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Abstract: Polycyclic aromatic hydrocarbons (PAHs) have attracted enormous interest due to
their unique electronic and optoelectronic properties as well as the potential applications in
organic electronics. This article reviews the progress in the modern synthesis of large PAHs
with different sizes, shapes, edge structures, and substituents. Due to their outstanding self-
organization characteristics, the discotic liquid-crystalline properties, self-assembled
nanostructures on the surfaces, as well as the application in electronic devices will be
discussed.
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INTRODUCTION 

Polycyclic aromatic hydrocarbons (PAHs) are a class of unique compounds that consist of fused con-
jugated aromatic rings and do not contain heteroatoms or carry substituents [1]. These compounds can
be point source (e.g., oil spill) or non-point source (e.g., atmospheric deposition) and are one of the
most widespread organic pollutants. Some of them are known or suspected carcinogens, and are linked
to other health problems. They are primarily formed by incomplete combustion of carbon-containing
fuels such as wood, coal, diesel, fat, tobacco, or incense [2,3]. Tar also contains PAHs. Different types
of combustion yield different distributions of individual PAHs which can also give rise to isomers.
Hence, those produced from coal combustion are in contrast to those yielded by motor-fuel combustion,
which differ from those produced by forest fires. Some PAHs occur within crude oil, arising from chem-
ical conversion of natural product molecules, such as steroids, to aromatic hydrocarbons. They are also
found in the interstellar medium, in comets, and in meteorites, and are a candidate molecule to act as a
basis for the earliest forms of life [4]. 

As defined by the International Union of Pure and Applied Chemistry (IUPAC), the simplest
PAHs are phenanthrene and anthracene. PAHs may contain four-, five-, six-, or seven-membered rings,
but those with five or six are most common. PAHs comprised only of six-membered rings are called
alter nant PAHs. Certain alternant PAHs are called “benzenoid” PAHs. PAHs containing up to six fused
aromatic rings are often known as “small” PAHs, and those containing more than six aromatic rings
are called “large” PAHs. Due to the availability of samples of various small PAHs, the main research
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on PAHs has been focused on those of up to six rings. Examples of well-known PAHs are shown in
Fig. 1. 

In graphene, the PAH motif is extended to large 2D sheets, which can be regarded as graphene or
graphite segments (Fig. 2), and represents one of the most intensively investigated class of compounds
in synthetic chemistry and materials science. The systematic study of PAHs and their application as ma-
terials have spurred scientist for several decades, however, only a few selective synthetic methods have
been established so far. Fundamental contributions to the directed synthesis and characterization of
polycyclic aromatics were pioneered by R. Scholl, E. Clar, and M. Zander, who achieved the synthesis
of numerous aromatic compounds under drastic conditions at high temperatures with strong oxidation
[5–10]. The synthetic breakthrough was achieved as a result of progress of analytical techniques and
made the selective synthesis of various PAHs under mild conditions possible [11]. 

One of the intrinsic properties of the PAHs is their aromaticity, which has attracted great interest
in theoretic chemistry [12], different theoretical methods have been applied to estimate the electronic
properties of graphite based on PAHs with increasing size and varying topologies. As a result of the de-
velopment of organic semiconductors [13], PAHs with unique electronic and optoelectronic properties
have received great attention in the scientific community. Large PAHs terminated by hydrogen, alkyl
substituents, and functional groups, which endow a facile solution processing, are promising candidates
in organic devices such as light-emitting diodes (LEDs), field-effect transistors (FETs), and photo-
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Fig. 1 Examples of prominent PAHs.

Fig. 2 Layer structure of graphite.



volatic cells [14,15]. Additionally, 2D all-benzenoid graphitic molecules with appropriate substituents
are fascinating due to their highly stable columnar mesophases, which are desirable for device pro-
cessing [14–16]. Furthermore, well-defined nanostructures resulting from supramolecular self-assem-
bly of PAHs, such as nanotubes and nanowires, have a great potential in nanotechnology [17–19].

