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ABSTRACT: Two new contorted polycyclic aromatic hydro-
carbons (PAHs) 1 and 2 were synthesized by acid-catalyzed
benzannulation of a substituted anthracene. The isomers reveal
dissimilar photophysical and redox properties with 2 having a
much smaller HOMO−LUMO gap than 1. In the solid state, 2
packs in a unique two-dimensional herringbone motif that
gives rise to efficient ambipolar charge transport in OFET
devices, a feature not previously observed in contorted PAHs.
On the other hand, 1 packs in one-dimensional dimerized π-
stacks and displays insulating properties.

There is a resurgence of interest in polycyclic aromatic
hydrocarbons (PAHs) with extended π-systems associated

with their special optoelectronic properties and the resulting
semiconducting device applications.1 The extension of PAHs by
benzannulation has been utilized as an efficient strategy for
tuning the molecular properties and the intermolecular
interactions.2 In many cases, the benzannulation creates steric
congestion between the hydrogen atoms of the peripheral
aromatic rings resulting in contorted (nonplanar) aromatic
structures.3 Such nonplanar PAHs have a number of important
differences versus their flat analogues, which include a
significantly enhanced solubility and special self-assembly
behavior. Their ability to recognize the convex aromatic
surfaces of fullerene derivatives enables some supramolecular
control over p−n heterojunction in organic photovoltaics.4 The
“pseudo-3D” π-electron structure of contorted PAH5 naturally
enables multidirectional π−π contacts which provide pathways
for charge carrier hopping in two or even three dimensions.
The latter is a highly desirable property for most semi-
conducting device applications.6−8

Herein, we report the synthesis and comparative studies of
two contorted PAH isomers derived from electrophilic syn- and
anti-cyclization of substituted 9,10-diphenylanthracene: triben-
zopyrene (1) and dibenzoperylene (2). We show that the two
regioisomers display dramatically different photophysical,
redox, and solid-state packing properties. As a culmination of
these differences, organic field effect transistors (OFETs)
fabricated with single crystals of 2 reveal ambipolar charge
transport properties, while no measurable conductivity was
observed for 1. We note that relevant (but mechanistically
different) cyclizations of diphenylanthracene9 and diphenyl-
pentacene,10 to afford rubicene derivatives via 5-membered ring
closure, have been reported. The resulting PAHs have been
exploited in p-type OFETs showing charge mobilities of 0.2
and 0.06 cm2/V·s, respectively. In addition, the unsubstituted
tribenzopyrene11 and dibenzoperylene12 representing the same

π-system as 1 and 2 are known, but their studies were limited to
characterization of the photooxidation.12

With the prospect of isolating two isomers in one reaction,
we originally commenced our synthesis (Scheme 1) from di(2-
formylphenyl)anthracene13 3, prepared via standard Suzuki−
Miyaura cross-coupling of 9,10-dibromoanthracene with 2-
formylphenylboronic acid. Nucleophilic addition of two equiv
of p-CF3PhLi to 3 gave the tertiary dialcohol 4. Subsequent
acid-catalyzed intramolecular cyclization of crude 4 in neat
trifluoroacetic acid (TFA) in air is accompanied by
spontaneous oxidative aromatization and affords a ∼100:1
mixture of 1 and 2 in 48% yield. The isomers were easily
separable via physical vapor transport (PVT) at 150 °C.
However, all attempts to increase the amount of 2 by changing
the catalyst (HCl, TFA, and BF3·Et2O), temperature, or
concentration of the reaction, met with no success. The high
regioselectivity to form syn isomer 1 can be rationalized by the
orientation effect of the electron-donating −CHAr2 group
introduced during the closure of the first ring.
In order to produce a sufficient amount of 2, we planned to

involve the diketo intermediate 6, which was expected to be a
preferred product of intramolecular Friedel−Crafts cyclization
of 9,10-di(2-carboxyphenyl)anthracene. However, an attempted
oxidation of the sterically congested dialdehyde 3 turned out to
be ill-defined, and the corresponding dicarboxylic acid could
not be isolated. Instead, 6 was synthesized by rearrangement of
dilactone 5 in polyphosphoric acid as proposed earlier14 (5 is
prepared by reaction of anthraquinone with 2,N-dilithiated N-
methylbenzamide). The nucleophilic addition of p-CF3PhLi to
the diketone 6 resulted in the tertiary dialcohol 7 which was
aromatized by treatment with SnCl2 to finally afforded 2.15

