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Benzo[1,2-d:4,5-d0]bisthiazole (BBT) derivatives were
newly synthesized, and the crystal structure, optical and electro-
chemical properties were investigated. They were applied for or-
ganic field-effect transistors (OFET) as n-channel semiconduc-
tors. Although their thin films have relatively rough surface,
the devices showed high-performance OFET characteristics.
The thin film of 2 exhibited the electron mobility of 0.24
cm2 V�1 s�1.

Organic thin-film transistors based on �-conjugated mole-
cules continue to receive considerable attention for applications
in the field of plastic electronics such as electronic papers,
displays, organic light-emitting diodes, and radio frequency
identification tags.1–4 Development of new materials is very im-
portant to make progress in this field. We have reported organic
semiconductors with a thiazolothiazole ring as core structure,
whose devices exhibited high-performance p- and n-type FET
characteristics.5,6 The thiazolothiazole ring has advantages of a
planar structure and large intermolecular �-overlap, leading
to efficient �–� stacking. In addition, the nitrogen heterocycle
enhances the electron affinity due to its electron-withdrawing
property. This property is useful to enhance the air-stability in
p-type semiconductors and decrease the barrier of electron injec-
tion in n-type semiconductors. For example, the derivative 1
(Figure 1) with trifluoromethylphenyl groups afforded a high-
performance OFET device with a high electron mobility of
1.2 cm2 V�1 s�1.7 As an extension of this work, we have now
focused on a benzo[1,2-d:4,5-d0]bisthiazole (BBT) ring which
is a �-extended system of thiazolothiazole. The �-extension is
considered to be useful for increase in intermolecular interac-
tions as well as decrease in Coulomb repulsion. Although a com-
pound containing the BBT ring was reported to exhibit p-type
semiconducting behavior very recently,8 n-type behavior has
not been reported so far. We report herein BBT derivatives
affording n-type OFETs.

Scheme 1 shows the synthesis of BBT derivatives 2–4,
which were easily prepared by coupling reaction of commercial-
ly available 2,5-diamino-1,4-benzenedithiol dihydrochloride
and the corresponding aldehydes.9 The intermediate tetrahydro
compounds were air-oxidized in chloroform to afford BBT de-
rivatives. Theses compounds were purified by sublimation, and
characterized by the spectroscopic data and elemental analysis.10

The electrochemical measurements of 2–4 were carried out
in dichloromethane. The differential pulse voltamograms (DPV)
of 2–4 exhibited one reduction peak at �1:40, �0:99, and
�1:03V vs. SCE, respectively. This result indicates that the
LUMO levels of 3 and 4 are lower than that of 2 owing to the
electron-accepting thiazole units. The absorption maxima of

2–4 were observed at 409, 400, and 407 nm, respectively. The
HOMO–LUMO energy gaps estimated from the end absorptions
were ca. 2.71, 2.71, and 2.70 eV, respectively. This result
suggests that the intramolecular charge-transfer interaction
between the electron-donating thienyl rings and the electron-
withdrawing BBT ring is not significant in 2. The emission
maxima in the solid state were observed at longer wavelengths
by 62 nm for 2, 70 nm for 3, and 77 nm for 4 compared to those
in solution. These shifts can be attributed to the intermolecular
interactions in the solid state.

The single crystals of 2 suitable for the X-ray structure
analysis were obtained by slow sublimation although those of
3 and 4 could not be obtained. The X-ray analysis revealed
that the crystal of 2 is composed of one kind of molecule with
a center of symmetry.11 As shown in the side view (Figure 2a),
2 has a zigzag molecular structure with a little deformed
geometry. The dihedral angles between the BBT and thiophene
rings, and the thiophene and benzene rings are 9.79 and 4.44�,
respectively. The zigzag shape may disturb the formation of
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Figure 1. The chemical structure of 1.
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Scheme 1. Synthesis of BBT derivatives.