SYNTHESIS

Besides small PAHs, which have been isolated from coal tar and catalytic hydrocarcking of petroleum,
a far more defined preparation of PAHs is possible by means of synthetic organic chemistry, as shown
by the pioneering work of R. Scholl, E. Clar, and M. Zander. The most generally used methods for the
construction of PAH ring systems are summarized in the following section, including the most recently
developed synthetic methodologies, and indicate the trend of this research field toward the development
of milder methods, which proceed with high regioselectivity and yields.

Intra- and intermolecular Diels–Alder reaction

Diels–Alder reaction is surely one of the most efficient synthetic methods to create carbon–carbon
bonds. One of the recent examples is to synthesize the pentacene derivative as illustrated in Fig. 3.
Maleic anhydride and quinones, such as benzoquinone, are frequently employed as dienophiles for this
purpose. Here the double Diels–Alder strategy of Danieshefsky’s diene with anthradiquinone affords a
cycloadduct that is finally converted to the substituted pentacene 1 by reductive deoxygenation/aroma-
tization [20]. 

An elegant entry to oligophenylene structures can be achieved by intramolcular [4+2] cyclo -
addition of suitable phenylene-vinylene derivatives, followed by aromatization of the newly formed
cyclo hexene structures. An example for such strategy is a suitable precursor for a 60 carbon-contain-
ing, rhombus-shaped PAH 5 (Fig. 4) [21,22]. The para-terphenyl derivative 2 is subjected to a nearly
quantitative intramolecular [4+2] cycloaddition at 135 °C to form the cyclohexene derivative 3.
Following the mild oxidation with 2,3-dichloro-4,5-dicyanoquinone (DDQ) and CuCl2/AlCl3, the pre-
cursor is planarized to the desired molecule 5.
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Fig. 3 Example of Diels–Alder cycloaddition for the synthesis of PAHs.



Ring-closing olefin metathesis (RCM)

Strategies involving transition-metal catalysis are attractive because of the mild reaction conditions. For
example, palladium-catalyzed cross-coupling is popular for the formation of aryl-aryl σ-bonds. RCM
has emerged as a powerful tool for the preparation of double bonds in cyclic organic compounds but
has only recently been applied to PAHs. The first preparative utility of RCM to generate functionalized
phenanthrenes is from 2,2'-divinylbiphenyl derivatives. As a typical example shown in Fig. 5, the dou-
ble RCM of terphenyl precursors affords dibenz[a,j]anthracene 6 and dibenz[a,h]-anthra cene 7 in good
yields [23,24].

The need for more highly substituted and structurally varied helicenes has led to the development
of new methods as replacements of the classical synthesis by the photocyclization of stilbenes. As a re-
sult, very recently, RCM has also been used to synthesize the substituted [5]helicenes 8 and even [6]-
and [7]helicenes in good to high yields (Fig. 6) [25].
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Fig. 4 Synthesis of rhombus-shaped PAH 5.

Fig. 5 Double RCM synthesis of acenes.



Benzannulation and electrophilic cyclization

The published methods for the synthesis of coronenes 9 are plagued with long procedures and ineffi-
ciency, typically including a pyrolysis step at high temperatures. The lack of a convenient and efficient
synthesis of coronenes impedes their progress in organic chemistry. Scott and co-workers firstly pro-
posed a short synthesis of coronenes from metal-catalyzed benzannulation of bis(1,1-ethynyl)alkene
species [26], which was a useful precursor for the flash-vacuum pyrolysis (FVP) synthesis of coronenes
and could be prepared conveniently in three steps from commercially available anthraquinone (Fig. 7).
By using 20 mol % RuPPh3(cymene)Cl2 catalyst, a 15~20 % yield of coronene was for the first time
obtained by chemical reactions in solution, which is already much higher than that of the FVP method.
Liu and co-workers optimized the reaction conditions by using TpRuPPh3(CH3CN)2PF6 as catalyst,
amazingly, an 86 % yield of coronene could be achieved [27]. By using their conditions, coronene de-
rivatives with various substituents could be synthesized for the first time. This synthetic strategy can
also be utilized for the synthesis of oligoacene derivatives, such as compound 7.

