
tremely useful in preparing bowl-shaped (geodesic) PAHs
and fullerenes. For instance, by using the FVP method, Scott
et al. [90] demonstrated the chemical synthesis of fullerene
22 from a rationally designed precursor 21 (Figure 6(a)), and

Stage 2:
"Stitching”
"Graphitization”

Precursors PAHs

Q Scholl reaction

Illustration of two-stage synthetic protocol of PAHs with p-HBC (6) as an example (color online).

(&
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Figure 4 Two possible mechanisms of Scholl-type cyclodehydrogenation reaction (color online).
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fluoromethanesulfonate; DDQ: 2,3-dichloro-5,6-dicyano-1,4-benzoquinone; TfOH: trifluoromethanesulfonic acid (color online).
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Figure 6 Flash vacuum pyrolysis (FVP) for preparing (a) fullerene 22
and (b) bowl-shaped PAH 24 (color online).

of a deeply bowl-shaped PAH 24 (CsoH,,) from a phenyl-
substituted corannulene derivative 23 (Figure 6(b)) [91]. The
yield of such FVP reactions is generally low. Introduction of

halogens (e.g., chlorine) in the precursors, as described
above, facilitates the generation of radical intermediate and
thus improves the yield to a certain extent.

Photochemical cyclization of stilbene and related com-
pounds provides an alternative way to perform aryl-aryl ring
closures and has proven valuable in the synthesis of PAHs.
Under UV irradiation, the stilbene moiety 25a undergoes an
electrocyclic rearrangement forming dihydrophenanthrene
26a, which further aromatizes into phenanthrene 27 in the
presence of oxidants such as iodine or oxygen (Figure 7(a))
[92-94]. A representative example is the synthesis of hexa-
cata-hexabenzocoronenes 29 (c-HBCs, Figure 7(b)) by
Nuckolls et al. [95] through photocyclization of stilbene-type
precursors 28. The photocyclization can also proceed
through an elimination mechanism involving no oxidants
(Figure 7(a)). In this case, a functional group X (e.g., halo-
gens) has to be present in the stilbene moiety (25b) at the
ortho-position of one phenyl ring; upon a photo-induced
electrocyclic reaction, the loss of HX from a 4a-H, 4b-X-
dihydrophenanthrene-type intermediate 26b drives the re-
action to the aromatized product. This type of photo-
cyclization reactions employing halogens in the precursors,
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Figure 7 Photochemical cyclization for synthesis of PAHs. (a) Two pathways toward phenanthrene via oxidation or HX elimination; (b) synthesis of hexa-
cata-hexabenzocoronenes; (c¢) photocyclodehydrohalogenation vs. Scholl reaction (color online).

which is often described as a photocyclodehydrohalogena-
tion, is highly regioselective, providing PAHs, which are
otherwise difficult to synthesize. For instance, starting from
the similar oligophenylenes (Figure 7(c)), Miillen et al. [96]
demonstrated that precursor 30a was cyclized efficiently
under the Scholl reaction to provide PAH 31 in 91% yield,
whereas Morin et al. [97] showed that precursor 30b, on
which two chlorine atoms were introduced, led to PAH 32 in
72% yield through photocyclodehydrohalogenation.

Indeed, the installation of halogens in the precursors at the
ring-closing positions facilitates the cyclization in many
ways. This approach is also important in modern transition-
metal-catalyzed cross-coupling reactions for PAH synthesis.
In particular, the palladium-catalyzed intramolecular Heck
reaction (also referred to as intramolecular C—H arylation)
between Ar—X (X=halogens) and Ar-H has proven not only
valuable in the synthesis of planar PAHs but also essential to
the construction of strained bowl-shaped PAHs, such as
pentaindenocorannulene 34 synthesized by Scott et al. [98]
(Figure 8(a)). There are some cases where transition-metal
catalysts are not needed. Specifically, Al,O;-mediated in-
tramolecular aryl-aryl coupling between Ar—F and Ar—H has
been demonstrated by Amsharov et al. [99] through HF
elimination, forming strained compounds such as PAH 36
(Figure 8(b)).

Developments of modern techniques have also allowed the
cyclodehydrogenation on metal surfaces under ultrahigh
vacuum (UHV). The metal surfaces function as a catalyst in
the ring-closure reaction and the UHV keeps a clean en-
vironment that prevents potential side reactions. Through
this surface-assisted method, the resulting structures can be
clearly visualized in-situ by state-of-the-art high-resolution
STM and non-contact atomic force microscopy (nc-AFM)

Figure 8 Synthesis of (a) PAH 34 through palladium-catalyzed in-
tramolecular Heck reaction and (b) PAH 36 via Al,0;-mediated C-H ar-
ylation. PdCly(PCys),: dichlorobis(tricyclohexylphosphine)palladium(1l);
DBU: 1,8-diazabicyclo[5.4.0Jundec-7-ene; DMAc: dimethylacetamide.

[100]. For example, Fasel et al. [101] demonstrated the
synthesis of a triangular nanographene molecule, tribenzo[a,
g,m]coronene 38, on Cu(111) surfaces under UHV by cy-
clodehydrogenation of a cyclic polyphenylene precursor,
namely, cyclohexa-o-p-o-p-o-p-phenylene 37, and char-
acterized the product directly by STM (Figure 9). The on-
surface synthesis and characterization techniques can also be
applied to GNR synthesis, which is described in Section 3.

2.2 mn-Extension with extra carbons and rings

Apart from the two-stage synthetic protocol, as described
above, PAHs can also be synthesized via m-extension of
existing PAHs. One representative example is the Diels-Al-
der reaction at the bay regions of PAHs, which have a diene-
like character and thus can react with various dienophiles
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Figure 9 (a) Surface-assisted synthesis of PAH 38 via cyclodehy-
drogenation on Cu(111) surface; (b) high-resolution STM image of PAH 38
on Cu(111) surface. Reprinted with permission from Ref. [101], copyright
(2010) Macmillan Publishers Ltd. (color online).

such as arynes, alkenes, alkynes, and quinones to produce
extended PAH structures [102]. For example, Clar et al.
[103] reported consecutive Diels-Alder reactions of perylene
39 with maleic anhydride to eventually obtain the pristine
coronene 43 (Figure 10(a)). Scott et al. [104] demonstrated
that bisanthene 44 readily reacted with dienophile ni-
troethylene to afford ovalene 45 (Figure 10(b)), whereas a
smaller homologue, perylene 39, reacted with nitroethylene
much more slowly even under harsher conditions and only
single-side fused product 46 could be observed (Figure 10
(c)).

Other approaches to extend the bay region of PAHs relate
to the simplest case: how to make phenanthrene from a bi-
phenyl. The solutions include established methods, such as
McMurry coupling of 2,2'-diformylbiphenyl [105] and ring-
closing olefin metathesis [106]. To demonstrate the synthesis
of PAHs by intramolecular olefin metathesis, King et al.
[107] synthesized dibenzo[a,/]anthracene 48 and dibenzo[a,
hlanthracene 50 from two isomeric tetravinyl-substituted
terphenyl precursors in excellent yields (87%—95%, Figure
11(a)). Moreover, starting from 2,2'-diformylbiphenyl pre-
cursors, Wang et al. [108] developed a one-pot two-step
synthesis of phenanthrene derivatives through rhodium(II)-
catalyzed cyclization of N-tosylhydrazone-based inter-

soda-lime OO

41

toluene
135 =C
84%

o L
350°C, 1h
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mediates (Figure 11(b)). This method was also employed to
furnish a series of larger PAHs, such as chrysene 52 and
picene 54 [108]. Another widely used method is alkyne cy-
clization promoted by electrophilic reagents (Figure 11(c))
[109]. For example, Larock ef al. [110] reported ICl-induced
intramolecular cyclization of 2-(arylethynyl)biphenyls (e.g.,
55), providing PAHs with iodo groups, which can be used for
further functionalizations. Swager et al. [111] developed
alkyne benzannulations induced by trifluoroacetic acid
(TFA) to afford a series of PAHs such as molecule 58. An
electron-rich aryl group attached to the acetylene moiety is
essential to this reaction. Such alkyne cyclizations can also
be triggered by metal catalysts, e.g., Ru, Pt,and Au[112]. An
exemplary case has been reported by Scott et al. [113]
through a short synthesis of coronene via four-fold Ru-cat-
alyzed alkyne benzannulations. The relatively low yield of
this reaction (15%—-20%) has been significantly improved to
86% by Liu et al. [114] through optimization of the Ru
catalyst and reaction conditions.

A different strategy to readily extend PAH structures is
cyclotrimerization. For example, Pefia et al. [115] performed
palladium-catalyzed cyclotrimerization of an aryne inter-
mediate 61 for efficient preparation of star-shaped PAH 62
(Figure 12(a)). With such a method, the size of PAHs grows
quickly. However, synthesis via cyclotrimerization of arynes
often requires multi-step preparation of the aryne precursors.
In this regard, cyclotrimerization of o-dibromoarenes
through Yamamoto coupling can serve as a complementary
approach. Indeed, such a method has been employed by
Bunz ef al. [116] to synthesize large starphenes 64 and 66
from linear tetracene and pentacene derivatives 63 and 65
(Figure 12(b)), respectively.

Transition-metal catalysts apparently provide a number of
new opportunities for PAH syntheses. While the importance
of aryl-aryl coupling to form carbon—carbon single bonds in
synthesizing the precursors is unquestionable, the annulative

O‘O‘ soda-lime Oe
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L e D
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Figure 10 (a) Synthesis of pristine coronene 43 via m-extension of perylene at bay regions by Diels-Alder reactions; (b) Diels-Alder reaction between
bisanthene 44 and nitroethylene; (c) Diels-Alder reaction between perylene 39 and nitroethylene.
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Figure 12 Cyclotrimerization toward extended PAHs. (a) Synthesis of star-shaped PAH 62 through palladium-catalyzed cyclotrimerization; (b) synthesis of
starphenes 64 and 66 via Yamamoto coupling. Pd,(dba);: tris(dibenzylideneacetone)dipalladium(0); COD: 1,5-cyclooctadiene; Bpy: 2,2'-bipyridine.

m-extension, in which more than one single aryl-aryl bond is
formed, is more intriguing with regard to direct fusion of
aromatics. The aforementioned cyclotrimerization belongs to
such a category. In 2009, Shimizu ef al. [117] introduced an
annulation method through a Pd-catalyzed double cross-
coupling reaction of 9,9-dimethyl-9-stannafluorenes 67 and

1,2-dibromobenzene 68, furnishing triphenylene 69 in 90%
yield (Figure 13). Tetrabromoarenes (e.g., 70) were also
employed for double-side annulations to synthesize larger
PAHSs such as 71. In a similar manner, Li, Negri and Wang
et al. [118] synthesized a n-extended naphthalene diimide 73,
which is promising as an air-stable n-type semiconductor.
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n-Annulation by employing aryl halides and alkynes in the
presence of palladium catalysts provides cyclopentannelated
arenes (Figure 14). Garcia-Garibay et al. [119,120] reported
such reactions based on brominated anthracenes and terminal
alkynes. Miillen ef al. [121] further explored the cyclo-
pentannulation reaction using di-substituted alkynes. The
reaction proceeds through the insertion of the alkyne 75 into
an arylpalladium species 77, followed by intramolecular
electrophilic attack of the resulting alkenylpalladium 78 on
anthracene to form a palladacycle intermediate 79 (a type of
C-H activation step). Subsequent reductive elimination af-
fords the corresponding cyclopentannelated product 76. This
reaction can be performed on various PAHs, such as an-
thracene, pyrene, and perylene, to generate corresponding

R R
Br

R )
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singly and doubly cyclopentannelated derivatives 80-84.

Itami et al. [122] developed a double C—H arylation to
achieve an annulative m-extension at the K-regions (olefinic
region) of PAHs (Figure 15). For example, phenanthrene 86
could directly react with a dibenzosilole derivative 85 to
produce dibenzo[g,p]chrysene 87. This K-region-selective
reaction was also applicable to pyrene derivatives 88 to
generate multi-annulation products such as hexabenzo[a,c,
fe.j.Lop]tetracenes 89. Interestingly, this efficient m-annula-
tion also occurred on the bowl-shaped corannulene 17 to
afford phenanthro[9,10-a]corannulene 90 in 70% yield
[123]. Such a method requires no halogens from the starting
PAHs and provides direct access to new PAHs that are dif-
ficult to produce by other methods.

In the present section, the overview of synthetic strategies
toward PAHs is far from comprehensive. Only the most
common methods and representative new approaches have
been discussed. New synthetic methods for PAHs are con-
tinuously being developed, especially modern transition-
metal catalyzed reactions. Such innovations are expected to
further extend the toolbox of PAH synthesis and provide new
opportunities for fundamental and applied PAH chemistry.

