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Huanli Dong *ab

Polycyclic aromatic hydrocarbons (PAHs) as a typical class of organic semiconductors demonstrate

unique optical, electrical, magnetic and other interesting properties due to their extended conjugation

and diverse structures. Ring-closing reactions are very significant for the synthesis of PAHs with various

structures and optoelectronic properties, which endow them great potential for applications in organic

electronics. The aim of this article is to present a concise summary on the recent advances on the ring-

closing reactions for the synthesis of organic semiconductors, with a discussion on their applicable

conditions, followed by their attractive applications in organic field-effect transistors (especially chiral

transistors and biradicaloid-based transistors), organic solar cells, etc. Finally, a short conclusion and

perspective are given on the further development of new ring-closing reactions toward novel PAH

materials with promising applications.

1. Introduction

Organic semiconductors have attracted much attention over
the past several decades due to their unique optical, electrical,
magnetic and other physical and chemical properties, which
endow them with wide applications in many emerging fields.1,2

For instance, under the joint effort of chemists and device
scientists, organic semiconductors have been successfully applied
in the field of organic field-effect transistors (OFETs),3 organic
light-emitting diodes (OLEDs),4 and photovoltaic cells.5 However,
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due to the high requirements of these applications, a series of
material systems with excellent performances, which generally
consists of a considerable number of aromatic rings and
related fused structures, has been developed.6–8 Especially,
polycyclic aromatic hydrocarbons (PAHs) have become mole-
cular libraries of organic semiconductor materials and popular
material systems due to their inherent conjugated structure
and strong intermolecular interaction, which result in favor-
able solid stacking. As a representative molecule, pentacene
delivered a hole mobility of over 5 cm2 V�1 s�1 due to its
extended p-conjugated structure with ideal molecular packing.9

With thiophene rings replacing the benzene rings, pentathie-
noacene as another typical PAH molecule exhibits excellent
chemical stability due to its appropriate energy levels.10

To date, various PAHs with complex structures such as chiral
helicenes, biradical graphene nanosheets and spatial-structure
rylene, have been developed with fascinating optical, electrical
and magnetic properties and proven to be an integral part
of organic semiconductors for device applications. The fast
development of PAHs and their applications are largely
due to the gradual maturity of their design and synthesis
methodology.

In 1910, Scholl discovered the formation of an intra-
molecular six-membered ring when certain aromatic com-
pounds were heated with AlCl3.11 Subsequently, this reaction
had aroused widespread interest and numerous examples of
p-expanded aromatic compounds were synthesized.12,13 As
molecules become more complex, especially the continuous
expansion of fused ring systems, many synthetic methods have
been established and developed. Reviewing the processes,
ranging from simple linear acenes and planar acenes to spatial
acenes and graphene nanoribbons, highlight the importance of
the molecular design and synthetic approach. Focusing on the
change in PAH materials synthesized via these methods does
not only lead to highly extended conjugated structures for
much higher optoelectronic performances but also may result
in more interesting properties such as chirality and biradical
character due to the unique features in the ring structure.
These specific properties further trigger promising applications
in various devices.

The aim of this article is to give special summary on the
synthesis of PAH-based semiconductors and their photoelectronic
properties and device applications. There is no related review
regarding this topic though some reviews of ring-closing reactions
have been given from a chemical point of view.12,14–16 This article
is divided into the following parts: (1) summarizing and discussing
the current ring-closing reactions used in the synthesis of PAH-
based organic semiconductors including Scholl-type reaction,
iodine-promoted photocyclization reaction and palladium-
catalyzed annulation reaction (Fig. 1); (2) current advances in
the development of novel PAHs based on the above-mentioned
catalyzed annulation reaction; and (3) representative promising
applications of PAH-based organic semiconductors synthesized
through ring-closing reactions. Finally, a brief conclusion and
perspective are presented on the further development of PAHs
and their related interesting research directions.

2. Ring-closing reactions and their
application in the synthesis of
organic semiconductors
2.1. The representative ring-closing reactions

Scholl-type reaction. The Scholl reaction is a classical dehy-
drogenation coupling reaction in which two molecular aryl
groups are coupled in the presence of a Lewis acid.12 As early
as 1910, Scholl and coworkers discovered an intramolecular
variant and employed neat anhydrous AlCl3 at 140 1C for 45
min.11 The significance of the ‘‘Scholl reaction’’ is that a new
hexagonal all-sp2-carbon ring is formed with high atom-
efficiency. After the discovery of this direct C–H bond active
coupling process, great interest was aroused toward to wider
substrate range and more efficient methods, and encouragingly
more complex molecules were synthesized.17

However, despite the great advances in the Scholl reaction,
the mechanism of the Scholl reaction, which is vital for its
optimization, is still not clearly understood. Baddeley first
proposed the mechanism of the Scholl reaction, and currently
two mechanisms, the arenium cation pathway and the radical
pathway, are generally accepted.18 As shown in Fig. 2, the
arenium cation pathway begins with the formation of a
s-complex between a Lewis acid and aromatic compound,
which results in the formation of an arenium cation, followed
by electrophilic attack, and finally dehydrogenation. In the
radical pathway, electron transfer occurs after radical cations
are formed, and further lost for the subsequent aromatization.
These two mechanisms have been under intense discussion,
and in many cases, no sufficient evidence implies that a certain
mechanism occurs during the reaction process.