With the goal of ultimately preparing polymeric fused or ribbon-like PAHs, Swager and co-work-
ers have successfully developed the electrophilic cyclization to build up polyacences by using the strong
electrophilic iodine reagent I(pyridine)2BF4 or trifluoroacetic acid [28,29]. The reaction conditions
were very mild and mostly provided high yields. The typical example is shown in Fig. 8, starting from
the conjugated polymers with 2,5-substituted diphenylacetylene units, conjugated ladder polymers or
graphite ribbon 10 could be constructed in quantitative yields. The same synthetic protocol is also use-
ful for the building of related oligoacenes and thioacenes. Larock and co-workers observed that ICl was
a strong electrophilic reagent for this reaction, and could be widely used under mild conditions with
high yields [30].
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Fig. 6 Preparation of substituted helicenes.

Fig. 7 Examples for the synthesis of PAHs by benzannulation.



Intramolecular photocyclization of stilbene-type compounds

The photoinduced ring closure of stilbene-type compounds has been extensively used in the preparation
of condensed PAHs [31–33]. Different stilbenes can be conveniently prepared by employing
Wittig–Heck as well as McMurry coupling reactions. Therefore, various PAHs can be easily made, for
example, circumanthracene 11 (Fig. 9).

Very recently, Nuckolls and co-workers have developed a novel approach toward a phase-form-
ing, distorted hexa-cata-hexabenzocoronene derivative 12 (Fig. 10) [34], whereby the decisive step is
accomplished by the photocyclization. The material formed columnar liquid-crystalline phases with
high charge-carrier mobilities as determined in FETs.

Flash-vacuum pyrolysis

The conversion of appropriate precursors to condensed PAHs at high temperature with short contact
time in the hot zone is referred to as flash-vacuum pyrolysis (FVP). The key point is the design of the
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Fig. 8 Synthesis of polyacene by electrophilic cyclization.

Fig. 9 Synthesis of circumanthracene.

Fig. 10 Synthesis of hexa-cata-hexabenzocoronenes.



precursors, which should have a good thermal stability and reactive sites. A typical example is the syn-
thesis of corannulene 13 in good yield (Fig. 11) upon the treatment of 7,10-bis(1-chlorovinyl)fluoran-
thene under FVP condition [35,36]. This synthetic method has been successfully developed to yield dif-
ferent bowl-shaped PAHs and fullerenes [37–39].

Oxidative cyclodehydrogenation

In the presence of Lewis acid catalysts, the intermolecular or intramolecular coupling of two aromatic
rings is called the “Scholl reaction”. The detail mechanism for this reaction is, however, still not yet
clearly understood. A stepwise arenium cation mechanism and a radical cation mechanism are sug-
gested theoretically [40,41]. With appropriate oligophenylene precursors, the Scholl reaction has been
developed as a powerful tool to produce various all-benzenoid PAHs [14,15]. A typical example is the
synthesis of hexa-peri-hexabenzocoronenes (HBCs) 15 and their derivatives (Fig. 12) from substituted
hexaphenylbenzene precursors (14) by treatment with iron(III) chloride or AlCl3-Cu(OTf)2.

A simple approach to HBCs with D6 symmetry is starting from the Co2(CO)8 catalyzed cyclo -
trimerization of diphenylacetylenes to afford hexaphenylbenzene derivatives (Fig. 12). It opens up the
possibility to introduce solubilizing alkyl side-chains as well as functional groups on HBCs, and ren-
ders them into ordered columnar liquid-crystalline phases. An extraordinary versatile route to prepare
differently symmetric hexaphenylbenzenes is the Diels–Alder reaction of tetraphenylcyclopenta-
dienones (CPs) with diphenylacetylenes (Fig. 13). The versatility of this concept becomes obvious re-
garding the defined preparation of HBC derivatives of different substitution types. By variation of the
substituents in the diphenylacetylene or CP, it is possible to furnish different substitution patterns as
shown in Fig. 13, such as mono-substituted, “ortho”-disubstituted (C2 symmetry), and “para”-disubsti-
tuted (D2 symmetry) HBCs. 
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Fig. 11 Synthesis of corannulene by FVP method.

Fig. 12 General synthesis of D6 symmetric HBCs.