3 Vivacity of PAH chemistry in light of GNRs
and graphene

On the one hand, the development of synthetic methods has
stimulated the synthesis of various types of PAHs, thereby
allowing precise elucidation of structure-property relation-
ships, that is, how the modes of ring fusion, edge structures,
“defects,” and heteroatom-doping affect the optical, elec-
tronic, and magnetic properties of PAHs. On the other hand,
research into PAHs has contributed substantially to the bot-
tom-up organic synthesis of GNRs and the interpretation of
their properties. From the synthetic point of view, the stra-
tegies leading to PAHs can be extended to the fabrication of
quasi-1D GNRs, which are, by definition, large PAHs with a
high aspect ratio. Furthermore, the molecular precursors

o PhPh
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Figure 14 Transition-metal-catalyzed m-annulation toward cyclopentannelated arenes. Pd(dba),: bis(dibenzylideneacetone)palladium(0); P(o-tol);: tri(o-

tolyl)phosphine; Et;N: triethylamine.
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used in the synthesis of GNRs are often PAH structures.
From the physical point of view, PAHs can serve as model
compounds to interpret the properties of GNRs, which can
then promote the design of novel GNRs. Therefore, PAHs
play an indispensable role in GNR research. Conversely,
GNRs raise new motivations for the PAH field, e.g., estab-
lishing undeveloped methods for the GNR synthesis, build-
ing unprecedented model systems for complex GNR
structures, and investigating the properties of defined seg-
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ments of GNRs. Although PAHs and pristine graphene are
too different in size and electronic state diagram, research on
defective and heteroatom-doped graphene could acquire new
implications from structurally defined PAHs to understand
the local geometric, magnetic, and catalytic effects of having
defects or heteroatoms in the graphene lattice, and would
stimulate the synthesis of new PAH structures that are re-
levant to such graphene materials. Moreover, the chemistry
of PAHs could even expand the knowledge on graphene, for
example, with regard to the existence of various edge
structures, as discussed later in this section.

The readers are recommended to refer to previous reviews
on bottom-up synthesized GNRs for a comprehensive ana-
lysis of the history and recent advances [6,16,62,63,66,67,
124,125]. In the following, we only select typical examples
to illustrate the close interaction between PAH and GNR
chemistries. As described previously, p-HBC 6 can be syn-
thesized, first, by formation of the hexaphenylbenzene pre-
cursor, followed by oxidative cyclodehydrogenation. By
applying this strategy to polymeric systems, GNRs can be
fabricated through cyclodehydrogenation of carefully de-
signed polyphenylene precursors. For example, in 2008,
Miillen et al. [126] established the solution synthesis of
GNRs through A,B,-type Suzuki polymerization and sub-
sequent cyclodehydrogenation of the polyphenylene pre-
cursor (Figure 16(a)). Similarly, different GNRs have been
obtained by A,B,-type Diels-Alder polymerization or AA-
type Yamamoto polymerization, but the obtained GNRs were
still shorter than 100 nm, posing a major challenge to the
fabrication of single-ribbon devices [96,127-129]. To ad-
dress this problem, Narita, Feng and Miillen et al. [130,131]
developed an AB-type Diels-Alder polymerization to
achieve liquid-phase-processable GNRs longer than 600 nm
(Figure 16(b)). This achievement has not only allowed for

Figure 16 Synthesis of GNRs based on (a) A,B,-type Suzuki polymerization and (b) AB-type Diels-Alder polymerization. Pd(PPh;),: tetrakis(triphe-

nylphosphine)palladium(0).
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the investigation of the fundamental physics of such struc-
turally well-defined GNRs [132—134] but also promoted the
fabrication of GNR-based devices by solution processing
[135,136]. Single-GNR transistor devices demonstrated the
semiconducting properties of GNR 97, and thin-film devices
exhibited remarkable chemical sensing capability toward
NO, gas with limits of detection down to parts per billion
levels [136]. Nevertheless, the charge-carrier mobilities ob-
tained from the GNR-based devices were much lower than
the intrinsic values as evaluated by ultrafast terahertz pho-
toconductivity analysis and theoretical calculations
[137,138]. The poor device performance is presumably due
to the high contact resistance between the electrodes and
GNRs, requiring improved device fabrication.

The classical solution synthesis has provided a variety of
GNRs with different structural features and tunable band
gaps, and can afford GNR materials on a gram scale, which
can be processed from a solution for physical characteriza-
tion and device fabrication [127,139—-143]. However, prov-
ing the structural perfection of such large macromolecules at
the atomic level remains a challenging task. Therefore, the
on-surface synthesis technique under UHV is valuable not
only as an alternative way to synthesize various GNRs but
also to in-situ visualize the structure of the obtained GNRs
by high-resolution STM and nc-AFM [63]. In 2010, Miillen
and Fasel ef al. [144] demonstrated the on-surface synthesis
of GNRs from dihalogenated monomers, which underwent
metal-surface-assisted homocoupling to form the polymer
precursors. Subsequent cyclodehydrogenation finally furn-
ished GNRs directly on the metal surface (Figure 17). This
work has opened up a new field of on-surface synthesis of
atomically precise GNRs. Other synthetic strategies have
also been developed to expand the on-surface synthesis
toolbox for GNRs. For example, Miillen, Fuchs and Chi et al.
[145] employed 1,4,5,8-tetrabromonaphthalene as the mo-

Figure 17

On-surface synthesis of GNRs via polymerization of dihalogenated precursors and subsequent cyclodehydrogenation. STM images are reprinted

Sci China Chem  September (2019) Vol.62 No.9

lecular precursor to synthesize rylene-type GNRs. Gold-or-
ganic hybrids were identified as the intermediate and
cyclodehydrogenation was not needed in this reaction. To
develop non-halogenated precursors to avoid the con-
tamination of bromine atoms on metal surfaces, Zhang,
Miillen and Chi et al. [146] reported a new pathway to ry-
lene-type GNRs by exploring perylene-3,4,9,10-tetra-
carboxylic dianhydride (PTCDA) as the precursor on Cu
(111) surfaces. Similar to the previous example, copper-
perylene chains were observed as the intermediate after
decarboxylation of PTCDA, and the GNRs were subse-
quently generated by annealing at a higher temperature.
Another method that does not require halogenated precursors
was reported by Hu and Xu et al. [147] through Bergman
cyclization. The obtained diradical species readily under-
went polymerization to afford naphthalene-substituted
polyphenylenes on the surface. Although further cyclode-
hydrogenation was not demonstrated in this study, such a
protocol is in principle feasible to synthesize GNRs with
carefully designed precursors. Despite the success in on-
surface synthesis of GNRs under UHV, the relatively high
cost of the UHV setup and low scalability of the on-surface
synthesis under UHV limit its potential for practical appli-
cations. To address this issue, the CVD technique was used
to develop an industrially viable on-surface synthesis under
low-vacuum or even ambient pressure [148,149]. Large
areas of GNR films can thus be grown by this method, which
is technologically important in terms of large-scale fabrica-
tion and facile device integration.

Both in-solution and on-surface synthesis techniques have
allowed for the bottom-up synthesis of various GNRs and the
investigation of their properties. What is crucial for this re-
search philosophy is that such advances cannot be isolated
from the development of PAHs. As both fields are growing
rapidly, we will select representative examples to illustrate

&

with permission from Ref. [144], copyright (2010) Macmillan Publishers Ltd. (color online).
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their close relation and synergies.

One might wonder whether 2D graphene could be made
via the bottom-up methods as accomplished for GNRs.
Certainly, many established methods are available for gra-
phene fabrication (see previous reviews [3-9]), such as top-
down exfoliation starting from graphite [150—153], as well as
bottom-up CVD synthesis and epitaxial growth on SiC [154—
157]. A great achievement for organic chemists would be the
synthesis of a giant 2D graphene via defined organic reac-
tions, e.g., carbon-carbon coupling. Indeed, such a synthetic
method was demonstrated by Chen and Hu et al. [158] in
2013 by using hexabromobenzene 101 as the precursor
(Figure 18(a)). The breaking of the C—Br bonds generated
radical intermediates 102, which polymerized on a Cu(111)
surface in 2D to furnish graphene films at a low temperature
of 220—250 °C. This idea of coupling molecular precursors
rather than assembling carbon species decomposed from
gaseous or solid precursors at high temperatures, as observed
in the classical CVD process [38,156,159], has also been
explored by Xu ef al. [42]. In 2012, they employed PAHs,
including rubrene 103, pentacene 104, and coronene 43, as
precursors in the CVD synthesis of graphene through de-
hydrogenative coupling (Figure 18(b)). The quality of the
resulting graphene films, as judged by Raman spectroscopy,
was largely dependent on the different PAH precursors, with
coronene providing the best quality at a low growth tem-
perature of 550 °C. From a technological viewpoint, differ-
ent choices exist for the large-scale fabrication of graphene;
nevertheless, PAH chemistry has provided a new angle to the
bottom-up synthesis of graphene.

3.1 Edge topology engineering

PAHs with different edge topologies exhibit considerably
different physical and chemical properties. Typical edge
structures of PAHs (Figure 19) include bay regions (also
known as armchair edges), L-regions (zigzag edges), K-re-
gions (isolated carbon-carbon double bonds that do not be-
long to the Clar sextet), as well as cove and fjord regions that
cause non-planarity due to the prevailing steric hindrance.
The variety of edge topologies enables the control of PAH
properties by “edge design.”

Such edge topology engineering also plays a pivotal role in
GNRs and is only possible through bottom-up synthesis.
Armchair GNRs (AGNRs) and zigzag GNRs (ZGNRs) are
two representative cases that have attracted the most interest
in the GNR field (Figure 20(a, b)). Their width can be de-
fined by the number (N) of carbon atoms across the ribbon.
According to their different widths, AGNRs can be divided
into three groups with N=3n, 3n+1, and 3n+2 (n is an in-
teger). The band gap in each group decreases as the ribbon
width increases, whereas in different groups but with the
same n, the band gap is dependent on the group (3n

Graphene film

Rubrene 103

O

Pentacene 104

A AL
O‘ 1400 1680 1960 2240 2520 2800

Coronene 43 Raman Shift (cm"']
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Figure 18 (a) Synthesis of graphene via 2D polymerization of hex-
abromobenzene. Reprinted with permission from Ref. [158], copyright
(2013) American Chemical Society. (b,c) Synthesis of graphene via de-
hydrogenative coupling of different PAH precursors (b) and the corre-
sponding Raman spectra of the resulting graphenes (c). Reprinted with
permission from Ref. [42], copyright (2012) American Chemical Society
(color online).

L-region

Figure 19 Schematic representation of typical edge topologies of PAHs
(color online).

+2<3n<3n+1) that the GNRs belong to (Figure 20(c))
[22,160]. In recent years, AGNRs with different widths have
been precisely synthesized via the bottom-up procedure
[126,140,142-146,149,161-170], establishing the width-
dependent band gaps as determined by theory [22,171].
ZGNRs are predicted to have localized edge states that can
be spin-polarized, showing great potential for spintronic
applications [160,172]. Furthermore, ZGNRs narrower than
7 nm are antiferromagnetic with antiparallel spin alignment
on the opposite edges of the ribbon, and semiconducting with
their band gaps inversely proportional to their widths. On the
other hand, ZGNRs wider than 8 nm exhibit a sharp transi-
tion to a ferromagnetic (with magnetic moments on opposite
edges aligned in a parallel manner) and metallic (with a
vanishing band gap) state (Figure 20(d)) [160]. In 2016,
Miillen and Fasel ef al. [173] synthesized the first atomically
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Figure 20 (a, b) Chemical structures of N=9 armchair GNRs (9-AGNRs) and N=6 zigzag GNRs (6-ZGNRs) with illustration of width &; (c, d) band gaps in
AGNRs and ZGNRs as a function of ribbon widths. Reprinted with permission from Ref. [160], copyright (2014) Macmillan Publishers Ltd. (color online).

precise ZGNR under UHV, demonstrating the localized edge
states as anticipated. For 2D graphene, controlling the edge
topology with atomic precision through the available fabri-
cation methods is nearly impossible, but one could easily
learn lessons from the research on structurally well-defined
PAHs and GNRs, such as regarding the stability of armchair
edges and the high reactivity of zigzag edges [174,175].
An exemplary case to illustrate the essence of edge to-
pology engineering of PAHs is the edge extension of p-HBC
6, which is a fully benzenoid PAH with all-armchair edges.
Modulation of the electronic properties becomes possible by
fusing additional benzene rings onto the p-HBC core (Figure
21). These extra K-regions drastically change the photo-
physical characteristics, as evidenced by prominent red shifts
of the absorption maxima when going from p-HBC to =n-
annelated derivatives 105, 106, and 107. Recently, p-HBC
with four additional K-regions 108, which generate two
parallel zigzag edges and four relatively short zigzag edges,
was synthesized by Feng and Miillen et al. [176], displaying
a significantly lowered optical gap compared with p-HBC.
By adding six K-regions to p-HBC, compound 109 with a
full zigzag periphery has attracted much theoretical interest
but remains elusive. However, by employing 6,13-bis(10-
bromoanthracen-9-yl)-1,4,8,11-tetramethylpentacene 110
and 10,10’-dibromo-9,9’-bianthracene 98 as the monomers
for on-surface synthesis (Figure 22(a)), the structure motif of
109 was embedded into 7-AGNRs, generating topologically
non-trivial quantum phases. As indicated by scanning tun-
neling spectroscopy (STS) and STS mapping, a new quan-
tum state at the interface of 7-AGNRs and edge-extended
sections featuring the structural motif of 109 was observed

one K-region

107 four K-regions

three K-regions

Figure 21 Modulation of electronic properties of p-HBC by adding one,
two, three, four, and six K-regions (color online).

because of their topological non-equivalence (Figures 22(b,
¢)) [177]. Another relevant work on GNR-based topological
insulators was based on the fabrication of 7/9-AGNR het-
erojunctions (Figures 22(d—f)), which, from the structural
point of view, were formed by partially adding K-regions to
the armchair edge of 7-AGNRs [178]. Such an edge exten-
sion, which was first developed in PAH systems, has greatly
stimulated the design of new GNRs such as emerging to-
pological insulators.