The catalytic system of AlCl3 is a typical system with the
requirement of high reaction temperature. Compared with
AlCl3 as a reagent, FeCl3 is a more widely used Lewis acid,
which is accompanied by mild temperature conditions even in
a low-temperature environment. Employing DDQ as a reagent is
also a condition of Scholl-type reactions, which is often used in
conjunction with sulfonic acid.19

It is well known that electron-rich reactants are more likely
to follow Scholl-type reactions, and thus this type of reaction is
facilitated by the introduction of electron-donating groups or
molecules with large conjugate planes. In general, Scholl-type
reactions are efficient for building six-membered rings,20 and
in some cases, five-membered and even seven-membered rings
were successfully constructed.21,22 Surprisingly, Scholl-type
reactions exhibit selectivity for the formation of multi-membered
rings when different reaction conditions are applied to the same
reactant.23

Iodine-promoted photocyclization reaction. In 1962, Mallory
and co-workers discovered a useful photocyclization employing
I2 as an oxidant, rather than O2, which has become a powerful
tool for the synthesis of compounds.24 It is believed that the
mechanism of the Mallory photocyclization undergoes a free-
radical process (Fig. 3).14 When the reactant is exposed to
light, a trans-dihydrogen compound is initially produced and
it interacts with I2, resulting in dehydrogenation. Then the
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dehydrogenated species continues to react with the radicals
derived from iodine cleavage by photocyclization, resulting
in the formation of the target molecules. However, hydrogen

iodide, which is formed during this process, is harmful and
causes side reactions, and thus, improved conditions have been
investigated, such as changing the solvent.

In addition to the requirement of iodine, a light source is
necessary to trigger this reaction. For example, mercury lamps
are commonly used although sunlight is also capable of initia-
ting the reaction.25 The reactions can occur under atmospheric

Fig. 1 PAH-based organic semiconductors: ring-closing reactions and optoelectronic device applications.

Fig. 2 Scholl-type reaction and its mechanisms.

Fig. 3 Iodine-promoted photocyclization reaction and its mechanism.
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conditions without obvious effects and display wide reactant
compatibility.

Palladium-catalyzed annulation reaction. The palladium-
catalyzed annulation reaction is essentially an intramolecular
C–H/C–X (X = halogen) coupling reaction, which is regarded
as a useful methodology to construct PAHs.16 This reaction
requires halogen substitution of the reactant at the ring-closing
position. Owning to the difference in bond strength caused by
electronegativity, reactions with fluorine-substituted reactants
are the most difficult to perform, while iodine-substituted
reactants are the most prone to this reaction. Thus, intra-
molecular C–H/C–F coupling reactions are very rare, and the
common reactants are species substituted by bromine or
chlorine.26 The mechanism of this reaction (Fig. 4) proceeds
via oxidation addition between the halogenated aromatics and
palladium catalyst. The intermediate process undergoes a
transition similar to the Heck reaction, and finally reductive
elimination occurs, resulting in the release of hydrogen halide.
Anhydrous and anaerobic conditions are required during the
reaction process and the reaction temperature is usually high.
In addition, similar to the Scholl-type reaction, this reaction
can be employed for the formation of five-membered rings and
six-membered rings. It is worth noting that lots of curved
molecules, especially those with five-membered rings, are
efficiently constructed by this reaction.27,28 In some cases,
reactants with trifluoromethanesulfonic ester (OTf) substitution
are also applied to this reaction.

Others. Specifically, this section is about strategies rather
than specific reactions. In some cases, such as the requirement
of substitution in specific positions, it is rational to form the
key aromatic rings in large conjugate molecules via multiple
reactions in series. This type of method begins by forming a
non-aromatic ring connecting the required groups, followed by
aromatization (Fig. 5). The Friedel–Crafts cyclization reaction is
a simple way to introduce a carbonyl group for the subsequent
introduction of substituents, which is convenient and provides
a route for the cyclization step. For the aromatization
steps, dehydrogenation and nucleophilic addition followed by

reduction are alternative ways, which depend on the result of
cyclization.

In addition, several efficient one-pot synthetic methods have
been developed in recent years for the synthesis of large
conjugate molecules.29–31 These methods are well known as
single-step annulative p-extension (APEX) reactions, which effi-
ciently achieve p-extended fused arenes and are regioselective,
where they undergo different routes for various regions.32,33 For
the zigzag edges (L-regions) of PAHs, undoubtedly, it is inge-
nious to employ the concatenation of coupling reactions and
annulation reactions. This method requires one reactant to be
borate ester and the other to have the character of dihalogen
substitution at the ring-formation site.34 In some cases, a tin
reagent and dihalogenated reactant can react, resulting in
p-extension of concave armchair edges (bay-regions).35 We
noticed that employing zirconacyclopentadiene for convex arm-
chair edge (K-regions) APEX reactions is also an efficient
alternative method, which undergoes double cross-coupling
reactions between organometallic reagents and reactants.36,37

It is worth noting that on-surface synthesis represents a
powerful method for synthesizing larger PAHs, especially those
with atomically precise edge structures.38 On-surface synthesis
usually occurs on metal surfaces such as the Au(111) surface
and ignores the limitation of solubility of the traditional
liquid-phase organic reactions mentioned above. Many complex
structures have been efficiently obtained via on-surface synthesis,
but it is rarely applied due to its low production scale. Also, this
method is well summarized in the literature, and thus not
discussed here.39

2.2. Applications of ring-closing reactions in the synthesis of
PAH-based organic semiconductors

PAHs are composed of multiple fused rings and when fused
rings form a considerable conjugate plane, the hydrogens of
certain sites are relatively reactive, which allows researchers to
connect the conjugate plane through the formation of a new
aromatic ring. Before the pivotal ring-closing step to build
aromatic rings, the common coupling reactions such as Suzuki
coupling reaction and still coupling reaction are employed
to connect the fragments forming the skeleton of molecules.
An early example is the synthesis of perylene.40 When 1,10-
binaphthalene was treated with AlCl3 at 140 1C, 3 was obtained
in low yield, which is an early example of a Scholl reaction. InFig. 4 Palladium-catalyzed annulation reaction and its mechanism.

