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ABSTRACT

A facile synthesis of air-stable anthra[1,2- b:4,3-b′:5,6-b′′:8,7-b′′′]tetrathiophene derivatives 1a and 1b has been developed for applications in
organic thin film transistors. Both molecules tend to self-associate through π−π stacking in solution and in different films. The hole mobility
of 0.012 cm 2 V-1 s-1 is obtained from 1a due to morphology changes in films from less ordered to highly ordered structures after thermal
annealing. Good performance remained persistent over a period of 14 days, indicating the high stability of such transistors.

Organic field-effect transistors (OFETs) based on organic
π-conjugated materials have attracted tremendous interest
during the past decade in both academics and industry due
to their potential applications in electronics.1 The advantages
of organic semiconductors, such as low cost, easy processing,
compatibility with plastic substrates, and tunable properties
offered by structure design, make them good alternatives to
conventional inorganic materials.1a,2

Among all organicπ-conjugated materials, pentacene and
its derivatives have been considered as the most promising
candidates for OFETs due to their high hole mobility.3 The
highest mobility of 1.5 cm2 V-1 s-1 (on chemically modified
SiO2/Si substrate) from pentacene has been reported.3a,b

However, the oxidative instability of pentacene, especially
under applied electric fields, impedes its further applications
in OFETs. Therefore, although significant achievements have
been made in both the development of new organic materials† Peking University.
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and the optimization of techniques for device fabrication,
developing new stable organicπ-conjugated molecules with
good charge carrier mobilities for thin film-based OFETs
still offer intriguing challenges. Recent progress in searching
for new organic materials for OFETs has demonstrated
thiophene-based molecules as a novel class of organic
semiconductors.4 The electrical conductivities of oligo-
thiophenes and thienylene-phenylene cooligomers have been
systematically investigated.4a-c In order to avoid a sterically
induced twist between proximal aromatics in said oligomers,
fused thiophene aromatics were developed as new organic
semiconductors.4d-i A variety of intra- and intermolecular
interactions exhibited in these thiophene-based materials,
such as van der Waals interactions,π-π stacking, and
sulfur-sulfur interactions, are essential to achieve high
charge mobilities.5

Herein, we report the design and synthesis of two new
organic semiconductors for OFETs, in which a fused
heteroarene unit, anthra[1,2-b:4,3-b′:5,6-b′′:8,7-b′′′]tetrathio-
phene, serves as the basic skeleton. Suchπ-extended planar
core richly containing sulfur atoms is employed to facilitate
molecular self-association driven byπ-π stacking. Theoreti-
cal calculations and experimental results suggest that the
charge carrier is usually maximized along the direction of
π-electron delocalization that isπ-stacking orientation.5,6 We
have developed an expedient route to our target molecules
1a and1b in two-step reaction sequences of Negishi cross-
coupling followed by FeCl3 oxidative cyclization. Both
compounds exhibit good thermal and oxidative stability. The
thin film transistors with carrier mobility of 0.01 cm2 V-1

s-1 are easily realized from these molecules.
As illustrated in Scheme 1, the synthesis of1a and 1b

was commenced with the Negishi cross-coupling reaction
between 1,4-dibromo-2,5-diiodobenzene and 5-alkyl-2-thi-
enylzinc chloride, which was prepared in situ from the
lithiation of 2-alkylthiophene withn-BuLi followed by the
addition of anhydrous zinc chloride, furnishing2a and 2b
in 80% and 45% yields, respectively. Although other cross-
coupling reactions including Kumada and Suzuki reactions
were attempted, only the Negishi reaction produced2a and

2b in ideal yields. The FeCl3 oxidative cyclization protocol
developed in our previous contributions was then utilized to
construct the anthra[1,2-b:4,3-b′:5,6-b′′:8,7-b′′′]tetrathiophene
skeleton via thienyl-thienyl carbon-carbon bond formation.7

As an effective way to construct polycyclic aromatic
hydrocarbons, the oxidative cyclization reaction using ferric
chloride was accomplished within 5 min under a mild
condition to afford1a and 1b in 68% and 65% yields,
respectively. In our modular approach, the peripheral “R”
group can be easily altered in a broad range, and thus, the
intermolecular interaction and electronic characteristics of
target molecules can be precisely tuned.

Compounds1a and1b, isolated as pale yellow solids, are
readily dissolved in common organic solvents, such as
CHCl3, CH2Cl2, THF, and toluene, which allowed us to
purify them conveniently through flash column chromatog-
raphy rather than vacuum sublimation usually used for the
purification of insoluble organic semiconductors.1H and13C
NMR spectra and MS associated with elemental analysis
were employed to confirm the structure and purity of all
compounds. The thermal decomposition temperature of 400
°C under nitrogen atmosphere revealed a good thermal
stability of 1a and1b. To elucidate the HOMO and LUMO
energy levels of these molecules, and further understand their
stabilities against oxygen, their electrochemical properties
were investigated by cyclic voltammetry. The cyclic volta-
mmetry of 1a in thin films showed three irreversible
oxidation peaks (E1/2 ) 1.28, 1.52, 1.78 V) and an irreversible
reduction peak (E1/2 ) -2.00 V) vs Ag/AgCl.

The HOMO and LUMO energy levels in films were
calculated from the onset of oxidation and reduction waves
to be -5.57 and-2.64 eV, respectively. Thus, HOMO-
LUMO band gap in films determined by their electrochemical
properties was 2.93 eV, consistent to the value estimated
from its absorption spectra in thin films. The HOMO level
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Scheme 1. Synthesis of Target Molecules1a and1b
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of 1a (-5.57 eV) was lower than that of pentacene (-4.60
eV),3c and thus, it was more stable than pentacene against
oxygen.