Very recently, a series of “para” symmetrically and unsymmetrically substituted hexaphenylben-
zene analogs could be accomplished by using a sterically hindered Suzuki coupling reaction of aryl-
boronic acid with 1,4-diiodo-2,3,5,6-tetraarylbenzenes under optimized reaction conditions [42]. This
synthetic strategy offers remarkable opportunities to achieve various “para”-disubstituted (D2 symme-
try) and unsymmetric HBCs (Fig. 14). In particular, the synthesis of push–pull structure
(donor–HBC–acceptor) based on the HBC can be realized for the first time [43]. 

Although the synthesis of HBCs with D6 symmetry and low symmetry have been widely made,
the obstacles to access HBCs with C3 symmetry was only resolved quite recently [44–49]. While the
cyclotrimerization of symmetric diphenylacetylenes allows the synthesis of D6 symmetric hexaphenyl-
benzenes and thus D6 symmetric HBCs, two isomers are formed when asymmetric diphenylacetylenes
are used and are normally difficult to be separated [47–49]. By optimizing the different polarity between
two substituents on the asymmetric diphenylacetylenes, after cyclotrimerization, the isomers can be
separated by columnar chromatography (Fig. 15). On the basis of this synthetic concept, a class of C3
symmetric HBCs with alternating polar/apolar substituents can be obtained [47–49]. These HBCs car-
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Fig. 13 General synthesis of low symmetric HBCs. Different substitution patterns of HBC derivatives (X indicates
alkyl substituents or functional groups).

Fig. 14 Synthesis of HBCs based on the Suzuki coupling approach.



rying three solubilizing alkyl chains and three functional groups, such as ester groups and methoxy
groups, thus enable a high level of control over the self-assembly in solution, in bulk and on the sur-
face. Furthermore, asymmetric HBCs can also be derived by this synthetic route. 

By contrast to the conventional route with using hexaphenylbenzene as precursors, a novel design
of suitable 1,3,5-tris-2'-biphenylbenzene derivatives also enables a versatile synthesis of a class of C3
symmetric HBCs (Fig. 16) [44,46]. Hence, a key building block 1,3,5-tris-2'-bromophenylbenzene 16
was synthesized firstly in an efficient way, and allowed single or multi-step transition-metal-catalyzed
coupling reactions to provide a series of C3 symmetric 1,3,5-tris-2'-biphenylbenzene precursors. After
the final treatment with FeCl3 under mild conditions, D3 symmetric HBC with three alkyl substituents
(17) and C2 symmetric HBC with two alkyl substituents (18) were both obtained from this route [46].
In addition, the building block 15 can be further extended to synthesize a series of C3 symmetric den-
dritic 1,3,5-tris-9'-phenanthrenylbenzene and other substituted 1,3,5-tris-2'-arylbenzene precursors,
thus providing the possibility to access a class of triangle-shaped (19, 20) and semi-triangle-shaped
PAHs (21) [45].
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Fig. 15 Synthetic route toward C3 symmetric HBCs with alternating polar/apolar substituents.



Obviously, one of the major goals of large PAH synthesis is to produce improved and structurally
defined model compounds of graphene. By employing the previous concept, large dendritic oligo -
phenylene precursors with different size and shape were designed by using the Diels–Alder reaction or
cyclotrimerization based on suitable building blocks. After planarization of these precursors, all kinds
of large benzenoid PAHs with different molecular sizes, symmetries, and peripheries have been avail-
able (Fig. 17). Up to now, the largest PAH (24) with disc shape containing up to 222 carbon atoms is
accessible [50]. Other large PAHs with, e.g., cordate-shape (C96, 22), square-shape (C114, 23), and
others are also attainable [51,52].

Based on the established sterically hindered Suzuki reaction conditions (Fig. 18), low poly -
dispersed hexaphenylbenzene-type polymers can be constructed, which can then be cyclo -
dehydrogenated to obtain 1D graphene nanoribbons 25 [53]. These soluble nanoribbons with lengths of
up to 12 nm can be fully characterized by UV/vis absorption spectroscopy, mass spectrometry, as well
as scanning tunnelling microscopy (STM), which by all means support the successful cyclodehydro-
genation of large polyphenylene systems. Therefore, this organic chemistry approach presents an intel-
ligent concept toward the synthesis of structurally perfect graphene nanoribbons, which can never be
accessed by physical exfoliation and lithography methods. 
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Fig. 16 The versatile synthesis of C3 symmetric HBCs and triangle-shaped discotics based on the key building
block 16.