Fig. 5 Examples of other synthesis methods for PAHs.
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2018, 4 was synthesized employing a Scholl-type reaction for
the formation of a middle aromatic ring.41 Under the condi-
tions of DDQ and trifluoromethanesulfonic acid at 0 1C, two
aromatic rings were built in one step. Molecule 5, with a larger
conjugate plane than 4, was constructed and the key ring-closing
step occurred in the presence of FeCl3, in which six new C–C
bonds were formed simultaneously (Fig. 6).42 When hexa-phenyl
benzene was treated with DDQ/CH3SO3H, 6 was obtained through
the formation of four C–C bonds instead of producing the
corresponding hexa-peri-hexabenzocoronene (HBC).43

The bay sites of PDI are active, and thus are usually utilized to
expand the conjugated plane. For example, 7 and its derivatives
were synthesized following a similar method, which used a nitro-
methane solution of FeCl3 with unusual heating conditions.44

High yields exceeding 82% were realized and the different yields
were probably because of the different activity of the b-position in
thiophene, furan, and selenophen. Yan et al. constructed three
PDI-based molecules, 10, 11, and 12, by employing Scholl-type

reactions after cross-coupling reactions.45 All three compounds
were efficiently obtained in a 2-hour reaction. Molecule 13 was
obtained through a cyclization reaction using FeCl3 at 50 1C from
the product of the Stille coupling reaction. After the 8 h reaction,
the yield of 13 reached up to 80%.46 Hu et al. reported a series of
fused-thiophene compounds, 14, 15 and 16, which were synthe-
sized from the precursor with thiophene or benzothiophene
linked to the aromatic core through a Scholl-type reaction cata-
lyzed by FeCl3.47–49

The skeleton of 17 was built through the key Pd-catalyzed
intramolecular Heck reaction.50 The reaction removed hydrogen
halide to form C–C bonds at 160 1C, but the yield was only 27%.
A buckybowl-shaped molecule, 18, with embedded nitrogen, was
realized by Shinokubo et al., employing a palladium-catalyzed
annulation reaction for the coupling of two C–C bonds in
46% yield to form a distorted buckybowl.51 Another distorted
structure, 19, embedded with two heterohelicenes was furnished
by four-fold C–H/C–Br coupling between PDI and the bridging

Fig. 6 Chemical structures of the representative PAHs synthesized via the above-mentioned ring-close reactions. (For clarity, the rings formed via the
Scholl-type reaction are marked in blue; the rings formed via palladium-catalyzed annulation reaction are marked in pink and the bonds in red represent
new constructed bonds.)
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benzene in the presence of Pd(OAc)2 and PtBu3 HBF4, resulting
in the formation of four five-membered rings.52 Surprisingly,
Würthner et al. reported that 20 was obtained in a one-pot
reaction, which actually connected the Suzuki coupling reaction
with the Pa-catalyzed annulation reaction successfully.53 It is
worth mentioning that 20 was not obtained when utilizing a
Scholl-type reaction due to this electron-poor system. 21 is
regarded as a fragment of C70 and the curve of 21 is derived from
the formation of two five-membered rings, which were built
through palladium-catalyzed annulation reaction with PdCl2(PPh3)2

as the catalyst at 160 1C.54 Molecule 22 also contains two five-
membered rings and these key rings were synthesized via
palladium-catalyzed annulation reaction in a Schlenk tube.55

Fagnoni et al. synthesized 23 by employing photocyclization,
where careful optimization of the conditions led to the maxi-
mum yield of 93% under 310 nm lamp irradiation.25 Another
linear acene, 24, extended along the ortho-orientation was
produced via photocyclization and isolated as a byproduct.56

Actually, many HBC-based molecules can be synthesized via
photocyclization and are also synthesized through this method,
which forms multi rings as the key step. For instance, when the
precursor was treated with a propylene oxide solution of I2

under light, 25 was obtained in 70% yield.57 Furthermore, 26
was prepared following the same procedure using the product of a
condensation reaction.58 Molecule 27 with a larger conjugate
plane compared with 25 was prepared following the same photo-
cyclization process, leading to the formation of six aromatic
rings.59 Some key monomers of polymers can be obtained via
photocyclization. Facchetti et al. achieved the synthesis of 28 and
the critical fragment of thiophene-incorporated PDI was synthe-
sized under photocyclization conditions.60

Benefitting from the activity of the bay hydrogen, numerous
PDI-based molecules with unique structures have been effi-
ciently constructed via iodine-promoted photocyclization reac-
tions after simple coupling reactions.61 For the synthesis of
molecules 29–41 (Fig. 7), the step of photocyclization was

Fig. 7 Chemical structures of the representative PAHs synthesized by above-mentioned ring-close reactions (rings formed via iodine-promoted
photocyclization reaction marked in yellow; the bonds in red represent new constructed bonds).
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similar but some molecules that are difficult to form rings and
affected by the distorted structure require heating conditions
to promote the reaction.62–70 Referring to the preparation of
molecule 42–44, the strategy of combining two reaction steps
was applied, which began with Friedel–Crafts alkylation reac-
tion, followed by dehydrogenation.71–73 Accordingly, 45–47
were achieved via combined strategies but the diketone product
after Friedel–Crafts alkylation reaction required two steps,
nucleophilic addition and reduction reactions with SnCl2, to
arrive at the target molecules.74–76 It is worth noting that the
strategy of combining addition and reduction reactions is
appropriate for five-membered rings formed by the Friedel–
Crafts alkylation reaction (Fig. 8), where 48 is an example of
this.77 The key five-membered rings of molecule 49 were
yielded by a method similar to 42 but intramolecular Friedel–
Crafts reaction occurred on the ester group.78 For the synthesis
of 50, after Friedel–Crafts cyclization, the key helical structure

was formed, and then oxidative dehydrogenation gave the final
product.79 A series of molecules, 51–54, reported by Mastalerz
et al. was easily obtained via a one-step two-fold condensation
between bridged methylene and aldehyde groups from the
products of coupling.80 Both Scholl-type reaction and the afore-
mentioned strategy combining two reaction steps were employed
to produce molecules 55 and 56.81,82 Two five-membered rings
and two seven-member rings are formed in 55, while two five-
member rings and two six-member rings are formed in 56. The
two rings on the right half of molecule 57 were constructed by
photocyclization reaction, whereas subsequently the two rings
on the left half were synthesized by employing a Scholl-type
reaction catalyzed by FeCl3.83 58–60 were prepared via multiple
ring-closing reactions, which have different reaction conditions
from that mentioned previously such as ICl/dichloromethane
and KOH/quinoline.84–86 For 58 and 59, the first ring-closing
reaction was followed by the introduction of substituents, and

Fig. 8 Chemical structures of the representative PAHs synthesized via the above-mentioned ring-close reactions. (For clarity, the rings formed
via Scholl-type reaction are marked in blue; the rings formed via palladium-catalyzed annulation reaction are marked in pink; the rings formed via iodine-
promoted photocyclization reaction are marked in yellow; and the rings formed via other methods are marked in gray. The bonds in red represent new
constructed bonds. The serial number beside the bonds indicates the order in which the bonds are formed.)
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then another ring-closing method was applied, producing the
final products. When ICl-induced benzannulation reaction was
carried out the during synthesis of molecule 60, intramolecular
cyclodehydrogenation occurred simultaneously. Subsequently,
substituents were introduced through the combination of addi-
tion reaction and intramolecular Friedel–Crafts cyclization.