The majority of PAHs have armchair structures, whereas
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zigzag-edged PAHs are relatively rare. Acenes are a unique
class of PAHs featuring long zigzag edges [179]. Their
structures are simply composed of benzene rings fused in a
linear mode (Figure 23), whereas their syntheses are chal-
lenging, especially for higher homologues longer than pen-
tacene 104. Pentacene is a prototypical semiconductor whose
application greatly suffers from its high tendency toward

current d//dV maps of GNR 113 on Au(111). (b, ¢) Reprinted with permission
with permission from Ref. [178], copyright (2018) Macmillan Publishers Ltd.

oxidation or photodimerization. This high chemical re-
activity is pertinent to the long zigzag edges, which favors
the formation of diradical ground states (Figure 23(a)), and
the driving force to form stable oxidized or dimerized pro-
ducts [180,181]. The instability issue is even more severe for
higher acenes, obstructing their syntheses and applications.
Thus, Miillen et al. [182] developed a precursor route to
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convert the stable and soluble precursors 114 into pentacene
by retro-Diels-Alder reactions in the solid state (Figure 23
(b)). Similarly, Neckers ef al. and Bettinger et al. [183—185]
achieved a series of higher acenes up to nonacene 116e in
polymer matrices by photochemical extrusion of bridging
groups from the ambient-stable precursors 115e (Figure 23
(¢)). The solid-state reactions directly provided the highly
reactive product in an inert environment, thereby solving the
instability problem. Another way to achieve longer acenes
relies on the surface-assisted chemical reactions under UHV,
which prevents the contact of the sensitive product with
oxygen. The metal surfaces also stabilize the highly reactive
acene species. A similar “extrusion” concept was applied by
Moresco and Pefia et al. [186] to obtain decacene 118
through surface-assisted reduction of a tetracpoxy decacene
precursor 117 (Figure 23(d)). The highest homologue un-
decacene 120 was realized in 2018 by Godlewski and
Echavarren et al. [187] via on-surface dehydrogenation of a
partially saturated precursor 119 (Figure 23(e)).

When acenes are fused laterally at all peri-positions, a new
class of PAHs called peri-acenes is formed (Figure 24). The
smallest member of the family is perylene 39 and the next
larger one is bisanthene 125. Both compounds are closed-
shell structures that have been known for decades [188—191],
whereas the higher homologues peri-tetracene 126 and peri-
pentacene 127 start to exhibit open-shell diradical ground
states (Figure 25(a)), thereby posing challenges for syntheses
and characterizations. After a long pursuit of these struc-
tures, Liu and Feng et al. [192] (Figure 25(b)) and Wu et al.
[193] independently synthesized different peri-tetracene de-
rivatives 134 in 2018. Although the synthesis of peri-pen-
tacene 127 has not been successful in solution, it has been

demonstrated by Crommie and Fischer ef al. [194] through
on-surface cyclodehydrogenation of 6,6'-bipentacene 135
under UHV (Figure 25(c, d)).

Further extension of peri-acenes along the peri-positions
(along the Y axis in Figure 24) provides further opportunities
for new PAH-based materials, and eventually, gives rise to a
series of AGNRs (5-, 7-, 9-, 11-, 13-AGNRs, and so on).
Therefore, the PAHs shown in Figure 24 are suitable model
compounds for these GNRs. When the rylene molecules
become longer (such as terrylene 128 and quaterrylene 130),
their HOMO-LUMO gaps decrease significantly, resulting in
a band gap as low as 0.1 eV and a metallic or half-metallic
behavior ~when reaching the infinite 5-AGNRs
[163,166,195]. Theoretical simulations have suggested the
appearance of singlet edge states when the length of the
rylene ribbon is longer than 7 perylene monomers [166],
whereas experimental studies on a series of cyclopenta ring-
fused rylene compounds have revealed substantial open-shell
singlet diradical character from hexarylene (3 perylene
monomers) onward [196]. These results have indicated the
existence of localized edge states at the termini of 5-AGNRs.
Furthermore, rylenes can be stabilized by attaching aux-
ochromic groups at their peri-positions, generating an im-
portant family of chromophores which serve not only as
industrial colorants but also as key materials for bioimaging,
organic optoelectronics, and single-molecule spectroscopy
[48]. The longer versions of bisanthene 125, e.g., teranthene
129, and quateranthene 131, have been proven to possess
unpaired electrons localized at the zigzag edges (diradical
ground states) in contrast to the closed-shell bisanthene
[197,198]. These findings are in accordance with the ob-
servation of giant edge state splitting at the termini of 7-
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Figure 24 Extension of acenes along different dimensions leading to a variety of PAHs and GNRs (color online).
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Figure 25 (a) Resonance structures of peri-tetracene 126 and peri-pentacene 127; (b) synthesis of peri-tetracene derivatives 134 in solution; (c) surface-
assisted synthesis of peri-pentacene; (d) high-resolution STM image and constant-height nc-AFM image of peri-pentacene on Au(111). DDQ: 2,3-dichloro-
5,6-dicyano-1,4-benzoquinone. Reprinted with permission from Ref. [194], copyright (2015) Wiley (color online).
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AGNRs [199,200]. As shown in Figure 24, the longer
homologues of peri-tetracene are still missing, but one could
learn from the significant open-shell diradical character of
peri-tetracene that 9-AGNRs would also possess edge states
if the termini maintain the zigzag topology as in peri-tetra-
cene. This is, however, not the case in an on-surface syn-
thesized 9-AGNR, in which no localized edge states have
been observed at the termini because of the armchair-type
termination [161]. Such a difference suggested that not only
the width and edge structures matter for the properties of
GNRs but also the terminus topology. If the rylene com-
pounds are extended along the X-axis (Figure 24), they will
end up in a series of ZGNRs with a full zigzag edge topology
(4-, 6-, 8-, 10-ZGNRs, and so on). Considering the model
compounds, such as long acenes and peri-acenes, organic
chemists can easily predict a high reactivity and, thus, in-
stability of ZGNRs under ambient conditions, making it
extremely difficult to synthesize ZGNRs by conventional
solution chemistry. The instability issue is not a problem for
on-surface synthesis under UHV, which prevents the oxida-
tion side reactions and stabilizes the conjugated structure by
interaction with the metal surface. However, the on-surface
synthesis of ZGNRs is not straightforward, because the
zigzag edge structure cannot be constructed through con-
ventional surface-assisted benzene-benzene couplings,
which only lead to armchair edges. Thus, a new design
concept of the monomer was needed to synthesize the
challenging ZGNRs, which had been predicted to possess
magnetic edge states along the zigzag edges. In 2016, Miillen
and Fasel ef al. [173] achieved the long-awaited atomically
precise ZGNRs from a carefully designed umbrella-shaped
monomer 136 with a short zigzag edge and methyl groups
that underwent oxidative cyclization with the neighboring
benzene rings to form full zigzag edges (Figure 26(a)). It
should be emphasized that monomer 136 itself is a PAH,
which required a 14-step organic synthesis, highlighting the
indispensable role of demanding synthetic chemistry. The
structure of the obtained 6-ZGNRs 138 has been verified by
STM and nc-AFM, and the theoretically predicted localized
edge states along the zigzag peripheries have been experi-
mentally confirmed by STS measurements (Figure 26(b—d)).
The 6-ZGNR is the only atomically precise ZGNR; there-
fore, ZGNRs should be explored with other widths to in-
vestigate the width-dependent properties [160]. Further, as
shown in Figure 24, there are many elusive, but certainly
challenging, PAHs through extension of acenes along dif-
ferent dimensions. These are interesting molecules in their
own right and also important for understanding the physical
properties of their corresponding GNRs.

PAHs with long zigzag edges are often prone to oxidation
due to their open-shell diradical character. Although strate-
gies, such as kinetic protection by bulky substituents, are
applied to stabilize these compounds, the instability issue

September (2019) Vol.62 No.9

(@)

Figure 26 (a) Surface-assisted synthesis of 6-ZGNRs 138; (b) constant-
height nc-AFM image of 6-ZGNRs on Au(111) taken with a CO-functio-
nalized tip; (c) differential-conductance maps of filled (left) and empty
(right) edge states of 6-ZGNRs on Au(111); (d) local density of states
showing the spatial distribution of filled (left) and empty (right) edge states.
Reprinted with permission from Ref. [173], copyright (2016) Macmillan
Publishers Ltd. (color online).

cannot be fully set aside, and thus limits further investiga-
tions and applications. In this regard, stable PAHs featuring
zigzag edges, but without biradical ground states, have also
been investigated. For instance, Miillen, Narita and Scotog-
nella et al. [201] reported the synthesis and properties of
dibenzo[Ai,st] ovalene 142 (Figure 27), which exhibited high
stability under ambient conditions and strong red emission
with a quantum yield of up to 79%. This compound also
showed stimulated emission and amplified spontaneous
emission. These properties indicate the potential of such
stable zigzag-edged PAHs as a new type of structurally de-
fined GQDs for applications in organic light-emitting diode
(OLED) and laser devices. In this sense, GNRs with a partial
zigzag edge topology would combine attractive electronic
properties with sufficient stability.

Armchair and zigzag edges are considered as the two
prevailing edge configurations in graphene research [174,
175,202-204]. However, by visiting the PAH chemistry, one
could imagine that more diverse edge topologies of graphene
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exist. For example, the cove region as observed in [4]heli-
cene (with the number indicating how many benzene rings
are ortho-fused together, see Figure 28(a)) endows the PAHs
with non-planarity [54-57]. A representative example is
contorted ¢c-HBC 29a featuring six cove regions, as first
synthesized by Clar et al. [205] in 1965 and later by Nuckolls
et al. [95,206] with a new method and improved yields
(Figure 28(a)). In 2015, Feng and Miillen et al. [207] re-
ported the synthesis of the first cove-edged GNRs 144
(Figure 28(a)). A series of oligomers were synthesized in
solution, revealing non-planar edge geometries by single-

R OAc
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O 0 2) pyridinium 1) MesMgBr
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crystal X-ray analysis, and longer GNR homologues were
obtained via on-surface synthesis under UHV. Furthermore,
PAHs containing the [5]helicene 145 substructure exhibit the
fjord region (Figure 28(b)), as exemplified by the in-
completely cyclized p-HBC analogs, such as hex-
abenzoperylene 146 and hexabenzotriphenylene 147
[208,209]. The latter two cases are also known as double [5]
helicene and triple [S5]helicene, respectively. Even more
complex PAHs containing helicene moieties have been
synthesized [210,211], such as a hexapole [S]helicene 148
(Figure 28(b)) [212,213], a double [6]helicene 149 (Figure

142
R = alkyl chains

hexapole [S]helicene 148

hexapole [9]helicene 151

Figure 28 (a) Examples of PAHs and GNRs with cove regions (containing [4]helicene moieties); (b) PAHs with fjord regions (containing [5]helicene
moieties); (¢) PAHs containing [6], [7] and [9]helicene moieties. The STM image in (a) was reprinted with permission from Ref. [207], copyright (2015)

American Chemical Society (color online).
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28(c)) [214], as well as a hexapole [7]helicene 150 and a
hexapole [9]helicene 151 based on the p-HBC core (Figure
28(c)) [215,216]. Such remarkable synthetic achievements of
PAH chemistry offer new insights for a detailed discussion of
the graphene edge topologies. Moreover, the growing inter-
est in such helicene-containing PAHs has further stimulated
the synthesis of helical nanographene molecules [217-219]
and even GNRs [220].

3.2 Edge functionalization

Functionalization of graphene is important to modulate its
electronic properties and allow for new coupling reactions.
Various methods have been developed to covalently func-
tionalize pristine graphene and can be generally divided into
(1) radical additions to the spz—carbons of graphene (e.g., by
using a diazonium salt) and (2) cycloadditions to the carbon-
carbon double bonds (e.g., by using an azomethine ylide,
nitrene, or aryne species) [202,221-223]. Graphene oxide
(GO), the oxidized form of graphene, can also be functio-
nalized by exploring the chemical reactions of the existing
oxygen-containing groups, including hydroxyl (—OH), car-
boxyl (-COOH), and epoxy units [224]. GO is usually pro-
duced by the Hummers method, that is, treating graphite with
strong chemical oxidants (e.g., sodium nitrate, sulfuric acid,
and potassium permanganate), followed by exfoliation into
layers of graphite oxide [225]. The strong oxidation condi-
tions uncontrollably generate different oxygen-containing
functional groups at the edge and on the basal plane. By
contrast, the oxidation of molecular nanographenes is able to
selectively provide edge-oxidized structures. For example,
Miillen et al. [226] reported the selective oxidation of the K-
region of m-extended p-HBC derivative 152, leading to the
formation of an o-diketone moiety, which was used as a
building block to synthesize large heteroatom-containing
PAHs such as 154 (Figure 29). This defined oxidation would
also be desirable for graphene chemistry.

