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Organic field-effect transistors (OFET) have attracted
much attention due to their potential application to flexible
and inexpensive large-area electronics.1 High-performance
OFETs exceeding the mobility of 1.0 cm2 V-1 s-1 have been
achieved in polyacenes and extended benzothiophene deriva-
tives.2 Tetrathiafulvalene (TTF) derivatives, which incorpo-
rate two sulfur atoms into the 1,3-dithiole ring in order to
enhance the intermolecular interaction, are another family

of promising materials that have realized high performance.3

For further improvement of performance and stability, here
we report a new skeleton of OFET materials, tetrathiapen-
talene (TTP),5 the compounds of which have considerably
higher oxidation potentials than TTFs, that is expected to
be advantageous to device stability. Although TTP com-
pounds having more sulfur atoms in the outer rings have
been extensively studied as components of organic super-
conductors,6 TTP compounds 1 and 2 capped with alkyl
groups on both terminals have not been obtained via the
ordinary routes.
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Compounds 1 and 2 were synthesized by phosphite-
mediated coupling reactions of the starting materials, 3 and
4 (Scheme 1), which were prepared by the known Wittig
reaction between a TTP-based phosphonate and the ketone.6c

The coupling reaction is likely to afford bis-TTP compounds
5,7 but instead we obtained 1 and 2 with a single TTP unit
in moderate yields (25-27%). The reaction mechanism is
mysterious, but it is possible that a ring opening reaction of
the 1,3-dithiol-2-thione part takes place after the attack by
phosphite on the CdS bond (see the Supporting Information,
Scheme S1). These compounds were purified by vacuum
sublimation to give yellow-white powders. Thermal proper-
ties of 1 and 2 were investigated by differential scanning
calorimetry (DSC) and thermogravimetric analysis (TGA),
and no phase transition was found up to their respective
decomposition temperatures at 210 and 223 °C.

The redox potentials were investigated by cyclic voltam-
metry (CV). The first redox potentials of 1 and 2, +0.10
and +0.11 V (vs Fc/Fc+), respectively, are considerably
higher than that of TTF (-0.08 V), meaning reduced donor
ability.8a This is a characteristic of the TTP skeleton.6 These
values are, however, not much larger than those of double-
TTF compounds with outer 1,3-dithiol rings,6 or that of
BEDT-TTF (bis(ethylenedithio)tetrathiafulvalene) (+0.05
V).8b The differences between the first and second oxidation
potentials (∆E ) E2

ox - E1
ox) are 0.39 and 0.45 V for 1 and

2, respectively, which are about the same as that of TTF
(0.40 V). These observations indicate the inherent donor
ability of the TTP skeleton, though it is slightly weaker than
that of TTF. The obtained first redox potentials correspond
to the HOMO levels, -4.90 and -4.91 eV below the vacuum
level, which are slightly higher than that of pentacene (-4.85
eV).9 Optical HOMOsLUMO gaps are estimated to be 2.9
eV for both compounds from the absorption edges of the
UV-vis spectra. This value is larger than that of dibenzo-
TTF (2.40 eV),3d and as large as those of the extended
benzothiophene derivatives (2.9-3.0 eV),2d which should
be advantageous to stable transistor performance.

The transistors were fabricated by vacuum deposition on
hexamethyldisilazane (HMDS)-treated Si/SiO2 substrates, and
showed typical p-type FET characteristics (Figure 1 and

Table 1). Various devices were investigated by using Au
and (TTF)(TCNQ) source and drain (S/D) electrodes with
top-contact (TC) and bottom-contact (BC) configurations
(Table 1), where TCNQ is 7,7,8,8-tetracyano-p-quino-
dimethane. (TTF)(TCNQ) electrodes give lower contact
resistance and improve the performance of particularly BC
transistors.10 The best performance was recorded for a device
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Scheme 1. Synthesis of TTP Derivatives

Figure 1. FET characteristics of (a, b) 1 and (c, d) 2 with TC Au electrodes
on HMDS-treated Si/SiO2 substrates deposited at rt and Tsub ) 40 °C. Drain
current ID vs source-drain voltage VD for (a) 1 and (c) 2. ID vs source-gate
voltage VG at VD ) -80 V for (b) 1 and (d) 2.

Figure 2. Molecular packings in the single crystals of (a) 1 and (b) 2.