It was observed that two singlet signals in1H NMR spectra
of 1a and1b assigned to the protons inmeso-benzene and
thiophene rings, respectively, shifted upfield by approxi-
mately ∆δ ) 0.1 ppm (for example, the proton of1b in
meso-benzene ring moved from 8.69 to 8.59 ppm, and
another proton in thiophene rings moved from 7.36 to 7.30
ppm) as the solution was concentrated from 4 to 20 mg/mL
in CDCl3. Such an upfield shift was attributed to the
intermolecular shielding from the neighboring aromatic
molecules in concentrated solution, implying their tendency
to self-associate throughπ-π stacking between molecules.8

Figure 1 illustrates absorption and emission spectra of1a

in dilute solution and in thin film. Both1a and1b exhibited
similar photophysical properties due to their identical
skeletons, the anthra[1,2-b:4,3-b′:5,6-b′′:8,7-b′′′]tetrathiophene
unit. The absorption of1a in dilute THF solution (10-6 M)
showed the absorption maximum at 336 nm with a small
peak at 431 nm. Compared with that in solution, the
absorption spectrum of1a in spin-cast film became less
structured. The maximum absorption red-shifted about 9 nm
from 336 to 345 nm, while the small peak at 431 nm red-
shifted about 6 nm to 437 nm accompanied with obvious
absorbance enhancement. After annealing at 180°C for 1 h,
the absorption spectrum further broadened and the absorption
maximum was slightly red-shifted. Their absorption behav-
iors in different solvents were also investigated. Figure 2
shows the absorption spectra of1b in different solvents and
in thin film as an example. The absorption spectra of1a
and1b were similar inn-hexane, dichloromethane, and THF.
However, significant broadening of the absorption spectrum
and red-shift of all the peaks with a concomitant absorbance
enhancement around 430 nm, in dilute methanol solution,
were observed, which was similar to that in the pristine film
by spin-casting due to the formation of the aggregates. Such
pronounced change of the absorption spectrum is a result of
the delocalization of the exciton within a co-facial stack

induced by theπ-π interaction, which was also evidenced
by a related red-shift of photoluminescence spectrum shown
in Figure 3.9 The emission of1a in dilute solution showed

the maximum at 437 nm with a shoulder at 460 nm, whereas
the emission spectrum of1a in thin films exhibited a
maximum at 469 nm with a second feature at 508 nm. More
interestingly, one of the emission peaks at 469 nm shown in
pristine film disappeared after thermal annealing at 180°C
for 1 h, suggesting the formation of highly ordered structures
in the film.

Organic field-effect transistors (OFETs) were fabricated
in a “top contact” configuration as follows: a thin film of
semiconductor1awith the thickness of 50 nm was vacuum-
evaporated onto an OTS-treated SiO2 (300 nm)/Si substrate
as an active layer, and gold was then vacuum-deposited as
the source/drain electrode. Compound1a performed as a
p-channel transistor. Before annealing, the transistors ex-
hibited low mobility, on the order of 10-4 cm2 V-1 S-1, with
an on/off ratio of 5× 103. However, after annealing the thin
film at 230 °C for 20 min, the device performance was
significantly improved. Figure 4 shows output and transfer
characteristics of OFET devices after thermal annealing. The
calculated hole mobility was 0.012 cm2 V-1 S-1 from the
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Figure 1. Absorption spectra of1a in dilute solution (10-6 M)
and both in pristine film and in annealing film.

Figure 2. Absorption spectra of1b in different solvents (10-5 M)
and in thin film.

Figure 3. Emission spectra of1a in dilute solution (10-6 M) and
both in pristine film and in annealing film. Emission spectra were
obtained upon excitation at the absorption maximum.
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transfer curve, 2 orders of magnitude larger than that before
annealing. The on/off ratio was as high as 105. Reproducible
results were obtained from different transistors. We attributed
this remarkable improvement to the morphology change of
the active layer by heating, which was confirmed by the
difference between the absorption and emission spectra of
1a in thin films before and after thermal annealing as
described above. The morphology of the films on OTS-
treated SiO2 (300 nm)/Si substrate was also directly imaged
with tapping mode AFM. As shown in Figure 5, the newly
prepared unheated film consisted of microcrystalline grains
with the size of about 0.01µm2 and a height around 15 nm.
However, after thermal annealing, the film reorganized into
large crystalline terraces up to 25µm2. The height was about
50 nm. The increased grain size and decreased grain
boundaries in the films after thermal annealing contributed
to the increased hole mobility and on/off ratio.4i The almost
identical transistor performance acquired after 14 days
indicated the stability of the semiconductor under ambient
conditions.

In summary, we have synthesized two sulfur-rich anthra-
[1,2-b:4,3-b′:5,6-b′′:8,7-b′′′]tetrathiophene-based heteroarenes
favoring π-π interaction in a facile manner. The charac-
terization by1H NMR and the investigation of photophysical
properties of these two molecules in solution and in different
films indicate that such molecules tend to self-associate
throughπ-π stacking. The hole mobility of 0.012 cm2 V-1

s-1 is obtained from1aafter thermal annealing. Such notable
enhancement of hole mobility demonstrates the heat driven
morphology change in films from less ordered to highly
ordered structures. The good performance remained persistent
over a period of 14 days, indicating the high stability of such
transistors. Our results shed light on developing strategy for
air-stable, good-performance organic semiconductors. Further
optimization of these transistors is underway.
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Figure 4. Electrical characterization of OFETs after thermal
annealing: (a) plots ofID vs VD at various gate voltages; (b) plots
of ID and ID

1/2 vs Vg at constantVD ) -60 V.

Figure 5. AFM images of thin films of1a: (a) pristine; (b) after
heating to 230°C for 20 min.

4190 Org. Lett., Vol. 9, No. 21, 2007