Another type of graphene functionalization relates to the
attachment of hydrogen or halogen atoms to spz-carbons of
graphene, generating sp3—hybridized carbon centers and thus
opening the band gap of graphene due to the interruption of
n-delocalization [221]. Partially hydrogenated graphene ex-
hibits a tunable band gap and ferromagnetism, whereas the
fully hydrogenated graphene, which is known as graphane,
behaves as an insulator while maintaining hexagonal sym-
metry [227,228]. A similar trend holds true for halogenated
graphene, although only the fully fluorinated graphene
(stoichiometric graphene fluoride, C,F,), can be obtained
among the different graphene halides [229-230].

Hydrogenated graphene can be achieved either by gas-
phase hydrogenation through exposing graphene to a hy-
drogen plasma [231,232], or by liquid-phase reaction, e.g.,
Birch reduction in the presence of lithium/sodium and al-
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Figure 29 Edge oxidation of p-HBC derivative 152 at K-region and
further functionalizations.

cohol in liquid ammonia [233]. Hydrogenation of graphene
faces difficulties in controlling reaction sites and in eluci-
dating the resulting structure, thus hindering a reliable
structure-property correlation. In this regard, hydrogenation
of large PAHs is important as a case study on well-defined
molecular nanographenes. In 2004, Watson and Miillen et al.
[234] reported hydrogenation of p-HBC derivatives 155
under moderate hydrogen pressure in the presence of palla-
dium on activated carbon as catalyst (Figure 30). Nuclear
magnetic resonance (NMR) experiments strongly indicated
an all-syn addition of hydrogen atoms to the peripheral car-
bons of p-HBCs, resulting in stercoselective generation of
peralkylated coronenes 156.

Similarly, the established halogenation protocols of gra-
phene fail to achieve the atomic accuracy, which would be
necessary for reliable structure-property correlations
[229,230]. For example, a non-destructive photochemical
chlorination protocol (Figure 31) has been employed by Liu
et al. [235] to attach chlorine atoms to the basal carbon of
graphene, providing chlorinated graphene with a coverage of
approximately 8 atom% chlorine and an opened band gap of
45 meV. Alternatively, a chlorine plasma reaction has been
used by Dai et al. [236] to chlorinate graphene non-de-
structively and reversibly, achieving a coverage of 8.5 atom%
chlorine. Longer exposure times (>2 min) afforded the irre-
versible formation of larger-area defects. With these chlor-
ination methods, the band gaps and electronic properties of
the resulting graphene derivatives can be effectively tuned,
but precise control of the structure remains a major chal-
lenge.

To achieve atomic precision, Tan, Feng and Miillen et al.
[43] developed an efficient edge chlorination protocol for
nanographene molecules with an excess amount of iodine
monochloride and a catalytic amount of aluminum chloride
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Figure 30 Regioselective hydrogenation of p-HBC derivatives 155 to-
ward peralkylated coronenes 156.

e — —

photochlorination of graphene

Figure 31 Schematic illustration of photochemical chlorination of gra-
phene. Reprinted with permission from Ref. [235], copyright (2011)
American Chemical Society (color online).

(Figure 32). Chlorinated nanographene molecules (157-162)
exhibit enhanced solubility in common organic solvents;
thus, the single-crystal growth of such large PAHs is possi-

CgsClozH; 160

C132Cl3pH, 161
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ble. Not only the detailed bond lengths of the graphenic
structures but also the contorted geometries induced by the
steric hindrance between chlorines have been un-
ambiguously elucidated. Another interesting finding is that
hydrogens in the gulf regions (marked red in 160 and 161,
Figure 32) are not substituted by chlorines in this reaction,
probably due to the existing steric hindrance. Furthermore,
chlorination leads to decreases in the optical band gaps as
well as the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (HUMO) energy levels.

Apart from the electronic effect upon chlorination, it also
provides a new entry to the functionalization and derivati-
zation of nanographene molecules. For instance, Tan et al.
[237] demonstrated selective amination at the vertexes of the
chlorinated nanographene molecules 157 and 159 through
palladium-catalyzed Buchwald-Hartwig C-N cross-cou-
plings (Figure 33). The resulting structures 163 and 164 were
revealed by X-ray crystallography, representing a new type
of donor-acceptor nanographene molecules, of which the
optical and assembly properties can be finely modulated by
varying the anilino groups.

In addition, starting from perchlorinated p-HBC, Tan,
Feng and Miillen et al. [238] achieved a peripheral sulfur
annulation by a thiolation reaction (Figure 34). Trisulfur-
annelated p-HBC 165 decorated with arylthio groups were
obtained in 35%-50% yields, and the disulfur-annelated
counterpart 166 was also observed with low yields of 1.5%—
3%. Compared with the parent p-HBC, the trisulfur-anne-

C55Cly; 162

Figure 32 Examples of edge-chlorinated nanographene molecules. The gulf regions as indicated by the red color are not chlorinated due to the steric

hindrance (color online).
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Figure 33 Synthesis of donor-acceptor nanographene molecules 163 and 164 through Buchwald-Hartwig C-N cross-couplings of perchlorinated pre-
cursors. Pd,(dba);: tris(dibenzylideneacetone)dipalladium(0); BINAP: 2,2"-bis(diphenylphosphino)-1,1’-binaphthalene.

TSHBC

165a: R = H (35%)
165b: R = CH, (35%)
165¢: R = CF, (50%)
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166a: R = H (3%)
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Figure 34 Synthesis of sulfur-annelated nanographene molecules 165 and 166 through thiolation of perchlorinated p-HBC 157. DMI: 1,3- dimethyl-2-

imidazolidinone.

lated p-HBC 165 displays a significant red shift of the ab-
sorption maximum and a decrease in the optical energy gap
of 0.5 eV. Remarkably, the thiolated trisulfur-annelated p-
HBC 165a has been employed as hole transporting material
(HTM) in perovskite solar cells, yielding the best efficiency
of 12.8% and an improved efficiency of 14.0% by further
involving graphene sheets in the hole transporting layer
[239]. The devices that use 165a as the HTM have shown
improved stability compared with those employing the well-
established  HTM, 2,2'7,7"-tetrakis[ N,N-di(4-methox-

yphenyl)amino]-9,9'-spirobifluorene (Spiro-OMeTAD),
presumably due to the hydrophobic nature of the thiolated
nanographene molecule. Furthermore, nanographene mole-
cule 165a has been used as a precursor in the bottom-up
fabrication of continuous, uniform, and ultrathin sulfur-
doped graphene films for ultrahigh-rate micro-super-
capacitors [240].

The same perchlorination protocol was applied to cor-
onene by Miillen and Feng et al. [241] (Figure 35). Nu-
cleophilic substitution of all peripheral chlorines with
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Figure 35 Synthesis of persulfurated coronene 170.

lithium benzylthiolate and subsequent reductive cleavage of
the benzyl groups under Birch conditions afford intermediate
169, which is treated with aqueous hydrogen chloride and
hydrogen peroxide to yield the remarkable persulfurated
coronene 170. Due to its sulfur-rich character, the persulfu-
rated coronene 170 functions as a promising cathode mate-
rial for lithium-sulfur batteries, exhibiting a high capacity of
520 mA h gf1 after 120 cycles and retaining 90% Coulombic
efficiency at 0.6 C.

These studies on the edge chlorination and further deri-
vatizations of nanographene molecules have provided clear
information on similar GNR modifications. Feng and Miillen
et al. [43] conducted the efficient edge chlorination of a fert-
butyl-substituted GNR 171 with iodine monochloride and
aluminum chloride (Figure 36(a)). The tert-butyl groups
were readily substituted by chlorine atoms based on a model
reaction of hexa-tert-butyl-hexa-peri-hexabenzocoronene
and characterizations by X-ray photoelectron spectroscopy
(XPS) as well as infrared spectroscopy (IR). Benefiting from
the unambiguous structural analysis of PAHs 160 and 161
bearing gulf regions, especially from the single-crystal
structure of PAH 160, one could safely conclude that the
hydrogens in the gulf regions of the GNR were unaffected by
the chlorination reaction, as further confirmed by XPS and
IR analyses. Compared with the pristine GNR 171, the
chlorinated GNR 172 displayed a red-shifted absorption

GNR 171

Chlorinated GNR 172
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maximum (Figure 36(b)) and a decreased band gap by
0.2 eV. The edge chlorination is effective to modulate the
optical and electronic properties of GNRs without changing
the backbone. Nevertheless, further derivatizations as con-
ducted on the aforementioned chlorinated PAHs are chal-
lenging for the chlorinated GNRs because highly efficient
reactions are needed to guarantee a high degree of clean
transformations.

To achieve further edge functionalizations of GNRs,
Miillen and Narita et al. [242] first synthesized a poly-
phenylene precursor 174 bearing bromo groups through an
AB-type Diels-Alder polymerization. The functional moi-
eties were then attached to the polyphenylene backbone by a
highly efficient Suzuki coupling before the final cyclode-
hydrogenation (Figure 37(a)). In 2017, three electron-defi-
cient units, i.e., anthraquinone (AQ), naphthalene
monoimide (NMI) and perylene monoimide (PMI), were
attached to the edge of the GNRs to lower the band gap as
well as the conduction and valence band energy levels. In-
terestingly, AFM studies on the films of these GNRs on
graphite revealed that different substituents at the edges af-
fected the self-assembly properties of the GNRs. Whereas
the AQ- and NMI-functionalized GNRs exhibited domains
of closely packed GNRs, the PMI-functionalized GNRs
provided unique rectangular networks with single strands or
bundles of GNRs arranged in a perpendicular way. This
perpendicular “crossing” of the GNRs was likely due to the
strong interaction between the GNR backbone and the pen-
dant PMI moieties. In this regard, an early work on the self-
assembly of HBC/perylene diimide dyads could help to un-
derstand the peculiar behavior of GNRs [243]. Remarkably,
through the bromo-functionalized GNR, which was synthe-
sized by cyclodehydrogenation of the same polyphenylene
percursor bearing bromo groups as described above, ni-
tronyl-nitroxide (NIT) radicals were introduced at the edges
of the GNRs (177d) [244]. Spin injection from the NIT ra-
dicals into the GNR backbone was revealed by electron spin
resonance spectroscopy in conjunction with spin density
calculations, demonstrating the existence of magnetic edge
states of such radical-functionalized GNRs. Different from
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Figure 36 (a) Edge chlorination of GNR 171 to chlorinated GNR 172; (b) UV-Vis spectra of GNR 171 and chlorinated GNR 172. Reprinted with
permission from Ref. [43], copyright (2013) Macmillan Publishers Ltd. (color online).
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Figure 37 Edge functionalization of GNRs with different functional groups. (a) Synthesis of GNR 177 bearing electron-deficient and radical units; (b)
synthesis of GNR 180 with methyl ester groups; (c) synthesis of GNR 185 with fluorescent dyes along the edge. Pd(PPh;),: tetrakis(triphenylphosphine)
palladium(0); Sphos: 2-dicyclohexylphosphino-2',6'-dimethoxybiphenyl; DMF: dimehylformamide (color online).

the unstable ZGNRs, which were only obtained and char-
acterized under UHV [173], the NIT-radical-functionalized
GNRs were stable under ambient conditions and could be
processed in the liquid phase, thereby providing a promising
alternative for the spintronic applications of GNRs [245].
Employing this concept of modifying the GNR edges for

different functions, Fischer and Xu et al. [246] synthesized
the same GNR structure with methyl esters (—COOMe) on
the edges 180b (Figure 37(b)). Composite electrodes com-
prising gold nanoparticles and the synthesized GNRs dis-
played a synergistic performance enhancement for the
electrocatalytic reduction of CO,. Thereafter, Fischer and Xu
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et al. [247] reported GNR 185 decorated with fluorescent
dyes along the edges for super-resolution imaging. The
synthesis relied on a key GNR 184 featuring pendant azide
groups, which was used to attach the dye molecules by the
copper-catalyzed azide-alkyne cycloaddition (CuAAC click
reaction) (Figure 37(c)).

The regiospecific edge functionalization of nanographene
molecules and GNRs has provided reliable structure-prop-
erty correlations and facilitated further derivatizations for a
variety of applications. However, the functionalization of
graphene, either at the edge or on the basal plane, has often
been performed in a less controlled way. Such ill-defined
functionalized graphene materials are undoubtedly of tech-
nological value, but an ideal site-specific functionalization
would be important to reveal the intrinsic physical proper-
ties. For example, atomic-scale control of graphene hydro-
genation allowed for unambiguous characterization of the
induced magnetic moment and the spatial extension of the
spin-polarized electronic state by STM [248]. Furthermore,
by using the STM tip to manipulate chemisorbed hydrogen
atoms, the magnetism of certain graphene regions could be
accurately tailored (Figure 38). Such advances are still far
from real-world applications, but the atomic precision, as
observed in the molecular nanographenes, is essential to the
fundamental understanding and use of graphene functiona-
lizations.