Table 1. FET Characteristics of 1 and 2

S/D electrode Tsub
a (°C)

µb

(cm2 V-1 s-1) Ion/Ioff Vth
b (V)

1 Au (TC) rt 8.4 × 10-3 ∼1 × 105 -27
Au (BC) rt 1.3 × 10-3 ∼1 × 104 -35
(TTF)(TCNQ) (BC) rt 2.9 × 10-3 ∼1 × 104 -33

2 Au (TC) rt 0.12 ∼1 × 106 -1.6
40 0.27 ∼1 × 106 -1.9
60 4.1 × 10-2 ∼1 × 105 -2.1

Au (BC) rt 5.8 × 10-3 ∼1 × 105 1.3
40 3.1 × 10-3 ∼1 × 104 -2.7

(TTF)(TCNQ) (BC) rt 0.04 ∼1 × 106 -3.0
40 0.17 ∼1 × 106 -1.6

a rt ) room temperature. b Average data from more than five devices
on the same substrate.
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on which 2 had been deposited at Tsub ) 40 °C, which
showed a field-effect mobility µ of 0.27 cm2 V-1 s-1. It is
noteworthy that the large on-off ratio of 106 and the small
threshold voltage Vth come from the comparatively high
oxidation potentials. Bottom-contact (TTF)(TCNQ) elec-
trodes also attained nearly the same performance (0.17 cm2

V-1 s-1). Compound 1 showed lower mobility by about two
orders.

To investigate the molecular arrangements and the inter-
molecular interactions, we carried out single-crystal X-ray
structure analyses of 1 and 2.11 The molecules of 1 are almost
planar in the crystal, and construct uniform face-to-face
π-stacking with interplanar π-to-π distance of 3.58 Å along
the c axis (Figure 2a). The molecules are, however, largely
displaced along the molecular long axis, and considerably
tilted from the stacking axis. There are several short S · · ·S
distances in the side-by-side direction (3.71 Å), whereas
S · · ·S distance along the molecular stack direction is as large
as 4.04 Å (Figure 2a and the Supporting Information, Figure
S3). The terminal cyclopentance rings of 2 are slightly
twisted and the carbon atoms are deviated from the molecular
plane by 0.55 Å for C6, 0.24 Å for C7, 0.29 Å for C13, and
0.61 Å for C14. The crystal of 2 has a herringbone structure
with the π-to-π distance of 3.65 Å and the dihedral angel of
128° (Figure 2(b)). This angle is closer to 155° in dibenzo-
TTF than to 67° in sexithiophene.12 The herringbone
structure has several short S · · ·S distances (3.58-3.74 Å)
in the diagonal directions (Figure 2b), and realizes a two-
dimensional molecular network. The tilted stacking structure
of 1 and anisotropic S · · ·S contacts are associated with the
relatively poor transistor performance.

The X-ray diffraction (XRD) diagrams of the thin films
vacuum deposited on Si/SiO2 substrates show a series of
sharp peaks with d-spacings of 6.1 Å for 1 and 12.9 Å for
2 (Figure 3a). For 2, the d-spacing corresponds to the b-axis
of the single crystal. The molecules are standing nearly
perpendicular to the substrate, in agreement with the 16° tilt
angle estimated from the molecular length 13.4 Å. For 1,
the observed d-spacing is much shorter than the molecular
length (10.6 Å), and the relation to the single-crystal lattice
constants is not straightforward.

The atomic force microscopic (AFM) image exhibits large
grains as shown in Figure 3b for 2, and the grain size
increases as the substrate temperature Tsub is elevated from
room temperature to 40 °C. This is related to the good
performance of the OFET (Table 1). The AFM image at Tsub

) 60 °C, however, shows deep gap regions between the
grains.

In summary, alkyl-capped TTP molecules were obtained
by a phosphite-mediated contracting-coupling reaction, in
which two TTP units merged into one. Compound 2 is a
high-performance OFET material, the relatively high oxida-
tion potential of which is responsible for both stability and
small threshold voltage. It is notable that introduction of the
outer ring system entirely changes the crystal and thin-film
structures, and this is important in achieving the desired
OFET properties.
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Figure 3. (a) XRD pattern and (b) AFM image of thin-film 2 deposited at 40 °C.
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