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ABSTRACT

Two tetrabrominated intermediates obtained by bromination of naphthodithiophene in different solvents were used to construct novel highly
π-extended butterfly-shaped heteroarenes 1�6, containing either an 8- or 10-fused ring. The solution-processed organic field-effect transistors
based on compound 1 exhibited promising device performance with a hole mobility of 0.072 cm2 V�1 s�1 and a current on/off ratio of 106 under
ambient atmosphere.

Organic field-effect transistors (OFETs) have attracted
much interest because of their potential applications in
large area and flexible electronics.1 Organic semiconduc-
tors are an important constituent of the OFET devices and
determine their device performance. Many novel organic

semiconductors have been designed and synthesized, such
as linear,2 star-shaped,3 X-shaped,4 and butterfly-shaped
molecules5 andπ-conjugated polymers,6 and someof them
have achieved mobilities as high as that of amorphous
silicon. However, exploring new organic semiconductors
with excellent device performance and easily processable
properties and setting up facile and effective synthetic
methodology are still significant challenges.7
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Heteroacenes are an important class of semiconductors,
such as 2,7-diphenyl[1]benzothieno[3,2-b]benzothiophene
and dinaphtho-[2,3-b:20,30-f ]thieno[3,2-b]thiophene. These
materials were used to fabricate high-performance OFET
devices affordingmobilities in the range 1.0�3.9 cm2V�1 s�1

and even up to 16.4 cm2V�1 s�1.8,9 Recently, we reported a
series of novel naphthodithiophene-containing copoly-
mers which were applied in organic photovoltaic devices
(OPVs) with power conversion efficiencies up to 5.3%.10

This result indicates that naphthodithiophene is a useful
π-conjugated building block for organic semiconductors
andmotivated us to further introduce this planar core into
other small-molecule and polymeric semiconductors.
The two important tetrabrominated naphthodithio-

phene intermediates 9 and 10were derived froma common
precursor, 8, which was obtained by a milder bromina-
tion of 7 with N-bromosiccinimide (NBS) in 92% yield
(Scheme 1).11 Further bromination of 8 was then carried
outwithBr2 as thebrominating reagent.When the reaction
was performed with a traditional acidic and polar solvent,
AcOH,12 the 3- and8-positionsof8were reactive and 9was
obtained. On the other hand, when a nonpolar solvent,
CS2, was employed, a different product was obtained

which was identified as 10. After optimization of reaction
conditions, the precuror building blocks 9 and 10 could be
obtained in moderate isolated yields.

A palladium-catalyzed Suzuki coupling reaction of 9

with 5-hexylthiophene-2-boronic acid gave 7-aryl-ring
intermediate 11, which subsequently underwent FeCl3
oxidative cyclization affording a highly soluble hexyl-
substituted 10-fused-ring heteroacene 1 (Scheme 2). To
prepare the unsubstituted analog, 9was first cross-coupled
with thiophene-2-boronic acid giving the intermediate 12.
However, direct FeCl3 oxidative cyclization of 12 gave a
very low yield of desired 10-fused-ring heteroacene 3.
Alternatively,NBS-bromination of 12was carried out first
and then followed by oxidative cyclization affording di-
brominated 10-fused-ring heteroacene 2. Debromination
of 2 was carried out by bromide�lithium exchange fol-
lowed by quenching with CH3OH affording the desired
product 3 inmoderate isolated yield.On the other hand, 10
was used to synthesize a butterfly-shaped 8-fused-ring
heteroacene. A Suzuki cross-coupling reaction of 10 with
thiophene-2-boronic acid gave 14 in a moderate yield.
Bromination of 14 by NBS afforded dibromo-substituted
intermediate 15 in 97% isolated yield, which was then
subjected to ring-closure oxidation with FeCl3 giving
dibrominated 8-fused-ring heteroacene 4. Debromination
of 4 with n-BuLi gave unsubstituted analog 6. To improve
the efficiency of the oxidation cyclization step, 14was first
converted to hexabromo-substituted intermediate 16 in
quantitative yield bymeans of a large excess ofNBS. FeCl3
oxidative cyclization of 16 afforded hexabromo-substi-
tuted 8-fused-ring heteroacene 5 in an excellent yield.
Following previously established debrominating steps,
unsubstituted 8-fused-ring heteroacene 6 was also
obtained.
The UV�vis absorption spectra of the fused heteroa-

cenes 1, 3, and 6 in CH2Cl2 solution were next examined
(Figure 1a andTable 1).Despite the identicalπ-conjugated
skeleton, the absorption maximum of 1 is slightly red-
shifted relative to that of 3 (Δ = 8 nm) which tallies with
the effect of the terminal alkyl group in oligothiophenes.13

Interestingly, 6 shows a dramatic red shift in the absorp-
tion spectrum with an absorption maximum peaking at
484 nm in CH2Cl2 as compared to those of 1 and 3. This
finding suggests that the π-conjugated electrons are more
efficiently delocalized in 6 because 6 has a greater con-
jugated path than those of 1 and 3. There is a pronounced
difference in the absorption behavior of 1 and 3 in thin
films (Figure 1b). The thin film of the compound 1 exhibits
a red shift in the absorption spectrum, whereas 3 shows a
blue shift in the absorption maximum in addition to
spectra broadening as compared to those obtained from
solution. The observed spectral shift in the thin films
should probably result from different stacking arrange-
ments in the thin film, which would lead to differences in
charge carrier properties. The absorption spectrum of 6
also exhibits a large red shift and spectral broadening in the
thin film, indicating a strong intermolecular interaction.
The optical energy gaps of 1, 3, and 6were calculated from