3.3 “Defects” make the difference

Perfect graphene consists of spz-hybridized carbons arranged
in the 2D hexagonal lattice, but in reality a variety of
structural defects are unavoidably generated during the fab-
rication of graphene and greatly affect its mechanical, ther-
mal, electronic, and magnetic properties [249-253]. The
defects can also be intentionally introduced into graphene by
ion or electron irradiation to modulate its properties [250].
The simplest type of defect is based on vacancy, which is
known as Schottky defects and formed by removing carbon
atoms from the graphene lattice [254]. The vacancy defects
(Figure 39) typically include single vacancy (one missing
carbon), double vacancy (two missing carbons), and multi-
vacancy (multiple missing atoms) [250]. Another deviation
from the ideal structure is known as Stone-Wales (or Stone-
Thrower-Wales) defects [255,256], which are created by
reconstruction of the graphene lattice without removing or
adding additional carbon atoms. When one of the C—C bonds
is rotated by 90°, four adjacent hexagons are transformed
into an isomeric form with a pair of joined heptagons placed
between a pair of pentagons [250]. Besides the above-
mentioned point defects, line defects are often observed at
the grain boundaries of polycrystalline graphene [257-259].
Such line defects are predominantly composed of non-hex-
agonal rings, e.g., pentagons, heptagons, and octagons,
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Figure 38 Manipulation of hydrogen atoms on graphene by STM to
modulate local magnetic moments. Reprinted with permission from Ref.
[248], copyright (2016) American Association for the Advancement of
Science (color online).

Figure 39 Schematic illustration of different defects in graphene sheets:
(a) single vacancy, (b) double vacancy, and (c) Stone-Wales defect. Rep-
rinted with permission from Ref. [252], copyright (2012) Royal Society of
Chemistry (color online).

having pronounced effects on the electronic transport of
graphene [260].

When a vacancy is generated, the lattice may undergo
reconstructions by relaxing into a lower energy state [250]. A
Jahn-Teller distortion occurs at the single vacancy, leading to
covalently bonding between two of the three dangling bonds
and leaving one dangling bond for geometrical reasons.
Therefore, the single vacancy leads to quasi-localized states
near the Fermi level, endowing graphene with magnetic
properties [261-263]. The reconstruction of such defects
results in a new configuration with a five-membered and
nine-membered ring (5-9 defect, Figure 40(a)). Similarly, a
reconstructed double vacancy generates two pentagons and
one octagon (5-8-5 defect, Figure 40(b)). Such double-va-
cancy defects have no dangling bonds; thus, they are ther-
modynamically more favored than the single vacancy. The
5-8-5 defect is not the only reconstruction mode in the case
of two missing carbon atoms. Similar to the generation of a
Stone-Wales defect, the rotation of a carbon—carbon bond
(marked by an arrow in Figure 40(b)) in the octagon of the 5—
85 defect creates a pattern of three pentagons and three
heptagons (555-777 defect, Figure 40(c)). Further rotation of
another bond (marked by an arrow in Figure 40(c)) in the
555777 defect leads to a new 5555-6—7777 configuration
(Figure 40(d)). Indeed, these reconstructed defects have ex-
perimentally been identified by high-resolution transmission
electron microscopy [264]. If a large number of carbon atoms
are removed from the graphene lattice, then numerous
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Figure 40 Schematic illustration of reconstructed single- and double-
vacancy defects in graphene sheets: (a) single vacancy, (b) double vacancy
(5-8-5), (c) double vacancy (555-777), and (d) double vacancy (5555—6—
7777). Reprinted with permission from Ref. [252], copyright (2012) Royal
Society of Chemistry (color online).

complex defect configurations would be obtained, forming
either a random arrangement of non-hexagonal polygons or
hole defects [265,266].

During the generation of a vacancy, the leaving atom may
stay on the surface of graphene, forming an adatom-vacancy
pair, which is an analog to a Frenkel defect [267]. The
adatoms are relatively mobile on graphene, so a carbon-
carbon dimer can be generated when two migrating adatoms
meet each other. The dimer can be incorporated into the
graphene network, leading to a specific defect composed of
two joined pentagons placed between two heptagons. Such
an arrangement results in a local curvature and is termed
inverse Stone-Wales defect (Figure 41(a)) [268,269]. While
the graphene defects relating to pentagon-heptagon pairs
seem to have different patterns (Figure 41(b)), organic che-
mists would be aware of naphthalene 122 and its isomer
azulene 186. Furthermore, pyrene 88a and its three non-
benzenoid isomers, i.e., dicyclopentaef,k/lheptalene 187
[270], dicyclohepta[cd,gh]pentalene 188 [271], and ace-
pleiadylene 189 [272] have been known for many decades.
Notably, molecules 187 and 188 display the pentagon-hep-
tagon arrangement of the Stone-Wales defect and the inverse
Stone-Wales defect, respectively; however, the other pyrene
isomer, acepleiadylene 189, has not been given a defect term
by physicists. Indeed, the characterization and structural
control of graphene defects are still challenging in the gra-
phene field. The development of PAH chemistry, particu-
larly, of PAHs with non-six-membered rings and other
“defect” features, can be considered as useful model com-
pounds for defective graphene because the geometrical and
electronic consequences of the “defects” in PAHs can be
clearly evaluated.

A typical PAH having an embedded five-membered ring is
corannulene 17, which is a bowl-shaped fullerene (C60)
fragment and has a dipole moment of 2.1 Debye due to the
different electron densities on its concave and convex sur-
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Figure 41 (a) DFT-optimized structural model of inverse Stone-Wales
defect formed by incorporating a pair of adatoms into the graphene lattice.
Reprinted with permission from Ref. [250], copyright (2011) American
Chemical Society. (b) Several small PAHs that are relevant to the graphene
defects, including naphthalene and its isomer azulene 186, pyrene, and its
three isomers: dicyclopenta[ef,k/Jheptalene 187, dicyclohepta[cd,gh]penta-
lene 188, and acepleiadylene 189 (color online).

189

Figure 42 Examples of m-extended corannulene derivatives.

faces. A number of m-extended corannulene derivatives
(Figure 42) have been synthesized with different bowl depths
and solid-state packing modes. These compounds are of
particular interest by their own value in supramolecular self-
assembly, energy storage, and organic electronics [273].
Such corannulene-based PAHs are substructures of graphene
with pentagon defects, which result in local positive (sphe-
rical) curvature. Recently, Zhang and Mu et al. [274] re-
vealed that the intrinsic pentagon defects in graphene
materials resulted in a local charge redistribution, providing
superior binding affinity toward oxygen. The pentagon-rich
graphene materials exhibited high electrochemical reactivity
in the oxygen reduction reaction (ORR) for fuel cells and Zn-
air batteries, as well as high specific capacitance in electric
double-layer supercapacitors. Such a pronounced effect of
pentagon defects in graphene materials can be interpreted by
comparing the model compounds, such as the all-hexagon
coronene 43 and pentagon-embedded corannulene (17).
Theoretical studies indicated that high charge densities are
localized on the five-membered ring of the corannulene
motif, thus resulting in high oxygen adsorption energies
[274].

The chemistry of corannulene has also stimulated the de-
velopment of other types of PAHs embedding five-mem-
bered rings. For example, Feng and Miillen et al. [275]
described a multi-step synthesis of a fragment of C70 full-
erene and other higher fullerenes (198, Figure 43(a)). The
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Figure 43 (a) Synthesis of bowl-shaped PAH 198 as a fragment of C70
fullerene with embedded five-membered rings; (b) surface-assisted synth-
esis of pristine peri-tetracene 126; (c) calculated spin density distributions
of 126; (d) surface-assisted synthesis of peri-tetracene isomer 201; (e)
calculated spin density distributions of 201. (c, e) Reprinted with permis-
sion from Ref. [276], copyright (2018) American Chemical Society (color
online).

key precursor was a dibenzo[a,m]rubicene derivative 197
bearing two chloro substituents, which were essential to the
Pd-catalyzed intramolecular cyclization. The two pentagons
were built up in the step leading from compound 196 to
compound 197 by the Scholl reaction, in which a highly
selective 1,2-shift of aryl groups was involved [275]. Start-
ing from the dibenzo[a,m]rubicene skeleton, two methyl
groups were attached to build up two new seven-membered
rings on the metal surface under UHV [276]. The resulting
non-alternant PAH, dibenzo[a,m]dicyclohepta[bcde,nopq]
rubicene (201), was a structural isomer of pristine peri-tet-
racene 126, which was also synthesized through the surface-
assisted cyclization from a methyl-containing precursor,
7,14-di(2-methylphenyl)benzo[ k]tetraphene 199. Both 126
and 201 exhibited an ultralow HOMO-LUMO gap and an
open-shell singlet ground state. Further comparison of these
two isomers 126 and 201 revealed that the HOMO-LUMO
gap of 201 (180 meV), was nearly half of that for 126 (i.e.,
350 meV), and their spin density distributions were re-
markably different. The maximum spin density of 201 was
mainly located at the apical carbon atoms of the heptagonal
rings (Figure 43(e)), whereas for 126, the zigzag edges held
the maximum spin density (Figure 43(c)). Molecule 201 can
be regarded as a “defective” version of peri-tetracene 126, so
the comparison of these two isomers reveals how the non-
hexagonal defects modulate the electronic and magnetic
properties of graphenic structures.

Compared with five-membered rings, seven- and eight-
membered rings are less developed in PAHs but often seen in

Coranulene 17 Coronene 43

OO eYe.
L) ()
[7]Circulene 202 [8]Circulene 203

Figure 44 Examples of [r]circulenes containing five-, six-, seven- or
eight-membered rings.

graphene [250]. An important class of such compounds
includes [7]circulene 202 and [8]circulene 203, as depicted
in Figure 44. By definition, PAHs with an #n-membered ring
as a core, which is fully surrounded by fused benzene rings,
are [n]circulenes. Accordingly, corannulene 17 and coronene
43 can be regarded as [S]circulene and [6]circulene, re-
spectively. [7]Circulene was initially synthesized by Yama-
moto and Nakazaki et al. in 1983 [277], and the synthesis of
[7.7]circulene, which had two seven-membered rings, was
reported in 1991 [278]. Other than circulenes, limited ex-
amples of nanographene molecules with embedded seven-
membered rings are available.

In 2012, a p-HBC analog 205 with an extra sp3-carb0n was
reported by Miao et al. [209] as a new nanographene mo-
lecule incorporating a seven-membered ring (Figure 45(a)).
The synthesis was based on the oxidative cyclodehy-
drogenation of hexaphenylbenzene-like precursor 204, in
which the introduction of alkoxyl groups at ortho or para
positions with regard to the reaction sites was found im-
portant to achieve complete cyclodehydrogenation. A non-
planar geometry was observed for PAH 205 as evidenced by
single-crystal X-ray analysis. Then, in 2015, new saddle-
shaped nanographene molecules 208 and 210 incorporating
two heptagons were synthesized by the same group (Figure
45(b)) [279]. The saddle-shaped diketones 206 having two
tropone subunits were used as the key precursors for the
synthesis. Such saddle-shaped structures feature a negative
Gaussian curvature. In 2018, Miao et al. [280] reported an-
other type of negatively curved nanographene molecules 214
involving tetrabenzodipleiadiene as a building block (Figure
45(c)). The single-crystal structure revealed the saddle-
shaped backbone with a highly distorted naphthalene moiety
in the center. Recently, Martin et al. [281] reported the
synthesis of curved nanographene molecules from cor-
annulene (Figure 46). The Scholl reaction in the final step led
to different products depending on the oxidation conditions.
With FeCl; at a low temperature, a helical structure 216
containing a [6]helicene moiety was generated, whereas with
2,3-dichloro-5,6-dicyano-1,4-benzoquinone and tri-
fluoromethanesulfonic acid, an additional C—C bond was
formed, leading to a new seven-membered ring. The result-
ing non-planar nanographene molecule 217 features both
positive curvature from corannulene and negative curvature
from the embedded heptagon.