The most recent progress in the synthesis of large PAHs is the inclusion of additional double
bonds on the periphery of HBCs, which act as the “zigzag” armchair. It is well known that the armchair
with double bond-like characteristics will dramatically influence the electronic and optoelectronic prop-
erties of PAHs, as well as their chemical reactivities [54,55]. Up to now, HBCs with mono-, double-,
and tri-zigzag have been successfully synthesized (Fig. 19) [45,56,57]. In addition to the achievement
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Fig. 17 Chemical structures of several large PAHs. 

Fig. 18 Synthesis of graphene nanoribbons.



of all-hydrocarbon-based nanographene building blocks, electron-rich and -poor heteroatoms such as
sulfur and nitrogen have also been successfully incorporated into the nanographene units [48,58]. The
further functionalization and modification based on these building blocks will be the future focus. 

SELF-ORGANIZATION AND DISCOTIC LIQUID CRYSTALS (DLCs)

Introduction and materials

The hierarchical self-assembly of disc-shaped molecules leads to the formation of DLCs
[15,16,59,60]. Vorlander in 1908 established his rule that liquid-crystalline compounds must have a
molecular shape as linear as possible. All the liquid-crystalline materials prepared over about 90 years
belonged to this family. However, in 1977 S. Chandrasekhar reported that not only rod-like molecules,
but also compounds with disc-like molecular shape are able to form mesophases [61]. It was estab-
lished that a number of benzene-hexa-n-alkanonates, from thermodynamic, optical, and X-ray studies,
can form a new class of LCs in which molecules are stacked one on top of the other within columns
that further assemble in a hexagonal arrangement. DLCs essentially consist of three types of
mesophases, with varying degrees of organization: columnar (col), nematic-discotic (Nd), and lamel-
lar discotic, where the structure of the latter has not yet been fully elucidated (Fig. 20) [62]. Three 2D
lattices are possible in a mesophase of columnar structure: hexagonal, rectangle, or oblique as shown
in Fig. 21. The discs are either perpendicular or slightly tilted with respect to the columnar axis. 
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Fig. 19 HBCs with different zigzag peripheries.

Fig. 20 Schematic representation of different mesophases of DLCs.



A majority of DLCs form columnar mesophases probably due to the phase separation between
the rigid aromatic core and peripheral flexible side-chains as well as intense π–π interactions of aro-
matic cores. The core–core separation in a columnar mesophase is usually of the order of 3.5 Å so that
there is considerable overlap of π-orbitals. As flexible long aliphatic chains surround the core, the in-
tercolumnar distance is usually 20–40 Å, depending on the lateral chain length. Therefore, the inter -
actions between neighboring molecules within the same column would be much stronger than inter -
actions between neighboring columns. Consequently, charge migration in these materials is expected to
be quasi-1D and anisotropic. Conductivity along the columns in the columnar mesophases has been re-
ported to be several orders of magnitude higher than in the perpendicular direction [63–65]. Thus, the
columns may be described as molecular wires (Fig. 22). So far, charge-carrier mobility as high as
1.1 cm2 V–1 s–1 along the columns has been observed for HBC at the crystalline phase [66]. 

The supramolecular assemblies of disc-shaped molecules have been extensively studied for the
energy and charge migration in organized systems and their device applications, such as 1D conductors,
photoconductors, LEDs, photovoltaic solar cells, FETs, and gas sensors have been sought [67,68].
Currently, the number of DLCs derived from more than 50 different cores comes to about 3000. In
Fig. 23, some of the most prominent DLCs are shown, which range from the first reported hexa-alka-
noyloxy-benzenes to porphyrins, phthalocyanines, triphenylenes, hexaazatriphenylenes, perylenes,
macrocycles, HBCs, and others [69–78]. 
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Fig. 21 Top view of 2D lattices of columnar phases. The ellipses denote discs that are tilted with respect to the
columnar axis. 

Fig. 22 Schematic view of charge migration in columnar phase.