(a) (b)

9.79°

4.44°

(c)

Figure 2. (a) Front view and side view of 2. (b) The packing in
2 as seen down the long molecular axis. (c) b Axis projection.
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�-stacking structure. The packing structure of 2 is a herringbone
type as shown in Figure 2b, which is in contrast to the �-stacking
in the corresponding thiazolothiazole derivatives.6 The herring-
bone packing is effective for increasing of dimensionality as
seen in pentacene, which leads to the highest performance in
thin-film transistors.12

The orientation of vacuum deposited thin films of 2–4 was
investigated by X-ray diffraction (XRD) analysis.10 The XRD
of the film of 2 deposited on SiO2/Si substrates at rt showed a
weak reflection peak. The d-spacing obtained from the first
reflection peak (2� ¼ 6:30) is 14.0 Å. The simulation pattern
obtained from the single crystal data of 2 shows a (400) peak
at 2� ¼ 6:25 with a very small (200) peak. Since the long axis
of molecule is in the direction of a axis (56.8 Å) of the unit cell,
molecule 2 may be perpendicular on the substrate. On the other
hand, the films of 3 and 4 showed no clear peaks, suggesting
amorphous or disordered structures on the substrate. These
results indicate poor intermolecular interactions of these com-
pounds on the substrate, which is unfavorable for the efficient
carrier transport. The thin films deposited on octadecyltrichloro-
silane (ODTS)-treated SiO2/Si substrates have the similar XRD
patterns to those on untreated substrates. Thus, the XRD of the
films of 2 deposited on the ODTS-treated substrate at rt and
50 �C showed a reflection peak at ca. 2� ¼ 6:70 (13.2 Å).
The films of 3 and 4 exhibited no peaks even at higher substrate
temperatures.

The FET devices were fabricated with top contact configu-
ration. Figure 3 shows the drain current (ID) versus source–drain
voltage (VD) and gate voltage (VG) at a drain voltage of 50-V
characteristics for the n-channel OFETs of 2 deposited at
Tsub ¼ 50 �C on ODTS-treated substrates. The ID–VG curves
showed no hysteresis behavior. The FET characteristics of 2–4
are summarized in Table 1. The mobilities of 2- and 3-based
devices increased at higher substrate temperatures, whereas that
of 4-based device did not change. The device of 2 exhibited good
mobility of 0.24 cm2 V�1 s�1, on/off ratio of 2:9� 106 and
threshold voltage of 24V. The mobility is a little lower than that
of the thiazolothiazole derivative 1. This is probably due to the
difference in intermolecular interactions between molecules.
On the other hand, the threshold voltage of 2-based device
is much decreased compared to that of 1 (67V). This can be
attributed to the better contact between the semiconductor and
electrodes as well as the higher electron affinity. The devices
based on 3 and 4 exhibited poorer characteristics than that of
2, in particular as to the higher threshold voltages instead of
the lower LUMO levels of 3 and 4. This result can be attributed
to their amorphous-like morphology as shown in the XRD study,

resulting in large barrier in the charge carrier injection from the
electrode to molecules.

In summary, we have developed novel benzo[1,2-d:4,5-d0]-
bisthiazole derivatives for n-channel OFETs. The herringbone
packing was revealed in the crystal of 2 by the X-ray analysis.
The field-effect electron mobility of the thin film of 2 was
0.24 cm2 V�1 s�1, and the threshold voltage was much lower
than the corresponding thiazolothiazole derivative 1.
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Figure 3. (a) Output characteristics of 2. (b) Transfer character-
istics of 2.

Table 1. FET characteristics of 2-, 3-, and 4-based top contact
devices on ODTS-treated substratesa

Compound Tsub/
�C Mobility/cm2 V�1 s�1 On/off ratio Threshold/V

2 20 0.10 8� 105 22

50 0.24 3� 106 24

3 20 0.01 3� 104 32

50 0.05 2� 106 28

4 20 0.02 3� 104 39

50 0.02 1� 104 39

aSiO2: 200 nm, active layer: 30 nm, L=W ¼ 50=1000, S=D electrode: 50-nm

Au.
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