Whereas [7]circulene was first synthesized in 1983, the
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Figure 45 (a) Synthesis of PAH 205 with an extra sp3—carb0n; (b)
synthesis of curved nanographene molecules 208 and 210 with embedded
seven-membered rings; (c) synthesis of negatively curved nanographene
molecules 214.
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Figure 46  Synthesis of corannulene-based nanographene molecules 216
with positive curvature and 217 with both positive and negative curvature.
Reprinted with permission from Ref. [281], copyright (2018) American
Chemical Society (color online).

synthesis of [8]circulene was only achieved three decades
later. In 2013, Wu et al. [282] reported the successful
synthesis of peri-substituted [8]circulene 219 through Pd-
catalyzed annulations of tetraiodo-substituted tetraphenylene
218 with diarylethynes (Figure 47(a)). Later, tetrabenzo[8]
circulene 224 was independently synthesized by two groups
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through different strategies (Figure 47(b)). Sakamoto and
Suzuki et al. [283] adopted a method employing oxidative
cyclodehydrogenation of cycloocta-o,p,0,p,0,p,0,p-pheny-
lene 220, whereas Whalley et al. [284] developed another
protocol through a sequence of Diels-Alder cycloaddition
and Pd-catalyzed intramolecular cyclization. Single-crystal
X-ray analysis of tetrabenzo[8]circulene 224 revealed a
deeply saddle-shaped geometry with two S,-symmetric
conformers. An even more n-extended nanographene mole-
cule 227 employing [8]circulene as the core structure (Figure
47(c)) was synthesized by Miao et al. [285] in 2017. The key
steps rely on a Diels-Alder reaction of a macrocyclic diyne
225 and the following Scholl reaction. The resulting large
PAH displayed a twisted conformation instead of the saddle-
shaped conformation as shown in other [8]circulene deri-
vatives.

Although the synthesis of the aforementioned PAHs with
non-six-membered rings has been mainly motivated by the
fundamental interest of organic chemists, the variety of such
nanographene molecules have indeed provided a number of
molecular models for defective graphene. As the geometrical
effect of non-hexagonal defects in the graphene lattice, such
as the predicted non-planarity in the inverse Stone-Wales
defect (Figure 41(a)), cannot be easily investigated by STM
or TEM, such local structural features could be elucidated by
analyzing the corresponding PAHs, especially through the
powerful X-ray crystallography. Furthermore, the higher
activity of the defective graphene in the electrocatalytic
process with regard to the pristine graphene requires a “clear
picture” of the active sites [286,287]. These PAH structures
with various non-hexagonal “defects” could facilitate the
identification of active structures and further promote the
rational design of metal-free graphene materials for elec-
trocatalysis.

The PAHs embedding non-hexagonal rings have been
largely exploited in recent years, but incorporating such ring
defects into GNRs is a challenging task. In the molecular
systems, the non-six-membered rings often result in non-
planar geometries and low efficiencies of the ring-closure
step. These factors would make the process of synthesizing
and characterizing GNRs with such structural features less
straightforward. In 2017, Qiu and Zhong et al. [288] reported
the on-surface synthesis of a new type of GNR 231 with
regularly embedded four- and eight-membered rings from a
1,6,7,12-tetrabromo-3,4,9,10-perylene-tetracarboxylic-dia-
nhydride monomer 228 (Figure 48). The structure was
characterized by high-resolution STM and nc-AFM, re-
vealing a planar geometry. DFT calculations indicated that
the highest occupied and lowest unoccupied states were
predominantly distributed around the eight- and four-mem-
bered rings, respectively, demonstrating a new way to
modulate the electronic properties of GNRs.

In addition to the non-six-membered rings, another type of
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Figure 47 (a) Synthesis of peri-substituted [8]circulene 219; (b) two different synthetic routes to tetrabenzo[8]circulene 224; (c) synthesis of a twisted PAH
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Figure 48 Surface-assisted synthesis of GNR 231 with regularly embedded four- and eight-membered rings (color online).

defect is the absence of carbons in the hexagonal lattice,
generating hole defects as shown in holey graphene
[289,290]. Unlike the semimetallic “perfect” graphene,
holey graphene with nanopores is predicted to be a semi-
conductor, which is more favorable for switching electronic
devices such as FETs [291,292]. However, as in the case of
GNRs, the top-down approach is unable to deliver precise

control over the structures in terms of pore size, density, and
morphology; the bottom-up synthesis of such graphenic
structures with hole defects becomes essential. In 2016,
Miillen et al. [293] described the synthesis of a nano-
graphene molecule with 216 sp2-carbons (PAH 233, termed
C216), which is formally derived from PAH 16 with 222 sz_
carbons (termed C222) by cutting a hole in the middle
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(c216) 233

Figure 49 Synthesis of nanographene molecule 233 with a hole defect.

(Figure 49). Notably, FTIR analysis of the holey C216 re-
vealed a “hole marker” originating from a fingerprint peak
from C—H bonds inside the cavity. Compared with the
“perfect” C222, the holey C216 exhibited a decreased
HOMO level and an increased LUMO level, thereby re-
sulting in a band gap enlarged by 0.4 e¢V. Although this
molecular case implies an effective band gap tuning by in-
troducing hole “defects,” further extending the nano-
graphene molecule in the 2D manner toward holey graphene
is demanding and requires careful monomer design.

In 2009, Bieri and Fasel et al. [294] together with the
group of Miillen took the first step toward porous graphene
235 via the bottom-up procedure (Figure 50). An ordered 2D
polyphenylene network with atomic precision was achieved
based on the surface-assisted Ullmann-type coupling of a
carefully designed precursor, hexaiodo-cyclohexa-m-phe-
nylene 234. A uniform pore spacing of 7.4 A was clearly
revealed by STM characterization. In 2018, Moreno, Pefia
and Mugarza et al. [295] developed another strategy and
achieved the bottom-up synthesis of nanoporous graphene by
taking advantage of the on-surface synthesis protocol of
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(a)

Figure 50 (a) Surface-assisted synthesis of 2D polyphenylene networks;
(b) STM image of an edge of the polymer network. (b) Reprinted with
permission from Ref. [294], copyright (2009) Royal Society of Chemistry
(color online).

GNRs (Figure 51). They used 2,2'-diphenyl-10,10’-dibromo-
9,9'-bianthracene 236 as the monomer and first synthesized
the edge-extended 7-AGNRs 238, as in most of the GNR
syntheses. Subsequent dehydrogenative lateral coupling of
the GNRs at a higher temperature led to the covalently in-
terconnected GNR array, which is, in another view, nano-
porous graphene 239. Althougth the lateral fusion of AGNRs
to form wider GNRs has been observed [164,170,296,297],
the additional phenyl ring in the bianthracene monomer is the
key to the formation of the nanoporous graphene.

3.4 Heteroatom doping

Doping of silicon-based semiconductors by group III (p-
doping) or group V (n-doping) elements has played a pivotal
role in the semiconductor industry. Similarly, incorporating
heteroatoms, such as boron (B) and nitrogen (N), into gra-
phene provides additional opportunities in modulating its
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Figure 51 On-surface synthesis of nanoporous graphene 239 via dehydrogenative lateral couplings of obtained GNRs.

electronic, magnetic, and catalytic properties [298]. Precise
control of the doping concentration and position is vital to
tune the material properties and reveal the structure-property
relationships. Unfortunately, ensuring a precise structure of
heteroatom-doped graphene at the atomic level is im-
possible; however, such structural control can be achieved in
heteroatom-doped nanographene molecules and GNRs,
providing reliable structure-property correlations.

N-doped graphene has attracted enormous attention due to
its applications in FET devices, supercapacitors, Li-ion
batteries, and fuel cells [299,300]. Besides the issues of
doping concentration and position, the type of N-in-
corporation is another factor due to the existence of pyr-
idinic, pyrrolic, or graphitic nitrogens, which generate
significantly different electronic effects. As illustrated in
Figure 52, “graphitic” nitrogen refers to N atoms that replace
C atoms in the graphitic hexagonal lattice; a “pyridinic” ni-
trogen bonds with two C atoms either at the edge of graphene
or at the edge of internal defects; and a “pyrrolic” nitrogen
relates to N atoms that provide two p, electrons to the pyr-
role-like ring [299,300]. The difficulty to precisely control
the type of N atoms in graphene has prohibited the rational
design of materials. For example, N-doped graphene has
been a promising metal-free electrocatalyst for the ORR in
fuel cells, and has even achieved higher ORR activity
compared with the commercial Pt/C catalyst in alkaline so-
lutions [301]. However, the local structure of the active sites

Carbon atom
“Graphitic” N atom
“Pyridinic" N atomn
“Pyrrolic” N atom

Figure 52 Schematic illustration of various types of nitrogen in N-doped
graphene (color online).

remains unclear and the type of nitrogen that is most efficient
for ORR is still under debate [302-304]. Therefore, it would
be important to synthesize structurally defined nanographene
molecules to rationalize not only the catalytic but also the
electronic and magnetic properties.

As the first example of pyridinic-N-doped nanographene
molecules, N-doped p-HBC 240 was synthesized by Draper
et al. in 2002 [305] through an oxidative cyclodehy-
drogenation of the corresponding pyrimidine-substituted
hexaarylbenzene precursor (Figure 53). The pyridinic ni-
trogens rendered PAH 240 relatively electron-deficient and
made it a suitable ligand for complexing with metals (e.g.,
Pd" and Ru') [306]. Draper et al. [307] further installed
electron-donating methoxy groups in the precursors to pro-
mote the cyclodehydrogenation and synthesized a series of
methoxy-functionalized N-doped p-HBCs (241-243).
Methoxy substituents not only affected the electronic prop-
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erties but also exhibited a supramolecular effect by arranging
the molecules in a head-to-tail manner in the crystals.

The studies of these N-doped p-HBCs paved the way to
GNRs employing pyridinic-N-centers. For example, in 2013,
Bronner, Hecht and Tegeder et al. [308] reported the N-
doped chevron-type GNR 245 using 4,4'-(6,11-dibromo-1,4-
diphenyltriphenylene-2,3-diyl)dipyridine  (244) as the
monomer on Au(111) surface (Figure 54(a)). Du and Feng et
al. [309] in 2014 revealed the precise structure of N-doped
GNR 245 by high-resolution STM. Interestingly, different
from the pristine chevron-type GNRs [144], a side-by-side
alignment was observed for the N-doped GNRs due to the
attractive N---H interactions. Furthermore, different N-dop-
ing levels could be precisely controlled in such chevron-type
GNRs by employing suitable tetraphenyl triphenylene-based
monomers containing one, two, or four nitrogen atoms. The
N-doping simultaneously lowered the energy levels of the

valence and conduction bands without significant changes in
the band gap [305]. Remarkably, in 2014, Miillen and Fasel
et al. [310] reported the on-surface synthesis of a GNR 248
composed of alternating N-doped and pristine ribbon seg-
ments (Figure 54(b)). The GNR heterojunction occurring in
248 represents the first example of a molecular p-n junction
in a single-GNR, exhibiting a band offset of approximately
0.5eV.

Apart from the electronic aspect, the pyridinic nitrogen is
also relevant in the context of electrocatalysis, e.g., in the
ORR. The aforementioned debate on which type of nitrogen
is more efficient for the ORR is mainly based on pyridinic
versus graphitic nitrogens, and the mechanism is still unclear
[302-304]. In this regard, using structurally well-defined
nanographene molecules as models for mechanistic studies
of the ORR is important. In 2012, Li et al. [311] synthesized
three nanographene molecules featuring a common phena-
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Figure 54 Surface-assisted synthesis of (a) N-doped chevron-type GNR 245 and (b) GNR heterojunction 248. (c) High-resolution STM image of N-doped
chevron-type GNR 245, showing an antiparallel alignment to maximize the attractive N---H interactions. Reprinted with permission from Ref. [309],
copyright (2014) AIP Publishing LLC. (d, ¢) STM images of N-doped chevron-type GNR 248. The N-doped and non-doped GNR segments are highlighted in
blue and light gray dash lines, respectively, in panel (e). (f, g) Differential-conductance (dZ/d¥) maps observed at bias voltages of (f) —0.35 V and (g) —1.65 V.
Reprinted with permission from Ref. [310], copyright (2014) Macmillan Publishers Ltd. (color online).
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Figure 55 Structures of N-doped and non-doped nanographene mole-
cules (color online).

zine moiety but having different sizes for the ORR studies
(Figure 55). A hydrocarbon-based molecule 251 was also
synthesized for comparison. Detailed investigations revealed
that all the N-doped nanographenes exhibited higher elec-
trocatalytic activities than the hydrocarbon, indicating the
important role of N-doping. Moreover, among the pyridinic-
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N-doped nanographenes, the larger ones displayed higher
activities in the ORR, probably due to the higher HOMO
levels, which facilitated the electron transfer to oxygen.
Further theoretical studies on compound 252 suggested that
the ORR preferred the four-electron pathway in alkaline
electrolytes but the two-electron pathway in acidic condi-
tions, consistent with the experimental pH-dependent se-
lectivity observed in the ORR catalyzed by N-doped
graphene [312]. This work confirmed the electroactivity of
the pyridinic-N atoms, providing clear insights into the more
complex N-doped graphene; thus, synthesizing nano-
graphene molecules with different types of nitrogens would
be desirable.