Huang et al. reported that when reactant 61 was treated
under the conditions of the Scholl-type reaction, six-membered
rings and five-membered rings were simultaneously formed.87

However, only six-membered rings were built employing the
condition of photocyclization reaction to obtain molecule 62.
Nitrogen-containing molecule 66, similar to 63 in structure,
was obtained via palladium-catalyzed annulation reaction by
removing hydrogen chloride.88 Also, when KOH and quinoline
are present in the reaction system, 65 is achieved, resulting from
the formation of two six-membered rings. The above-mentioned
two examples illustrate the differences in the different ring-
closing reactions for the formation of rings, which imply that
the selection of the ring-closing method is significant.

2.3 Functionalization of PAH-based semiconductors

Although the materials synthesized through ring-closing reac-
tions possess abundant properties, functionalization is consi-
dered an excellent approach for endowing materials additional
properties. Firstly, alkyl chain substitution is a widely used
method to enhance the solubility of materials.89,90 Due to the
large, rigid, conjugate plane, most materials become insoluble
after ring-closing reactions.91 Hence, the introduction of alkyl
chains is not only necessary but also results in extra properties

such as controllable assembly.92 Molecules 67 and 68 are good
examples, which both can assemble into nanotubes.93,94 This
type of alkyl chain includes alkoxy chains and fluorine alkyl
chains (Fig. 9).

Halogen substitution is also a classic strategy and acts more
on energy levels and stacking modes of materials, even chan-
ging the transport type. For instance, phthalocyanine copper
manifests a certain p-type character, whereas perfluoro-
phthalocyanine copper exhibits n-type transport property.95

The influence on molecular accumulation can be reflected in
molecules 69 and 70.96,97 It is worth noting that both the alkyl
chain and halogen substitution do not occur directly on mole-
cules that have undergone ring-closing reactions. In most
cases, the precursor molecules already have a substitution from
functionalization, and then form the backbone of the target
molecules through the ring-closing reactions, which highlights
the importance of molecular design.

Introducing diimide groups is sufficient to change the
energy levels and transport properties. PDI and NDI are typical
representatives of this type of material. However, the process of
imide introduction is complex, time-consuming, and results in
low yield. Zhen et al. reported the facile synthesis of aromatic
diimides via a one-pot reaction in moderate yield.98 This approach
was established for palladium-catalyzed carbonylation, which
employed tetrabromo aromatic molecules and a CO carbon source.
A wide range of reactants are capable of undergoing this reaction
with a moderate yield, which demonstrates the broad applicability
of this reaction. Thus, this method provides a solid foundation for
functionalization through the introduction of imides.

Fig. 9 Three synthetic routes for the functionalization of PAHs and their representative derivative molecules.
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In addition, heteroannulation at a specific site is a promising
strategy to further optimize the structure of molecules.99,100

In particular, the heteroatoms S and Se are incorporated at the
bay regions of PDI-based molecules, which strengthen the inter-
and intramolecular interactions.101

3. Device applications of PAH-based
semiconductors
3.1. Organic field-effect transistors

OFET are the cornerstone of organic electronics, which have
great potential for applications in flexible organic circuits,
wearable devices, biological electronics, etc. The development
of high-performance OFET devices is crucial for their applica-
tions in various fields.102–104 For these three-terminal devices,
the organic semiconductor layer is the key component affecting
the performance of OFETs, which is responsible for the trans-
port of charge carriers. According to the current understanding
and recognition of the charge transport process and mecha-
nism in organic semiconductor materials, larger transfer inte-
grals and more efficient charge transport can be obtained with
a large intrinsic conjugated structure and compact molecular
packing mode in the aggregation state, which is beneficial for
achieving high-performance OFET devices.3,105 Materials based
on PAHs consist of multi fused rings, which guarantee their
extended conjugate structure and good compact packing in the
aggregation state due to strong intermolecular interactions.1

Thus, PAH materials display promising applications in OFETs.
Furthermore, their unique molecular structure endows them
with new properties such as chirality and radical character,
which will be discussed below (Fig. 10).

High-mobility OFETs. PAHs as a typical class of organic
semiconductors have been widely used in OFETs. Perylene is a
commercially available material with a minor conjugated plane
containing five fused benzene rings. It has been found that
two crystalline phases, the a-phase and b-phase, exist in the
perylene crystal. Wang et al. reported a study on the OFET
performance of different crystal phases based on 3.106 The
droplet pinned crystallization (DPC) method was employed,
resulting in mixed-phase crystal arrays. The X-ray diffraction
study indicated that the a-phase and b-phase adopted the
typical sandwich-herringbone packing and herringbone packing,
respectively. Thus, the a-phase provides a more effective

charge-transport channel, resulting in higher mobility. In the case
of a bigger conjugated plane, a surprising stacking phenomenon
is observed. For example, 25 and derivatives are one type of
materials with large aromatic cores, the so-called ‘‘super-
benzene’’, and owing to their strong p–p interaction, this type
of material exhibits the tendency to organize into columns,
which implies excellent intrinsic carrier mobilities.107 Müllen
and co-workers focused their efforts on the synthesis of HBCs
and plenty of methods have been developed to optimize the
self-assemble process to form one-dimensional column stacks.
Although their mobility was not very high, as expected, a deep
understanding of this type materials and pioneering methods
were well established.108