Scheme 1. Synthesis of 9 and 10 by Bromination of
Naphthodithiophene
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the absorption onset of thin film to be 2.68, 2.76, and
2.17 eV, respectively.
To investigate the redox potentials of heteroacenes 1, 3,

and 6, cyclic voltammetry measurements were performed
indryCH2Cl2 (with 0.1M(n-Bu)4NPF6) usingAg/AgCl as
a reference electrode (Figure S1 and Table 1). The three
fused heteroacenes show very similar redox behavior with
one quasi-reversible oxidation couple and one irreversible

reduction wave. The onset oxidation potentials (Eoxd
onset)

for 1, 3, and 6 are 0.86, 0.97, and 0.64V, respectively,which
correspond to the HOMO energy levels of �5.26, �5.37,
and �5.04 eV using the equation EHOMO = �e(4.40 þ
Eoxd

onset) eV. TheHOMOvalues of 1 and 3 are lower than
that of pentacene (�5.14 eV),14 indicating that they have
better stability than pentacene in electronic devices. The
onset reduction potentials (Ered

onset) for 1, 3, and 6 are
�1.36,�1.37, and�1.36V, respectively,which correspond
to the LUMO energy levels of�3.04,�3.03, and�3.04 eV
using the equation ELUMO = �e(4.40 þ Ered

onset) eV.
Thus, 1, 3, and 6 have similar LUMO energy levels.
OFET devices were fabricated by spin-coating the solu-

tions of the fused heteroacenes 1, 3, and 6 on the octade-
cyltrichlorosilane (OTS)-modified SiO2/Si substrates with
a top-contact bottom-gate configuration. Gold was used

Scheme 2. Synthetic Routes of Butterfly-Shaped Fused Heteroacenes 1�6

Figure 1. Absorption spectra of the butterfly shaped fused
heteroacenes 1, 3, and 6 in (a) CH2Cl2 and (b) thin films; and
the (c) output and (d) transfer characteristics of typical OFETs
based on 1.

Table 1. Summary of PhysicalMeasurements ofHeteroacenes 1,
3, and 6

compd

λmax

(nm)a
Eoxd

onset

(V)

Ered
onset

(V)

EHOMO

(eV)b
ELUMO

(eV)c

1 424 0.86 �1.36 �5.26 �3.04

3 416 0.97 �1.37 �5.37 �3.03

6 484 0.64 �1.36 �5.04 �3.04

aDetermined in CH2Cl2 solution.
b EHOMO = �e(4.40 þ Eoxd

onset)
eV. c EHOMO = �e(4.40 þ Ered

onset) eV.
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as drain and source electrodes. The transistors based on
these fused heteroacenes were found to exhibit typical
p-type FET characteristics. Typical output and transfer
characteristics of the OFET devices based on 1 are shown
in Figure 1c and 1d. In the pristine film, the transistors
exhibit a hole mobility up to 0.072 cm2 V�1 s�1 with a
current on/off ratio of 106. Reproducible results were
obtained fromdifferent transistors.However, after anneal-
ing the thin films at 80 and 120 �C for 20 min, the device
performance progressively decreased with increasing an-
nealing temperature (Table 2). Suchdeterioration in device
performance is attributed to the morphological change of
the active layer by thermal annealing. On the other hand,
the OFET devices based on 3 or 6 exhibit relatively low
hole mobilities on the order of 10�4 and 10�5 cm2 V�1 s�1

with a current on/off ratio of 104. Atomic force microscopy
(AFM) was used to investigate the relationships between
filmmorphology/crystallinity and device performance. The
morphology of the 1 thin films undergoes pronounced
change with increasing annealing temperatures (Figure S2).

In the pristine film, the grains are small in size; however, the
grain size grows larger and the grain boundaries become
moreapparentwith increasingannealing temperature fromrt
to 80 and 120 �C, which results in a negative impact on the
charge transport.
In summary, novel highly π-extended 10-fused-ring or

8-fused-ring butterfly-shaped heteroacenes 1�6 have been
successfully synthesized based on two tetrabrominated
naphthodithiophene intermediates. The as-fabricated
OFET devices based on 1 exhibit a promising mobility
up to 0.072 cm2 V�1 s�1 with a current on/off ratio of 106

under an ambient atmosphere. These findings also high-
light the potential of this 10-fused-ring heteroacene and the
importance of the hexyl-substituents to achieve high
charge mobility. Further optimization of these transistors
and applications in OPVs is still in progress.
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Table 2. FET Characteristics of the 1-Based Devices Fabricated
on OTS-Treated Si/SiO2 Substrates under Different Annealing
Temperatures (Tsub)

Tsub (�C) μ (cm2 V�1 s�1) Ion/Ioff

pristine film 0.052�0.072 106

80 0.021�0.037 105

120 1.1 � 10�5�3.9 � 10�5 103
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