From the chemistry point of view, incorporation of pyr-
idinic nitrogens into nanographene molecules does not
change the total number of n-electrons and thus the aromatic
nature, whereas introducing graphitic nitrogens would sig-
nificantly alter the aromaticity and electronic structures. In
2017, Auwirter, Barth, Palma and Miillen et al. [313] ex-
plored the synthesis of pyrazine-embedded p-HBC, which
possessed two more 7-electrons than the carbon analog due
to the employment of two graphitic nitrogens in the mole-
cular center (Figure 56(b)). The synthesis was based on a
polycyclic azomethine ylide (PAMY) homocoupling starting
from dibenzo-9a-azaphenalene salts 255. Through the solu-
tion chemistry, dimerization was first performed, followed
by an oxidative dehydrogenation to obtain N-doped hex-
abenzoperylene 257a, but further attempts to cyclodehy-

(@ G:IBF
5 =] ] . .
Seee
- —_—
253 PAMY 254
on Ag(111) surface
R R R
CIE)
@
v J ) <
T s, O e essINsess
O tributylamine, C,D,Cly, 100 °C N . .
________
1§ DMSO, 180 °C g g g O g
255a: R = OCH, O G
255b: R = CN I f i
253:R=H Ro_
256a: R OCHa, 51% 257a R = OCH 258 R = H

256b: R = CN, 39%

256¢: R = H, 84%

PAMY

o
ssesly Cos
10 10—
dipolarophile O

cycloaddition product

N-PAH

Figure 56 (a) Generation of polycyclic azomethine ylide (PAMY) and its resonance structures; (b) synthesis of pyrazine-embedded partially fused PAH
257a and fully fused p-HBC 258¢ via PAMY homocoupling; (c) PAMY for 1,3-dipolar cycloaddition reactions with dipolarophiles. DMSO: dimethyl

sulfoxide; DDQ: 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (color online).
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drogenate 257a were unsuccessful. Therefore, on-surface
synthesis under UHV was performed, leading to N-doped p-
HBC 258¢ directly from the dibenzo-9a-azaphenalene salt
253 without observing the intermediates.

The PAMY is not only reactive toward dimerization but
also a good candidate for 1,3-dipolar cycloaddition reactions
with different dipolarophiles, offering a unique route to N-
doped PAHs after oxidation of the cycloaddition product
(Figure 56(c)) [314,315].As depicted in Figure 56(a), several
resonance structures of the PAMY exist: the ionic structures
indicate that the negative charge is equally distributed on the
two carbon atoms adjacent to the central nitrogen but the
diradical structure also contributes significantly to the
ground state. Regarding electrocatalysis, the PAMY could be
a possible model of the active sites in N-doped graphene for
the ORR as theoretical calculations have revealed that the
high charge or spin density of the carbon atoms adjacent to
nitrogens is responsible for the catalytic activity [316].
Furthermore, mechanistic studies of the ORR have been
exclusively based on a stepwise reaction process either via
the two-electron or the more desirable four-electron me-
chanism (see Figure 57) [317]. By looking at the reactivity of
the PAMY toward 1,3-dipolar cycloaddition reactions, we
could consider a concerted reaction mechanism for the ORR.
On the other hand, discussions on the type of nitrogen,
pyridinic-N, graphitic-N, or pyrrolic-N are most relevant for
the catalytic activity, which currently gives contradictory
conclusions [302-304,318]. In fact, even for the same type of
nitrogen, local structural factors (e.g., zigzag or armchair
edge configurations, defects, and substituents) have a sig-
nificant impact on the catalytic activity [319]. Therefore, the
study of structurally defined N-doped PAHs could help to
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Figure 57 Possible mechanisms of oxygen reduction reaction (ORR)
catalyzed by nitrogen-doped carbon materials via two-electron or four-
electron pathway. Reprinted with permission from Ref. [317], Copyright
(2016) American Association for the Advancement of Science (color on-
line).

disclose the ORR mechanisms.

Apart from the aforementioned pyridinic and graphitic
nitrogens, another common type of N atoms in graphene
structures is pyrrolic nitrogen. In recent years, organic
synthesis has promoted the emergence of various pyrrolic N-
doped nanographene molecules (Figure 58). In 2007, Miillen
et al. [320] reported the synthesis and properties of hex-
apyrrolohexaazacoronenes 259, which are isoelectronic
analogs of p-HBC. The synthesis was also based on oxida-
tive cyclodehydrogenation of hexapyrrolylbenzene pre-

R' = H, Br, n-octyl or
4-triflucromethylphenyl
259

261
R'= 4-triflucromethylphenyl or H
RZ= n—C12H25, H'C4Hg ar CHa

264a: R = dipp
264b: R =H; DFT only

dipp =

Ar' = p-butoxyphenyl
Ar? = p-nitrophenyl

R'=Me or Bn

i-Pr

Figure 58

Representative examples of pyrrolic N-doped nanographene molecules (color online).
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cursors, which was previously analyzed by matrix-assisted
laser desorption/ionization time-of-flight (MALDI-TOF)
mass spectrometry [321]. These electron-rich PAHs ex-
hibited up to four reversible electrochemical oxidations, and
their radical cations and dications could be easily generated
with chemical oxidants such as SbCls. In 2013, Takase,
Nishinaga and Miillen ef al. [322] extended the pyrrole-fused
azacoronene family by partly replacing the pyrrole rings with
dialkoxybenzenes. These new derivatives 260-262 displayed
altered optical, electronic, and redox properties. In particular,
an interesting difference appeared in the dicationic state:
259”" and 260" exhibited a closed-shell character, whereas
theoretical studies indicate open-shell structures for 261%"
and 262> The reason is that the spin delocalization was
prohibited by the dialkoxybenzenes, thereby causing
“weakly interacting” spins.

Efforts have also been made to extend or modify this un-
ique molecular system. In 2018, Takase and Uno ef al. [323]
synthesized a core-expanded analog by replacing the central
benzene with naphthalene, resulting in a curved structure 263
with two N-doped heptagons. In 2016, Stepien et al. [324]
described a radially m-extended hexapyrrolohexaazacor-
onene 264 by fusing six naphthalene monoimide units on it.
This large disc-shaped molecule combined the electron-de-
ficient nature of naphthalene monoimides and the electron-
rich character of the hexapyrrolohexaazacoronene core, ex-
hibiting a multi-redox behavior with at least 13 oxidation
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levels. To introduce seven-membered rings, in 2014, Stepien
et al. [325] installed saturated methylene bridges in hex-
apyrrolohexaazacoronenes 265 and 266 to interrupt the
peripheral conjugation. Consequently, higher oxidation le-
vels could be easily accessed and a tetracationic species 266"
could be generated by chemical oxidation with SbCls. In
2016, the same group [326] reported a new derivative 267
containing a combination of 5-, 6-, and 7-membered rings by
oxidative cyclodehydrogenation of an indole-containing
precursor. The extended molecule displayed a lower HOMO-
LUMO gap compared with the pristine hexapyrrolohex-
aazacoronene. These m-extensions and modifications have
largely enriched the azacoronene family and provided op-
portunities for discovering new properties.

To access a variety of pyrrolic N-doped nanographene
molecules, fusing the peripheral pyrrole derivatives by oxi-
dative cyclodehydrogenation is a straightforward process.
Another design concept is to place pyrrole in the center of the
molecule to construct m-extended skeletons (Figure 59). A
typical example is azapentabenzocorannulene, which was
synthesized independently by two different groups in 2015.
Hiroto and Shinokubo et al. [327] started the synthesis with
the oxidation of 9-aminophenanthrene 268, providing tetra-
benzocarbazole 269, which was further converted to the N-
doped PAH 272 through stepwise palladium-catalyzed in-
tramolecular cyclizations (Figure 59(a)). Nozaki ef al. [328]
adopted another synthetic strategy, which was based on 1,3-

G

R

269

Pd{DAc),, PCy, HBF
{ K;:]Qo';,, D)I':.T';A ) O%O ®
46% Q.Q

272 R‘fBu

(b) PA(PCy),Cl,
\rﬁ C5,C0;, DMA
14%
tBu 274
Pd(OAc), -
©) ‘] cl 1)DMSO140“C [HPt-Bu,Me)[BF,] O.Q
Q O g A 2)DDQ DMA/DBU . .
O 22% 46% O&O
43 277 t8u g

+Bu 279

Figure 59 (a) Synthesis of N-doped PAH 272 through stepwise palladium-catalyzed intramolecular cyclizations; (b) synthesis of N-doped PAH 276 via 1,3-
dipolar cycloaddition of PAMY with diarylacetylene; (c) synthesis of N-doped PAH 279 through 1,3-dipolar cycloaddition of PAMY with corannulene.
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dipolar cycloaddition of PAMY 274 with a diarylethyne 273,
followed by palladium-catalyzed intramolecular Heck cou-
plings (Figure 59(b)). Recently in 2018, the same group
described the synthesis of an n-extended azacoranulene 279,
which can be considered as a corannulene-azacorannulene
hybrid, through 1,3-dipolar cycloaddition of PAMY 277
bearing chloro substituents and subsequent palladium-cata-
lyzed intramolecular cyclizations (Figure 59(c)) [329]. These
azacorannulene derivatives exhibited remarkable properties,
such as easily accessible radical cationic species due to the
embedded pyrrolic nitrogen and tight association with C60
fullerene by virtue of the bowl-shaped n-surface.

In 2018, Fasel and Gryko et al. [330] reported an N-doped
nanographene 288 with the inverse Stone-Wales topology.
The target compound was obtained through successive ring
closures of the tetraarylpyrrolo[3,2-b]pyrrole 280 and 283
precursors via a combined in-solution and on-surface syn-
thetic strategy (Figure 60). The precursor for the on-surface
synthesis turned out to be essential to the successful forma-
tion of the fully fused structure. In the case of precursor 282,
surface-assisted cyclodehydrogenation only provided the
partially fused product 286, forming only one heptagonal
ring. This result required a new design of the precursor, i.e.,
compound 285, with two heptagons already constructed by
solution chemistry. With the new precursor, the cyclodehy-
drogenation, which generated two new hexagons, proceeded
smoothly on the surface to provide the N-doped nano-
graphene 288.

Cs;C05, PPhy Cs,CO4, PPh;

Pd(OAc), Pd(OAc),
80%

The preceding synthetic achievements have provided a
variety of molecular models that can foster the analysis of
graphene properties. For instance, doping of graphene with
nitrogen atoms has been identified as a promising way to
imprint magnetic ordering into graphene; however, the type
of N atoms has exhibited significantly different effects on the
magnetic properties of graphene. In 2015, Sachdev and
Miillen et al. [331] revealed that introducing pyrrolic nitro-
gen into the graphene lattice lowered the magnetization
compared with that observed for defective graphene (Figure
61(a)). The decrease of the magnetization was attributed to a
reduction of the pentagonal carbon radical defects in the
presence of the pyrrolic nitrogens. Such a behavior could be
explained when looking at the relevant molecular structures,
pentabenzocorannulene and its N-doped analogs (272 and
276), which were previously introduced in Figure 59. The
hydrocarbon molecule possesses an unpaired electron and is
magnetic, whereas the azapentabenzocorannulene has a
closed-shell structure and is non-magnetic (Figure 61(b)). In
2017, Otyepka and Zbotil et al. [332] demonstrated that
graphitic N-doping triggered ferromagnetism in graphene,
whereas pyridinic and adsorbed nitrogen (pyrrolic-N not
observed in their sample) contributed much less to the fer-
romagnetic ground state. Theoretical calculations identified
a magnetic configuration in which two carbon atoms at para
positions of a benzene ring were substituted by two nitrogen
atoms (see Figure 61(c)). This structural motif generated
significant spin densities and was responsible for the oc-
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Figure 60 Synthesis of pyrrolic N-doped nanographene 288 by a combination of in-solution and on-surface chemistry. Pd(OAc),: palladium(II) acetate

(color online).
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Figure 61 (a) Magnetization curves of graphitic carbon materials with/
without nitrogen. Reprinted with permission from Ref. [331], copyright
(2015) American Chemical Society. (b) Origin of observed magnetic
properties from a chemical point of view. (c) Partial densities of states
calculated for N-doped graphene with graphitic nitrogens embedded in the
lattice at para positions. Reprinted with permission from Ref. [332],
copyright (2017) American Chemical Society. (d) Relevant graphitic and
pyridinic-N-doped p-HBCs (color online).

currence of ferromagnetism in graphene. Indeed, a molecular
system of such a structure, namely, pyrazine-embedded p-
HBC 258c¢, was achieved in 2017 and introduced previously
(Figure 56). Detailed investigations of this newly synthe-
sized graphitic N-doped p-HBC, as well as the pyridinic and
pyrrolic N-doped analogs (240-243 and 259-267, respec-
tively), would offer insights into the role of different N atoms
in modulating the magnetic properties of graphene.

In view of the electronic effect, boron doping represents
the other side of the coin with regard to nitrogen doping, as
boron has an empty p, orbital compared with carbon and
thereby induces p-type doping in graphene [333]. Although
B-doped graphene has not been widely studied as the N-
doped counterpart, recent advances have demonstrated its
promising applications in FET devices [334], Li-ion batteries
[335], and supercapacitors [336]. In particular, the Lewis
acidity of boron has also facilitated gas adsorption on B-
doped graphene, promoting applications such as toxic gas
detection and electrocatalytic oxygen and nitrogen reduction
reaction (NRR) [337-339]. However, the lack of structural
precision has somewhat obscured the effect of boron doping
at the molecular level. Therefore, the synthesis of structu-
rally well-defined boron-doped nanographene molecules is
indispensable.