Nuckolls et al. reported that with octa-substituted alkoxyl
side chains, 25 underwent a self-assembly process, organizing
into fibers.57 The resulting oriented long-range order fibers
were further measured for their OFET performance and their
hole mobility was determined to be about 0.02 cm2 V�1 s�1.
Different properties in shape and electricity were found as the
HBC-based molecular plane was further expanded. Firstly, 27
displayed a distorted conformation owing to steric hindrance,
which is a shape complementary to PC70BM. Alternatively, 27
treated by acids underwent protonation, and then charge-
transfer reactions under anaerobic conditions, which constructed
doping thin-film transistors with switch-off ability through a gate
bias.59

Functionalization of HBC-based molecules is a promising
strategy to adjust the macroscopic properties of materials.
For instance, Loo et al. confirmed that the crystallization of
particular polymorphs was regulated by fluorination.109 When
chlorine-substitution was employed, co-facial packing was
exactly adopted by a derivative of 27 presumably due to
intermolecular Cl� � �Cl interaction.96 However, the thin-film
transistor of 27 derivative only exhibited a mobility of up to
0.24 cm2 V�1 s�1, which was lower than that of the parent
HBC. With tetraalkoxy substitution, the HBC-based molecule
possessed stimulus response character when employing single-
walled carbon nanotubes as point contacts for constructing
OFETs (Fig. 11a).110 Columnar nanostructures were formed
though self-organization, which are composed of molecular
stacking with an orientation parallel to the conducting channel.
Thus, efficient charge transport was realized, and surprisingly
photocurrents with a larger on/off ratios were detected when
the devices were exposed to light. By regulating the side chain

Fig. 10 Schematic of OFETs and the unique features of PAH-based materials for the semiconductor layer in OFETs.
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of HBC-based molecules, other various functional devices can
be constructed such as chemoresponsive transistors.111

Functionalization not only results in the promotion and
optimization of properties, but also regulates the energy level
of materials, leading to a change in their transport charac-
teristics. For instance, the functionalization of corannulene
with imides resulted in a lower LUMO energy, down to
�3.10 eV, compared with that of corannulene. The molecule
underwent one-dimensional slipped stacking and microcrystals
growing along the direction of stacking were obtained, which
implied an efficient transport performance (Fig. 11b). Finally,
n-type behavior based on this material was achieved with a
mobility of 0.05 cm2 V�1 s�1.98

The excellent properties of HBC-based molecules originate
from the core coronene to a large extent. Thus, the modification
of coronene is a useful strategy to tune its photoelectric properties.
Wu et al. first reported a new family of 1.2,3.4,7.8,9.10-tetra-
benzocoronenes (TBCs), and the average hole mobility was up to
0.61 cm2 V�1 s�1 for 57 by using the space-charge limited-current
(SCLC) technique.83 Three TBC derivatives with different substitu-
tions were investigated for OFETs by Tao et al. and it was observed
that the packing mode varied for the different substitutions, which

suggested that a shifted p–p stacking was adopted by that with
methyl substituents and the others all exhibited co-facial p–p
stacking.97 Due to the 1D growth together with stacking, the
organic single-crystal field-effect transistors (SCFETs) of 57 with
chlorine-substitution gave the highest mobility among them of
up to 0.7 cm2 V�1 s�1. Tao’s group further reported the effect of
substituents on the crystal packing and properties of 57, which
indicated that the unsymmetrical hexa-fluorinated molecule
delivered a mobility as high as 1.19 cm2 V�1 s�1 on account
of its slightly shifted p–p stacking.112

Co-crystallization engineering has been regarded as an
effective strategy towards improving the properties of a single
component and bringing about unpredicted chemicophysical
properties, which is especially beneficial for building multi-
functional and high-performance optoelectronic devices.113,114

Generally, organic cocrystals are assembled through noncova-
lent intermolecular interactions, such as halogen and hydrogen
bonds, p–p interaction and charge transfer interaction. Bowl-
shaped PAHs are viewed as a fragment of fullerene, which is
complementary to buckybowls, and thus possess potential to
crystallize with buckybowls.51,115 Zhang et al. found that when
21 was employed as the electron donor to crystallize with C70, a

Fig. 11 PAH-based OFETs. (a) Photoresponsive transistors based on monolayer films of HBCs. Reprinted with permission from ref. 110. Copyright 2009,
the National Academy of Sciences of the USA. (b) Functionalization of corannulene and its application in n-type OFETs. Reprinted with permission from
ref. 98. Copyright 2020, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (c) OFETs based on cocrystal assembly by C70 and 17 for ambipolar transport
properties. Reprinted with permission from ref. 54. Copyright 2020, the American Chemical Society.
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two-dimensional cocrystal was well obtained (Fig. 11c).54 The
resulting cocrystal displayed ambipolar transport with hole and
electron mobilities of up to 0.07 cm2 V�1 s�1 and 0.40 cm2 V�1 s�1,
respectively. The hole mobility was higher than that of the sole
component 21, which illustrates the high potential of cocrystals for
constructing organic devices based on novel semiconductors.
Besides, cocrystals allow the possibility of realizing photoelectric
integrated devices and other functional devices through the
synergy of multiple components.116,117

Chiral OFETs. Generally, linear acene is planar but with an
increase in the number of ortho-fused rings, unexpectedly the
molecular plane curves upward along a spiral due to steric
hindrance. This architecture endows helicenes a special nature,
namely chirality, even though no asymmetric carbons or other
chiral centers exist in its structure.118 For so-called helicenes,
the left-handed helix (denoted as (M)) and right-handed helix
(denoted as (P)) correspond to levorotatory and dextrorotatory,
respectively. This chiral architecture delivers peculiar chir-
optical properties containing optical rotatory power and circu-
lar dichroism, which further provoke broad applications in
quantum optics, optical spintronics, etc.119

Helicenes possess multiple possibilities for structural expan-
sion to adjust their properties, such as forming chiral
nanographenes.120 Indeed, there are a few examples of the
application of helicenes in optoelectronic devices. In 2013,

Campbell et al. reported that an N-incorporating helicene
formed well-ordered crystallized domains after annealing and
behaved as a p-type material when employed in OFET.121 The
circularly polarized light responsivity based on enantiomeric
helicene FETs was investigated and a highly specific photore-
sponse was achieved, which is related to the handedness
(Fig. 12b).