Characterization of the self-organization

In order to gain deep understanding of the molecular ordering in the bulk phase of discotics, thermo-
gravimetric analysis (TGA), differential scanning calorimetry (DSC), polarized optical microscopy
(POM), and X-ray diffractometry are necessary tools for structural characterizations. DSC, POM, and
X-ray reveal the columnar packing in different phases. Solid-state NMR spectroscopy is an additional
valuable tool to probe the packing mode at the molecular scale. Sometimes, solid-state UV–vis spec-
troscopy, atomic force microscopy (AFM), scanning electron microscopy (SEM), and transmission
electron microscopy (TEM) can also be combined to understand the phase transitions, and self-organi-
zation in thin layers upon the thermal annealing in the mesophase. 

For the alkyl substituted HBCs, TGA revealed that the derivatives are stable up to 400 °C, at
which temperature decomposition of the substituted alkyl chains starts [15]. Three phases are typically
observed (Fig. 24); both X-ray and solid-state NMR experiments revealed a tilted columnar organiza-
tion in the crystalline phase, in which the aromatic core is crystallized and positioned on fixed lattice
points. In the mesophase, the rotation of HBC discs around the column axis is possible, and the discs
are perpendicular to the columnar axis. In the isotropic phase, the materials behave like the normal liq-
uid without anisotropy. Two-dimensional wide-angle X-ray scattering measurements of extruded
fibers are surely one of the most important methods to extract detail information about supramolecu-
lar organization of HBCs in the solid state (Fig. 25) [79]. The 2D patterns with information regarding
the stacking within the columns and the intercolumnar arrangement in different phases are then ob-
tained. 
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Fig. 23 Selection of prominent DLCs.



Self-assembly of discotics on the surface

In the quest for the fabrication of miniaturized devices based on molecular objects and nanostructures,
the self-assembly of conjugated π-molecules on the surfaces are essentially important. There are basi-
cally two approaches to this research field, the first one is grounded on the visualization and manipula-
tion of single molecules or small aggregates, which is named as single molecular electronics; the sec-
ond field is based on the fabrication of nanostructures in the device, such as nanofibers (nanowires),
nanotubes, and nanospheres, which has been spurred intensively in the recent years.

STM makes it possible for the first time to generate real-space images of PAHs with a resolution
at the submicrometer scale. The ultra-high vacuum deposition (UHV) STM is limited to small mole-
cules which are easy to be sublimed. Therefore, only a few HBC derivatives could be deposited due to
the relative high sublimation temperature. Using soluble, alkyl substituted HBC derivatives, face-on
monomolecular layers could be prepared by self-assembly from solution on highly oriented pyrolytic
graphite (HOPG), and could be analyzed with STM at the liquid–solid interface [80]. This methodol-
ogy represents a useful approach to study the self-assembly behavior of molecules on the surface, which
can be solution-processable. Figure 26 shows the ordering pattern of hexadodecyl-HBC (HBC-C12) on
HOPG. Due to their specific areas of the molecules, the study by scanning tunnelling spectroscopy
(STS) revealed different current–voltage curves for the aromatic and the aliphatic areas [81]. Very re-
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Fig. 24 Schematic representation of the self-organization within three phases of substituted HBCs.

Fig. 25 Schematic illustration of the experimental set-up and principle for 2D WAXS measurements on extruded
filaments.



cently, C3 symmetrical triangle-shaped discotics are observed to self-assemble into ordered honeycomb
networks [45], the driving force could be ascribed to the molecular interface and molecular–molecular
interactions, therefore allowing potential applications in molecular switches and host–guest recogni-
tions [82]. On the other hand, at the n-tetradecane/graphite interface, HBC-C12 can spontaneously form
uniaxial columnar stacks on graphite. These nanocolumns are aligned horizontally on the substrate,
with individual molecules in edge-on orientation, and are adsorbed on an intermediate face-on
HBC-C12 monolayer into [HOPG/face-on/edge-on] self-organized systems [83].

In general, columnar nanostructure growth through strong π-stacking of alkylated discotic build-
ing blocks combined with additional intermolecular forces are attractive, both as “nanowires” and as
molecular systems forming uniform films with a high degree of columnar orientation [84,85]. Recently,
HBCs self-assembled into well-defined nanotubular or fibrous objects with a large number of π-stacked
HBC units, have gained wide attention due to their semiconducting character [17–19].