Compared with N-doping, incorporating boron atoms into
nanographenes is a more challenging task due to the high
intrinsic instability of tri-coordinated organoboranes toward
moisture. In 2012, Saito and Yamaguchi et al. [340] dis-
closed the synthesis of B-doped nanographene molecule
292a with two B atoms incorporated into the carbon fra-
mework (Figure 62). The key step in the synthesis was the

TR R

289a; R = Mes RO 8 or o, oL~ )
239b: R = n-CH, e el
2asc: RB: n-CypHog RO oR RO Q Tl
.
5 W
mﬁm 291a R = Mes, 54%
Br 291b: R = n-C,Hy. 81%

292a: R = Mes, 51%
290 291¢: R = 1-C ,H,., 70%

292b: R = -G,H,, 19%
292c: R = n-Cy H,p, 34%

Figure 62 Synthesis of B-doped nanographenes 292.

oxidative cyclodehydrogenation of an anthryl-substituted
diborapentacene precursor 291. The planarized product
turned out to be stable under ambient conditions and could be
handled without any special precautions. A further detailed
study on various derivatives 292b and 292¢ revealed the
significant effect of B-doping on the physicochemical
properties [341]. The B centers could form coordination
complexes with Lewis bases, which changed the absorption
and fluorescence properties and molecular conformation.
Two-electron reduction could be readily achieved due to the
presence of the two B dopants, providing a dianionic species
with a triplet ground state. Such unique redox properties also
endowed the B-doped nanographenes with good perfor-
mance as a Li-ion battery electrode material.

Through a similar synthetic strategy, a 9,10-dibora-9,10-
dihydroanthracene-based monomer 293 was synthesized and
employed in the surface-assisted synthesis of B-doped 7-
AGNRs 294, as independently reported by Kawai et al. [297]
as well as Crommie and Fischer et al. [342] in 2015 (Figure
63(a)). Kawai et al. [297] discovered the lateral fusion of
these B-doped 7-AGNRs, forming wider 14- and 21-AGNRs
(Figure 63(b—d)). The researchers also characterized the
precise GNR structures by nc-AFM and found that B atoms
displayed a defect-like feature with a darker contrast (more
negative frequency shift) due to closer distance of B atoms to
the Au surface. Further STM experiments in conjunction
with theoretical calculations revealed the adsorption of nitric
oxide (NO) at the boron sites with N pointing to boron. This
finding unambiguously demonstrated the binding behavior
of boron due to its Lewis acid character, providing structural
proof of the mechanistic analysis of the gas sensing, ORR,
and NRR processes.

B/N codoping has been an efficient strategy to enhance the
electrocatalytic performance of graphene arising from sy-
nergistic effects [298,303,343]. Again, molecular nano-
graphenes with B/N incorporation could serve as models to
unravel the underlying mechanisms. Moreover, BN doping
also generates appealing electronic consequences, giving rise
to an intermediate between the gapless graphene and in-
sulating hexagonal boron nitride (h-BN). In 2010, Ajayan et
al. [344] reported a type of 2D hybrid structure consisting of
h-BN and graphene domains by CVD synthesis (Figure 64
(a)). The electrical conductivity can be easily controlled from
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Figure 63 (a) Surface-assisted synthesis of B-doped 7-AGNRs. (b) STM
image of B-doped 7-AGNRs. (c, d) Laterally fused 14- and 21-AGNRs,
respectively. Reprinted with permission from Ref. [297], copyright (2015)
Macmillan Publishers Ltd.

h-BN
T T T T
02 0.4 a6 2] o
Dieain woltage (W)

Figure 64 (a) Schematic illustration of hybrid structure consisting of h-
BN and graphene domains. (b) Current-voltage (I-V) characteristics of
hybrid materials with different carbon contents. Reprinted with permission
from Ref. [344], copyright (2010) Macmillan Publishers Ltd. (color online).

insulator (h-BN) to highly conducting (graphene, 100% C)
by tuning the carbon concentration. The carrier mobility of
the hybrid structures is in the range of 520cm’V 's
probably due to the electron scattering at the boundaries
between the graphene and h-BN domains (Figure 64(b)). As
shown in Figure 64(a), although the ratio between BN and
carbon can be controlled, the phase separation between the
graphene and h-BN domains cannot be avoided. Therefore,
site-specific BN doping is desirable to prevent the electron
scattering at the boundaries and improve control of the
electronic properties.

BN-doped PAHs have been valuable in modeling the site-
specific BN doping of graphene [345]. Furthermore, through
appropriate molecular design, intermolecular dehy-
drogenative fusion could lead to the BN-doped graphene
without phase separation of graphene and h-BN domains. In
2014, to establish the synthesis of large BN-doped PAHs,
Cao, Wang and Pei et al. [346] reported the first 2D m-ex-
tended BN-doped nanographene molecules 297 by employ-
ing thiophene-substituted diazapentacenes 296 as the
precursors (Figure 65). Through an electrophilic borylation,
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Figure 65 Synthesis of 2D m-extended BN-doped nanographenes 297
(color online).

two B-N bonds and four B—C bonds were efficiently built up
in one step. The molecules displayed two different curved
conformations in single crystals and packed into a columnar
structure. The formed 1D ribbons of 297b were integrated
into FET devices, showing a hole mobility of up to
0.23cm’ V' s and an on-off ratio of >10*. The application
of the BN-doped nanographene 297b in organic photovoltaic
devices was also investigated [347]. Owing to the supra-
molecular interaction between the curved m-surface and
commonly used fullerene acceptor (PC;,BM), a power
conversion efficiency (PCE) of up to 3.12% was achieved in
a binary device despite the large band gap of 297b. In a
ternary device, the curved nanographene was found to sig-
nificantly increase the PCE and enhance the device stability.

In 2018, Hatakeyama et al. [348] reported a one-shot
multiple borylation of NI,NI,N3,N3,NS,NS-hexakis(4-methyl-
phenyl)-1,3,5-benzenetriamine 298 to achieve BN-doped
nanographene molecules. Depending on the borylation
conditions, a variety of BN-doped nanographenes 299-301
were synthesized, as detailed in Figure 66. Among them,
compound 299 was employed in OLEDs, exhibiting deep
blue emission at 460 nm with an external quantum efficiency
of 18.3% at 1 cd m ". The power of electrophilic borylation
was also exploited by Hatakeyama et al. [349] in the
synthesis of BN-doped diboratetrabenzocorannulene 304,
demonstrating its efficacy even in constructing strained
structures (Figure 67).

To achieve site-specific BN-doped GNRs, in 2018, Kawai,
Hatakeyama and Foster et al. [350] synthesized a dibenzo[b,
e][1,4]azaborinine-based precursor 305 similar to the
monomer design for the B-doped GNRs 294, and then sub-
jected it to on-surface polymerization and cyclodehy-
drogenation (Figure 68). Owing to the asymmetric structure
of the precursor arising from the B/N positions and terminal
iodine/chlorine substituents, two different reaction paths
occurred and led to two different segments of GNRs with
regard to the BN direction. As the lateral fusion of GNRs has
been observed in several studies [164,170,295-297], fusing
the current BN-doped GNRs into site-specific BN-doped
graphene is possible in the future.

In addition to the aforementioned cases, the recently syn-
thesized borazine-embedded p-HBC derivatives 315 and 319
represent a good model for the 2D heterostructure of h-BN



Wang et al.  Sci China Chem  September (2019) Vol.62 No.9 1137

Me Me Me Me Me e Me Me

QD eWe (2,0
oo, T o, o, SO0,
S, Ja, ﬁ”‘@m JOUI,

Bl (5.0 equiv)
Ph3B (2.0 euiv) 80% yield (NMR)
1,2-dichlorobenzene ~ 76% vield (isolated)
reflux, 20 h
(bath temperature: 190 °C)

Condition 1

Bl, (5.0 equiv
Condition 2 F'th(! (Z-O(jeuiv)) 6% yield (NVR) 48% yield (NMR)
1,2-dichlorobenzene ¥ 45% yield (isolated)

200°C,20h
Bl, (12 equiv)

o o 41% yield (NMR)
1,2-dichlorobenzene 3% yield (NMR yie
Condltion 3 o o yield (NMR) 35% yield (isolated)

(bath temperature: 200 °C)

Figure 66 Synthesis of BN-doped nanographenes 299, 300, and 301 by one-shot borylation under different conditions (color online).
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Figure 67 Synthesis of bowl-shaped BN-doped diboratetrabenzocorannulene 304 (color online).
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Figure 68 Surface-assisted synthesis of BN-doped GNRs comprising two different segments with regard to BN direction (color online).

and graphene (Figure 69). Bettinger et al. [351] have tried 2015, they successfully proved the synthesis of B;N;-doped
various precursors and methods to access such a skeleton. In p-HBC 315 through thermolysis of tris(2-biphenylyl)bor-
2014, they subjected the B;Ns-hexabenzotriphenylene pre- azine 314 at 550 °C, although the major product was tetra-
cursor 312 to ring-closure reactions, but the Scholl reactions azatetraborocine derivative 316 [352]. The B;N;-doped p-
were unsuccessful and the photocyclization could only close HBC 315 was isolated and characterized by mass spectro-
one C—C bond to yield partially fused product 313 [351]. In metry, infrared spectroscopy, solid-state NMR and STM, but
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Figure 69 Synthetic efforts toward borazine-embedded p-HBC derivatives (315 and 319) (color online).

the poor solubility prohibited in-depth studies on its structure
and properties. In 2017, Bonifazi et al. [353] achieved the
solution synthesis of a soluble B;N;-doped p-HBC 319.
Hexaphenylborazine 317 was selected as the precursor but
functionalized with six F atoms to promote the ring closures
by Friedel-Crafts-type substitution reaction. The B;N;-doped
p-HBC 319 was obtained in 5% yield, with the partially
fused molecule 318 as the major isolated product in 17%
yield. The synthesis of the soluble B;N;-doped p-HBC 319
enabled a direct comparison with its all-carbon congener p-
HBC 311 having the same peripheral substituents. The re-
sults pointed toward a dramatic widening of the band gap
upon borazine doping, in agreement with the observations in
the lateral heterostructure of h-BN and graphene.

4 Conclusions and perspective

To reiterate, this review is not intended to focus on the in-
trinsic value of PAHs but to uncover the strong interactions
between the fields of PAHs and graphenes. PAHs have long
been studied in different contexts, such as in organic chem-
istry, industrial dye-stuff production, optoelectronics, astro-
physics, or environmental science. Since graphene became a
major topic in materials science, it has provided a new angle
to study PAHs, and inversely, PAHs have profoundly con-
tributed to the further development of the graphene field.
First, we cannot ignore that large PAHs are indeed structu-

rally well-defined GQDs, which provide reliable structure-
property correlations and proper control of the material
performance. Second, the chemistry of PAHs has promoted
the bottom-up synthesis of atomically precise GNRs and
invention of emerging GNR-based materials such as topo-
logical insulators. Such a bottom-up synthesis protocol has
even led to the production of a semiconducting holey gra-
phene with regular hole defects. Finally, various PAHs can
serve as model compounds for GNRs to reveal the length-
dependent properties and for graphene to unveil the origin of
high electrocatalytic activities together with the emergence
of magnetic properties in defective and heteroatom-doped
graphene.

Looking forward, we emphasize that PAHs and graphenes
should not develop in isolated ways. Many challenges have
to be addressed in both fields, such as the efficient synthesis
of large PAHs; the search for high-performance electronic,
photonic, and spintronic materials; the development of
emergent topological insulators; the synthesis of high-quality
graphenes on insulating substrates; the precise functionali-
zation of graphene materials; and the understanding of
structure-property relationships. Among various future di-
rections, the following points deserve close attention: (1)
New design concepts and efficient syntheses in the PAH field
could further promote the structural innovation of GQDs and
GNRs, which may lead to the discovery of exciting proper-
ties. These developments would require not only the ex-
pertise of organic chemists but also close collaborations with
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physicists and material scientists. (2) From the synthetic
point of view, new methods with high efficiency are always
welcome for the PAH synthesis. They are not only valuable
to achieve PAH structures that are otherwise difficult to
synthesize but also important for the bottom-up synthesis of
GNRs, which currently relies on only a few established
protocols. (3) Further development of PAHs could facilitate
the identification of active sites in electrocatalysis by offer-
ing many new PAH models. The graphene research would
require new structural models, which could open up new
opportunities for material applications. (4) Pushing the size
limit of PAHs toward increasingly larger disc structures
would narrow the gap between the conventional small PAHs
and 2D infinite graphene. Furthermore, direct fusion of
PAHs and GNRs into atomically precise graphene would be
highly interesting to incorporate holes or heteroatoms in a
controlled manner.

Finally, a helpful approach is for physicists and materials
scientists to examine the PAH chemistry and for organic
chemists to follow the developments in graphene research.
We hope that this review can stimulate further interactions
between the researchers from both areas and promote a sy-
nergistic development of PAHs and graphenes.
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