PDI has become a popular unit with excellent optical and
electrical properties and it is envisaged that integrating PDI and
helicenes into one molecule will produce a structure that has
the characteristics of both parents (Fig. 12a). Wang et al.
demonstrated that with two merged [6]helicene structures, 37
possessed excellent chiroptical responses in both absorption
and emission, which exhibited dissymmetry factors |gabs| of
0.012 and |glum| of 0.002, respectively.65 Although several types
of these structures have been developed, it is worth noting that
a trade-off should be considered for their application, where
planar p-systems are required for electrics, while a distorted
p-system is demanded for chirality and strong coupling with
circularly polarized light.122 Lin et al. discovered that 19
inherited high dissymmetry factors and high mobility from
the parent helicenes and PDI.123 Surprisingly, with ortho-p-
extension, its absorption was shifted to the near-infrared
(NIR) region, and ambipolar charge transport was obtained.
Benefiting from these properties, organic phototransistors were

Fig. 12 PAH-based chiral OFETs. (a) Extension of chiral structure of helicene. Reprinted with permission from ref. 65. Copyright 2020, the American
Chemical Society. (b) Chiral transistor and its photoresponse property. Reprinted with permission from ref. 121. Copyright 2013, Nature Publishing Group.
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constructed, which displayed high photoresponsivity and high
external quantum efficiency under NIR light irradiation.

Biradicaloid-based OFETs. Most PAHs exhibit closed-shell
electronic features in the ground state. While in the process of
synthesizing various PAHs, it has been found that some target
molecules have very high reactivity and no signal peaks appear
in their NMR spectra at room temperature, which is attributed
to their intrinsic diradical properties with an open-shell structure.
With further research, these types of materials are usually accom-
panied by a narrow singlet–triplet gap, ambipolar character, etc.,
endowing them great potential applications in the fields of organic
spintronics, organic magnets, singlet splitting, and nonlinear
optics.124 Phenalenyls is a typical type of system developed and
charactered by Nakasuj and Kubo et al., which possess singlet
biradical properties in the ground state.125–127 This inspired the
search for biradical species and it is believed that the zigzag-
edged zone of graphene nanoribbons is prone to generate
radical character, and thus tremendous efforts have been
focused on the synthesis of graphene-like molecules with

zig-zag edges to obtain biradical species. However, the main
challenge is their intrinsic instability for applications.77 Thus,
to overcome this issue, bulky or electron-withdrawing groups
are introduced at strategic positions, such as mesityl. Alterna-
tively, the biradical character y is considered, which is a
reflection of the physical properties of open-shell singlet
biradicaloids. Therefore, it is expected that species with both
stability and large y can be obtained, and therefore, it is
essential to understand the structure-stability-biradical charac-
ter relationship.

The so-called [n,m]-peri-acenes, which are comprised of m
rows of peri-fused [n]acenes, possess rich zigzag edges, and thus
are an ideal model for biradical character.128 The structure–
property relationship of biradical species is well reflected
by the [n,m]-peri-acene platform. The minor peri-acene,
bisanthene, was reported by Clar with a small biradical char-
acter y (0.07), and higher biradical character was obtained
through enlarging the conjugate system of bisanthene horizon-
tally and vertically.41 As shown in Fig. 13a, the biradical character

Fig. 13 PAH-based biradical molecules and their properties and OFETs. (a) Extended structure and characters of biradical species. (b) Characterization of
biradical features. Reprinted with permission from ref. 42. Copyright 2020 Wiley-VCH GmbH. (c) OFETs based on biradical species and their properties.
Reprinted with permission from ref. 74. Copyright 2021, Wiley-VCH GmbH.
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increased significantly with an increase in the degree of conjuga-
tion, no matter in the horizontal or vertical direction. However,
the half-life time of these materials presented a decaying trend,
which indicates a reduction in their stability. However, 5 is an
exception, which is possibly because most of its active sites are
occupied by large hindrance groups.42 Furthermore, the systema-
tic characterization of the properties of the stable diradicaloid
was performed using Vis-NIR absorption spectroscopy, electron
paramagnetic resonance (EPR) spectroscopy and isochemical
shielding surface (ICSS) mapping (Fig. 13b). It is obvious that
multiple intense absorption bands in the visible spectrum range
and a weak absorption band in the NIR region were present in
the absorption spectrum of 5, in which the latter originated from
the low-lying singlet excited state. The radical signal was clearly
displayed in the ESR spectra and based on the SQUID measure-
ment of 5, the DES–T value of�0.57 kcal mol�1 was obtained. The
eight localized aromatic sextets existing in 5 were uncovered
by the 2D ICSS map, which was helpful to understand the
diradical site.

Zethrenes are considered as candidate biradical species,
which consist of head-to-head splicing of phenalenyl units to
some extent. Stretching along the zethrene molecular skeleton is
another strategy for obtaining biradical species.129 Recently, Sun
et al. constructed air-stable OEFTs based on 45 (Fig. 13c). The
peak signal in the ESR spectra confirmed the presence of para-
magnetic species due to the diradical character and the signal
intensity decreased with a decrease in temperature, which implied
the character of the diamagnetic singlet ground state. The
SCFETs of 45 exhibited a hole mobility of up to 0.15 cm2 V�1 s�1

under ambient conditions; meanwhile, the devices possessed con-
siderable bias-stress stability and storage stability.

The radical character of many molecules results from the
change in the aromatic quinone structure in PAHs. It is well
known that the introduction of defects not only opens the band
gap of graphene, but also changes its optical, electrical and
magnetic properties. Even more remarkable, biradical charac-
ter is observed in nanographene with defective structures.130,131

Indenofluorenes and their p-extended derivatives provide sup-
port for the deep understanding of biradical character in
defective structures.132 For instance, Haley et al. developed a
new species 48 intercalated by a five-membered ring, which
possessed remarkable stability and open-shell character.