In Fig. 27a, the optical microscopy depicts a pronounced aggregation propensity of an HBC-C12
after solution casting. The resulting drop-cast film consists of fiber-like structures when deposited on
an FET. Each microfiber consists of the typical columnar stacks that form due to the π-stacking inter-
actions of the HBC-C12 molecules. Charge-carrier transport takes place along the axis of the columns,
the transistor shows a saturated hole mobility of μsat = 3 × 10–4 cm2/Vs and a source drain current on/off
ratio of Ion/Ioff =2 × 105. This moderate charge-carrier mobility can be related to macroscopic columns
connecting the source and drain electrodes [86]. 
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Fig. 26 Self-assembly of HBC-C12 (a, compiled from ref. [80]) and triangle-shaped PAH 21 (b, compiled from ref.
[82]) on the liquid–solid interface.

Fig. 27 Self-assembly of HBCs into fibrous nanostructure on the surface. (a) optical image of the morphology of
HBC-C12 drop-cast from toluene (1.0 × 10–4 M) without cross-polarizers; (b) SEM image of C3 symmetric HBC
with alternating hydrophilic/hydrophobic substituents from MeOH:CHCl3 = 2:1 solution (1.0 × 10–4 M), compiled
from ref. [49].



Since the above-described method for fiber growth is strongly dependent on the nature of mole-
cules, an appropriate way to fabricate fibers on the surface is to design new HBC molecules which can
combine the strong π-stacking associated with additional noncovalent interactions [47–49]. C3 sym-
metric HBCs with alternating hydrophilic/hydrophobic substituents allow control over the self-assem-
bly in solution, in bulk, and on the surfaces, and thus are good candidates for this application.
Figure 27b shows the fiber formation of this kind of HBC on the surface by facile casting from appro-
priate MeOH/CHCl3 cosolvents [49]. 

DLCs for electronic devices

DLCs, which are formed by large PAHs, are attractive as charge-carrier transporting materials due to
the formation of quasi-1D columnar structure. The hexahexylthioether substituted triphenylenes were
the first examples of DLCs with high 1D charge-carrier mobility, whereby the highly ordered helical
packing of discotics was expected to be the reason [87]. The formation of helical stacks does not only
enhance the charge-carrier transport, but leads in addition to high stability of the supramolecular struc-
tures at elevated temperatures due to the improved interaction between molecules [45,47,57]. HBC and
derivatives with larger rigid core compared with other mesogens allow large π-orbital overlap between
the discs in the column. As a result, alkyl and alkylphenyl substituted HBCs possess a number of ex-
cellent properties such as high order, and the highest charge-carrier mobility (up to 1.13 cm2 V–1 s–1)
of all known DLC materials. The control of helical organization over HBC and extended PAH deriva-
tives can be accomplished through the introduction of bulky phenyl groups [45,57,88]. The introduc-
tion of additional alternating hydrophilic/hydrophobic substituents even enables the staggered arrange-
ment between every two molecules within the columnar superstructures [89]. Theoretic simulation of
ideal system with this unique molecular organization indicates the charge-carrier mobility up to
15.9 cm2 V–1 s–1 can be available, which is so far the highest value for all discotics. Considerable scien -
tific and technological efforts have been devoted to DLCs for applications as active components in
FETs, photovoltaic cells, and LEDs. 

Organic field-effect transistors (OFETs)
The widespread interest in OFETs is based on the large-area coverage, high charge-carrier mobility and
facile fabrication [19,90,91]. The self-assembly properties of columnar DLCs, in combination with their
ability to provide anisotropic charge-carrier transport along the channel, make them viable candidates
for OFETs. A typical OFET device is shown in Fig. 27 (left). For a p-type semiconductor, conduction
of charge between the source and the drain electrodes is governed by the gate voltage. When the gate
is positive with respect to the source, the semiconductor is depleted of carriers. When the gate is biased
negatively, carriers accumulate in the channel between source and drain. The drain current is then pro-
portional to the charge mobility. Long-range and edge-on organized discotic materials are crucial for
the device application. The orientation of the disc can be controlled by different methods, such as shear-
ing on a poly(tetrafluoroethylene) (PTFE) surface or zone-casting on the substrate [90,91]. The FET de-
vices based on both methods show mobilities for aligned HBCs approaching 10–2 cm2 V–1 s–1.