Both isomers are readily soluble in common organic solvents
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(CHCl3, THF, etc.). In solution, 2 is prone to rapid photo-
oxidation (half-life of <30 min) in ambient light conditions, as
previously shown for unsubstituted dibenzoperylene,12 and
commonly observed for most acenes longer than tetracene.16

This is not, however, the case for 1 (see the Supporting
Information). Both compounds are stable in the solid state.
The absorption and emission bands of both isomers feature

distinct vibronic splitting (∼1300 cm−1), typical for many
PAHs (Figure 1). The lowest energy absorption maximum of 2

(571 nm) is significantly red-shifted compared to 1 (410 nm17).
The TD-DFT calculations (B3LYP 6-31/G(d)) reproduce this
trend well, predicting the first electronic transitions at 596 nm
for 2 (oscillator strength, f = 0.47) and at 416 nm for 1 ( f =
0.41). The rational for the observed behavior can be derived
from Clar’s aromatic sextet rule.18 According to Clar, the
presence of three disjoint sextets in the structure of 1,
compared to two sextets in 2 (Scheme 1), would lead to
higher aromaticity and stability but also lower π-electron
delocalization between the individual benzene rings. The
optical gap estimated from the maximum of the first vibronic
peak is 2.17 eV for 2 and 3.02 eV for 1.
In solution, both isomers display red and greenish-blue

fluorescence with the quantum yields of 0.9% and 0.5% for 2
and 1, respectively (Figure 1). The weak emissivity is likely due
to the conformational freedom of their contorted backbones
(out-of-plane deformation) which facilitates nonradiative
relaxation. The relatively large Stokes shift (706 cm−1 for 2
and 3540 cm−1 for 1) could be understood in terms of partial

planarization of the excited state. The higher polarity of
noncentrosymmetric 1 (net dipole moment 4.7 D according to
DFT) might be also responsible for its large Stokes shift. In the
solid state, 1 shows a red-shifted weak emission (λmax = 518 nm,
Supporting Information), while 2 is nonemissive.
The electrochemical properties were measured in CH2Cl2

solution by cyclic voltammetry (Figure 2). Both isomers

undergo reversible single-electron oxidation and reduction
waves, and a second partially reversible oxidation wave was also
observed for 2. The latter is easier to both oxidize and reduce as
compared to 1, in accord with its lower HOMO−LUMO gap
(2: E1/2ox = 0.29 V vs Fc/Fc+ and E1/2

red = −1.83 V; 1: E1/2
ox =

0.75 V; E1/2
red = −2.08 V). The electrochemical gaps of 2.8 eV

for 1 and 2.1 eV for 2 are quite similar to the optical gaps
determined from the absorption spectra. Assuming Fc/Fc+ at
−4.8 eV vs vacuum, the HOMO of −5.55 and −5.09 eV and
LUMO of −2.72 and −2.98 eV were determined for 1 and 2,
respectively. This trend is in line with the DFT calculations
(HOMOs: −5.27/−4.78 eV and LUMOs: −2.04/−2.54 eV for
1 and 2, respectively).
Single crystals of 1 and 2 were grown via physical vapor

transport at 150 °C, as yellow needles and red plates,
respectively. Their X-ray crystallographic analysis reveals
triclinic (P-1) and orthorhombic (Pbca) space groups for 1
and 2, respectively. Compound 1 adopts a saddle conformation
in which peripheral rings A are tilted vs each other by 43° and
protrude above the anthracene core BCD (Figure 3). The latter

Scheme 1. Synthesis of PAH Isomers 1 and 2

Figure 1. Absorption and emission spectra of 1 and 2 recorded in
CH2Cl2.

Figure 2. Cyclic voltammograms of 1 and 2 in 0.2 M Bu4NPF6 in
CH2Cl2; reduction of 1 was recorded in DMF.
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is also curved: the interplanar angle of the ring B vs D is 34°.
Compound 2 is twisted in a propeller conformation: the two p-
CF3Ph-substituted anthracene moieties rotate vs each other by
31.5°, while the said moieties are nearly planar (6.8° angle
between their terminal benzene rings). A similar conformation
was observed for tetrachloroperylenedimide.5a In both 1 and 2,
the p-CF3Ph substituents are rotated out of plane by 60−73°
and thus do not contribute significantly to the electron π-
delocalization, except by inductive effect. The observed
molecular geometry matches well that predicted by DFT
(Supporting Information).
In the crystal of 1, two molecules form cofacial antiparallel