The fundamental OFET devices, constructed by the film of 48,
yielded a balance ambipolar transport with a hole mobility
of 2 � 10�3 cm2 V�1 s�1 and electron mobility of 4 �
10�3 cm2 V�1 s�1.77 Furthermore, replacing the aromatic ring
on the periphery in indenofluorenes also generates biradical
species with considerable biradical character, such as
thiophene-integrated species.133 Surprisingly, the rational
design of helical arenes endow them with biradical character.
Wu et al. illustrated the successful integration of biradical
character and helicenes. Benefiting from the helical structure
and biradical character, compound 50 not only presented chiral
features, but also delivered ambipolar transport behaviors.79

3.2. Organic solar cells

Organic solar cells (OSCs) are promising energy-harvesting
devices and have great potential for wide practical applications
due to their light weight, soluble processing, low cost, low
pollution, etc.134 In recent years, rapid development has been
achieved in OSCs, especially devices constructed using non-
fullerene acceptors. For instance, Zhan et al. discovered a new
acceptor, ITIC, based on a fused-ring core, which broke the
limit of the fullerene acceptor.135 In 2019, Zou et al. reported
a record efficiency employing Y6 as an acceptor.136 These
examples imply the advantages brought by fused-ring electron
acceptors. Composed of multi fused-rings, PAH materials pre-
sent a wide absorption spectrum accompanied with strong
adsorption in the visible light region due to their large con-
jugate structures, which have an effect on various indexes of
OSCs, resulting in high performances (Fig. 14). In addition,
PAH materials produce a spatial structure to suppress strong
self-aggregation, benefiting from their blend morphology,
which leads to high performances. This is in contrast to the
intensive aggregation expected in OEETs, implying the excel-
lent adaptability of PAH materials. A detail discussion of their
applications in OSCs is presented below.

The power conversion efficiency (PCE) is the most important
parameter in organic solar cells, which determines whether
they can be used for practical applications. Therefore, continuing
efforts are devoted to increasing the PCE. Generally, OSCs are
composed of electrodes, a transport layer, and active layer, where
among them, the most important is the active layer. To obtain a
high PCE, it is essential to focus on the active layer and its

Fig. 14 Schematic of OSCs and the unique features of PAH-based materials as the active layer in OSCs.
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constituent materials. The active layer is a binary system, con-
sisting of a donor and acceptor, or multiple systems, where a
photocurrent is generated. A high PCE is guaranteed by the
positive coordination between the donor and acceptor. The
physical processes of OSCs include light absorption, exciton
generation, exciton diffusion, and exciton dissociation, where
excitons are regarded as Coulombically bound electron–hole
pairs.137 Before any further discussion, it is vital to realize that
the performance of OSCs depends heavily on the chemical
structure of their donor and acceptor molecules. The PCE is
determined by the open-circuit voltage (Voc), short-circuit current
(Jsc), and fill factor (FF) as the product of three parameters, and
these three parameters are closely related to both the donor and
acceptor structure. Firstly, as a device that absorbs sunlight
and then converts it to electricity, absorption in the full visible
region, as much as possible, is a prerequisite to ensure effective
exciton generation and exciton dissociation, which strongly affect
Jsc. Consequently, the complementary absorption of the donor
and acceptor must cover the visible region as much as possible.
However, the absorption of the donors is limited, and thus

molecules with a large conjugate plane are necessary due to their
broadened absorption. Alternatively, carrier transfer is required in
the active layer, and the HOMO of the donor material needs to
match the LUMO of the acceptor for carrier transport. This energy
difference has an effect on Voc, which indicates that the donor and
acceptor should be carefully selected.138 Moreover, the carrier
mobilities of the donor and acceptor materials affect the FF,
which depends on the efficient extraction of carriers produced by
light. In the active layer, the FF can be improved by the existence
of crystalline or relatively pure aggregation domains, which meets
the demand for the active layer. In fact, regulating the morphology
of the active layer is the most complex and common issue in
OSCs. For optimal device efficiency, it is believed that nano-
scale phase separation is required, which can balance efficient
carrier generation and inhibition of recombination.137,139 Briefly,
adjusting topography is overall engineering, which requires many
factors to be comprehensively considered.140

In 2014, Nuckolls et al. employed different donors to build
devices with 34 as the acceptor, where the two donors exhibited
different absorption.141 The results demonstrated that the

Fig. 15 PAH-based OSCs. (a) Molecular design strategy for PDI-based acceptor. (b) Molecular shape, 2D-GIWAXS patterns and performance of 23.
Reprinted with permission from ref. 64. Copyright 2016, the American Chemical Society. (c) 2D-GIWAXS patterns and performance of 12 and its
precursor. Reprinted with permission from ref. 45. Copyright 2018, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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systems with more complementary spectra presented a higher
PCE in the absence of additives. This is because the Jsc becomes
larger due to the more complementary spectrum of absorption,
corresponding with the previous understanding. PDI-based
non-fullerene acceptors have also found application in solar
cells.142 Many of them are p-expanded rather than monomers,
which results in wide absorption for adapting their applications
in OSCs.142,143 Molecules with a large conjugated plane, such as
PDI, possess strong self-aggregation ability due to their inter-
molecular p–p interaction, which is beneficial for OFETs but is
disadvantageous in OSCs. This issue leads to unfavorable large-
scale phase separation, which is usually accompanied by low
PCE.67 Thus, to alleviate the issue, several strategies for the
design of molecules have been proposed including twisted
structure, so-called quasi-2D structure and 3D structure (Fig. 15a).
All three strategies, essentially, result in structural distortions in the
molecules to inhibit their self-aggregation. Jen et al. illustrated that
the geometry of 8 showed distortion with a twist angle of up to
27.21.44 Then OPVs were constructed by selecting PTB7-Th as the
donor and an average PCE of 5.69% was achieved. AFM analysis
clearly demonstrated that favorable phase separation was realized,
resulting in positive FF. Besides, compared with 8, the molecule
before the ring-closing reactions exhibited a lower PCE with a low
Jsc, which was partly attributed to the different absorptions in the
short wavelength region. This confirms that the broad absorption
originating from the large conjugate plane is beneficial to the
performance of the devices.