Bulk heterojunction photovolatic cells
The photovoltaic effect requires [92]: (1) absorption of solar radiation and the photogeneration of exci-
tions (electrons and holes); (2) polarization of the bound electron-hole pairs at the hetero-interface be-
tween donor and acceptor species; (3) charge separation, and the transport of the free charge carriers for
collection at the cathode and anode. The typical bulk heterojunction photovoltaic device is shown in
Fig. 28 (right).

Discotic materials based on HBC as donor together with perylene dyes as acceptor component
have been successfully implemented in photovoltaic devices [93]. High external quantum efficiencies
of greater than 34 % at 490 nm and power efficiencies up to 2 % have been achieved. The high effi-
ciencies result from an efficient photoinduced charge transfer between HBC layers and perylene layers
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and an effective charge transport through the layered structure. Triangle-shaped discotics consisting of
extended graphene corona and swallow alkyl tails allow a facile purification, control over the thermo -
tropic properties, and, finally, solution fabrication into efficient photovoltaic devices [94]. The unique
design of large aromatic core provides a material with an extremely broad liquid-crystalline range,
whereby the adequate choice of the substituent permits self-healing at low processing temperatures. It
has been revealed that the latter aspect played a key role for the improved photovoltaic cells.

Organic light-emitting diodes (OLEDs)
Conjugated organic materials are capable of electroluminescence, and over recent years their potential
applications in OLEDs have been of great interest. In a single-layer OLED, a thin film of an organic
emitter is sandwiched between a transparent anode (ITO) and a metallic cathode. A multilayer device
consists of separate hole-transporting layer, emitter layer, and electron-transporting layer. Electrons and
holes, which are injected into the lowest unoccupied molecular orbital (LUMO) and highest occupied
molecular orbital (HOMO), respectively, drift through the organic film under the influence of an applied
electric field. The Coulumbic attraction between an electron and hole at the same chromophore site re-
sults in the formation of an exciton, a bound electron-hole pair, whose recombination produces lumi-
nescence. Efficient devices require the matching of energy levels to minimize the barriers for carrier in-
jection and to trap both electron and holes exclusively in the emitter region. Initially, triphenylene-based
DLCs were employed as hole transport materials [95]. More recently, OLEDs have been constructed
using DLCs based on pyrene and perylene derivatives [96]. Some groups have explored the electro -
luminescence and charge-transport properties of photo-cross-linked and conjugated–bridged tri -
phenylene derivatives in OLED applications [97].

CONCLUSION

PAHs have stimulated a great of interesting since the beginning of the 20th century. With the advances
of research and application of conjugated oligomers and polymers in electronic devices, a lot of knowl-
edge has been gained about the synthesis, structural characterization, and structure–property relation-
ships of PAHs during the past 15 years. Modern synthetic organic chemistry developed in the past
30 years lays the foundation on the construction of large PAHs with different complexities. Efficient

X. FENG et al.

© 2009 IUPAC, Pure and Applied Chemistry 81, 2203–2224

2220

Fig. 28 Schematic representation of two different electronic device types and the desired arrangement of discotics
as electronic materials. 



routes have been established to prepare all-benzenoid and non-benzenoid PAHs with different sizes,
shapes, edge-structures, and substituents. The major directions for future synthetic chemistry are the
synthesis and characterization of extended PAHs, with different functional groups improving their
processability, various chemical dopings tuning the electronic structure (e.g., B-N doped systems), pe-
riphery modification changing their chemical reactivity, and size expanding up to the physic limitation
(50 nm) for graphene synthesis. 

Large PAHs as a type of chemically stable semiconducting molecules are extremely interesting
considering prolongation of the lifetime in electronic devices. Among them, the DLC materials based
on these mesogens have many merits, including high charge-carrier mobility, easy solution processing,
and self-healing properties, and thus are promising for practical device applications. Our targets in the
future will be the design and synthesis of discotic materials with even higher charge-carrier mobility,
which should take the consideration in terms of rational supramolecular design. 
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