pairs with two identical C−C short contacts of 3.37 Å. These
pairs stack further into a one-dimensional slipped π-stack; the
closed π···π contacts between the dimers of the stack are 3.79
Å. Such dimerized packing motif is not expected to provide
efficient conductivity channels.
Compound 2 adopts an unusual intermolecular packing,

where each side of the twisted molecule affords a herringbone-
like structure with anthracene moiety of neighboring molecule.
This creates a two-dimensional network of close π-interactions
(3.37−3.41 Å), an essential feature of most high mobility
molecular semiconductors.19

Single-crystal field effect transistors were fabricated in order
to study the charge-transport properties of the two isomers. A
bottom-gate top-contact device configuration was employed
where PVT-grown crystals were laminated on Si/SiOx substrate
with thin polystyrene adhesion layer and gold source/drain
electrodes were patterned atop via shadow-mask evaporation
(Figure 4a,b). OFET with 1 did not show any gate response,
and the unobservable low conductivity (<10−8 S/cm) reveals an
insulating behavior. The inefficient charge transport in 1 could

be attributed to the lack of percolating π-interactions due to
dimerized packing motif. In contrast, OFET using 2 displayed
an ambipolar behavior (Figure 4c,d), with maximum charge
mobilities of μh = 0.002 cm2/V·s and μe = 0.04 cm2/V·s. These
values are most likely limited by the substantial contact
resistance, which is evident from a sigmoidal shape of the
output characteristics in both p- and n- channels (Figure 4c).
The relatively efficient electron transport in 2 was surprising,
considering the large mismatch of the Au work function (−5.2
eV) with LUMO (comparing to HOMO, see above). It is likely
attributable to trifluoromethyl substituents that can perturb the
interfacial energetics, due to dipole-induced changes to the
work function of the Au electrodes, and also minimize the
electron trapping by expelling water impurities from the
interface (hydrophobic effect).20

We should note that the achieved charge mobilities are not
among the highest observed in contorted PAH. Thus, hole
mobilities up to 0.9 cm2/V·s have been reported for contorted
hexabenzocoronene derivatives.6 Also, electron mobilities up to
1 cm2/V·s have been measured for contorted octachloroper-
ylenediimide.5c,d Fullerene C60, although not considered
aromatic, can show even higher electron mobility up to 11
cm2/V·s.21 However, a simultaneous hole and electron
(ambipolar) transport in OFET with standard, high work-
function electrodes (Au) is more rare22 but important, e.g., for
logic circuits23 and light-emitting transistors24 applications. To
our knowledge, it has not been previously reported in contorted
PAH, although either hole or electron transport can be
enforced in such materials by engineering the injection barrier,
as was shown, eg. in twistacene based diodes.25

In summary, we have reported the synthesis of two PAHs by
acid-catalyzed cyclization of 9,10-diphenylanthracene deriva-
tives. The isomeric products tribenzopyrene (1) and
dibenzoperylene (2) reveal dramatically different photophysical
and electrochemical properties and photostability. These are
connected with the better electron delocalization and lower
HOMO−LUMO gap of 2 that are predicted by Clar’s sextet
rule. X-ray crystallography shows a highly contorted structure
for both molecules which pack in either one-dimensional stacks
of “sandwich pairs” (for 1) or a two-dimensional herringbone
arrangement (for 2). The crystals of 2 afford an ambipolar
OFET device with hole mobility of 0.002 cm2/V·s and electron
mobility of 0.04 cm2/V·s, while 1 displays an insulating
behavior. While these charge mobilities are ∼3 orders of

Figure 3. Crystal structures and molecular packing diagrams of 1 (a)
and 2 (b).

Figure 4. Optical image of single crystal transistor fabricated with 2
(a) and 1 (b). Output characteristics (c) and transfer characteristics
(d) of the OFET fabricated with 2 (L = 30 μm; W = 100 μm).
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magnitude lower than the record values for organic semi-
conductors, they are sufficiently high for a number of device
applications. In particular, the contorted π-electron structure
and associated 3D interactions in the solid state are of great
interest for organic photovoltaics,4,8 and the ability to effectively
synthesize such compounds from simple building blocks
(anthracene) paves the way for a new class of tailored
semiconducting materials.
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