In fact, in the so-called quasi-2D structure, the rigidity of the
molecule offsets the adverse effects of the distorted structure
on its transport performance. Zhang et al. investigated the
device performance of 40, which presented a PCE of 5.89%.68

Although the quasi-2D structure did not work as well as
expected, balanced carrier transport was realized. The AFM
images of both the blend film of 40 and its precursor exhibited
decent miscibility and morphology compatibility, and therefore
their FF were similar. The unexpected low performance was on
account of the strong bimolecular recombination and unfavor-
able packing properties in the blend film.

In 2016, Wang et al. explored the three-bladed propeller-
shaped molecule 32, the crystal of which showed a compact 3D
network assembly. It was employed as an acceptor to build an
OSC and a considerable PCE was obtained due to its compre-
hensive performance such as broad absorption and good film
morphology (Fig. 15b).64 When DIO was further employed for
optimization, the donor in the blend film tended to adopt a
face-on orientation, resulting in an improved performance.
Selenium-annulated functionalization was used to improve
the performance and the results were promising with a PCE
of up to 8.05%. Further, with the modification of the additive,
the PCE of the device improved to 9.28%, which implies that
additives are a powerful tool to regulate the device perfor-
mance. Yan et al. reported three PDI-based molecules 10, 11,
and 12 with different fusions to the core benzene ring. The
three materials were employed as acceptors to build OSC
devices, and compared with the blend film of precursor of 12,
the blend film of 12 presented an enhanced degree of ordering

and larger coherence length, which was beneficial for the
device FF and Jsc, generating a higher PCE (Fig. 15c). It is
suggested that ring-fused PDI-based materials perform better
than non-fused materials in OSC devices.

The properties of the molecules mentioned herein that are
qualified for use in OSCs are summarized in Fig. 16. Although
these properties lag behind current developments, they provide
an impressive and sharp understanding of the structure–property-
performance relationship in OSCs.

3.3. Other applications

Superconductivity. Superconductivity is a unique physical
phenomenon, which has attracted great interest. As early as
1964, the American scientist Little boldly proposed a model
that suggests organic molecules also have the possibility of
superconductivity.144 This greatly encouraged further research.
With the development of their understanding, scientists are
conscious that an ideal organic superconducting chain requires
p electrons to travel in molecules with exactly the same length
of single and double bonds for superconductivity.145 Accord-
ingly, the benzene ring is a hexagon satisfying these conditions
and molecules based on the benzene ring skeleton can achieve
superconductivity. In 2010, Kubozono and co-workers discovered
that 23 intercalated by an alkali metal, forming a black power,
produced superconductivity (Fig. 17a).146 The superconducting

Fig. 16 Summary of the power conversion efficiency (PCE) based on the
acceptor in this part. (PTB7-Th: poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-
yl)benzo[1,2-b;4,5-b0]dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-fluoro-
thieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)]; PBDTT-TT: poly[4,8-
bis(5(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b0]dithiophene2,6-diyl-
alt-(4-(2-ethylhexyl)-3-fluorothieno[3,4-b]thiophene)2-carboxy late-2,6-
diyl]; and P3TEA:poly[2-octyldodecyl 5-(5,6-difluoro-7-(4 0-(2-hexyl-
nonyl)-50-methyl-3-(((2-octyldodecyl)oxy)carbonyl)-[2,2 0-bithiophen]-5-
yl)benzo[c][1,2,5]thiadia zol-4-yl)-500-(5,6-difluoro-7-(5-methylthiophen-
2-yl)benzo[c][1,2,5]thiadiazol-4-yl)-4 0-(2-hexylnonyl)-[2,2 0:50,200-terthio-
phene]-3-carboxylate].).
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transition temperature of this binary system was found to be 7 K
and 18 K, depending on the metal content.

Pseudocapacitors. Pseudocapacitors are energy storage
devices that store energy from electrochemical processes. This
type of device inherits the elements from both batteries and
capacitors and it is expected to be widely used in areas such as
new energy vehicles. Nuckolls et al. designed a new porous
structure based on triptycene subunits and PDI.147 The archi-
tecture after photocyclization contained multiple pores with a
diameter size of approximately 3 nm and possessed a high
internal surface area (Fig. 17b). The pseudocapacitor con-
structed using porous-2 displayed capacitance values of up to
190 F g�1 and little decay in capacitance after 10 000 cycles.
Although the capacitance of porous-2 was lower than that of
porous-1 (350 F g�1), the variation from porous-1 to porous-2
demonstrated the tunability of the material performance.

4. Conclusions

PAH-based materials are endowed with attractive optical,
electrical, magnetic and even chiral features due to their large
p-conjugated planes and unique structures. These abundant
molecular species and properties further stimulate their poten-
tial applications in various organic optoelectronic devices. In
this review, initially, we presented the typical ring-closing
reactions, including the Scholl-type reactions, iodine-promoted
photocyclization reactions and palladium-catalyzed annulation
reactions, and attempted to deliver a summary of the charac-
teristics of these reactions and their application in the synthesis
of PAH-based organic semiconductors. Subsequently, the device
applications triggered by these PAH materials were also demon-
strated with special focus on OFETs, OSCs, and their functional
devices, such as chiral OFETs and biradicaloid-based OFETs.

Based on the above review on the development of the PAH
field, some perspectives are given as follows: (1) it is essential to
further develop and optimize the current ring-closing reactions

for precisely synthesizing high-quality and more complex PAHs,
which is the premise and basis for achieving much higher
performances and exploring novel properties. (2) The internal
correlation mechanism between molecular structure and pro-
perties should be well established. This is important for appro-
priately guiding the flowing synthesis of PAHs with oriented
function.148 (3) Efforts should be devoted to developing various
PAH materials with novelty and versatility. The most striking
feature of PAH materials is their large conjugated system
and unique molecular characteristics, which give them the
potential to produce interesting optical, electrical and magnetic
properties or to break through the current single performance,
such as the integration of high mobility and luminescence,
which is crucial for next-generation display technology and
electrical-pumped lasers.149–151 Finally, we believe that as more
and more efficient synthetic methods are developed, more
PAHs with diverse structures and excellent performances, even
artistic, will be achieved, which will present uniqueness in the
application of functional devices and research on novel physical
properties.
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