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Organic field-effect transistors (OFETs) based on or-
ganic semiconductors have attracted much attention
because of the applications such as flat-panel displays,
electronic papers, and chemical sensors and because they
have advantages of low cost, large-area fabrication, and
fexibility.1 Typical p-type semiconductors are acenes such
as pentacene,2 heterocyclic oligomers such as thiophene
oligomers,3 and tetrathiafulvalenes (TTFs).4 Some of
them exhibit higher hole mobilities than amorphous Si
(∼1.0 cm2/(V s)).5 Development of new π-electron sys-
tems for semiconductors is still very important for the
progress of this field to explore newmaterials as well as to
investigate relationship between structure and properties.
We have now focused on 2,20,6,60-tetraphenyldipyranyli-
dene (Ph4DP) 1a and the sulfur analogue (Ph4DTP) 2a6 as

new p-type semiconductors because they have the follow-
ing advantages. First, they have an isoelectronic structure
with TTF and the cation and dication states are stable.7

Actually they have been used as electron donors to afford
organic conductors like TTF.8 Second, they have highly
extended π-conjugation systems, which are favorable for
strong intermolecular interactions, leading to high carrier
mobilities. Third, the preparation method is very simple
and substituents can be easily introduced. Finally, they
have intense absorption in the visible region, which leads
to a possibility of application to semiconductors for solar
cells. However, they have never been used as semicon-
ductors for FETs. We report herein the synthesis, physi-
cal properties, crystal structures, and their first FET
performances.
Ph4DP, Ph4DTP, and the derivatives 1c, 1h, and 2b are

known compounds.6,9 The derivatives 1b and 1d-1g are
new compounds and were synthesized by the similar meth-
ods10 to those for Ph4DP and Ph4DTP (Scheme 1). These
compounds were purified by sublimation several times or
recrystallization and characterized by mass spectrometry
and elemental analysis.
The UV-vis absorption spectra in dichloromethane

showed intense absorptions in the visible region because
of the extended π-conjugation. The HOMO-LUMO
energy gaps were estimated from the end absorptions.
The halogen derivatives showed larger HOMO-LUMO
energy gaps than 1a. On the other hand, the alkyl
derivatives 1f-1h did not change the HOMO-LUMO
energy gaps significantly. The absorption maxima of the
sulfur analogues 2a and 2b were observed at longer
wavelengths than those of 1a and 1b. This is considered
to be attributed to the more polarized and less electro-
negative sulfur atom.
The electrochemical measurements of these compounds

were performed in DMF. The cyclic voltammograms ex-
hibited two oxidation waves and no reduction wave was
observed. The redox potentials of 1d and 1e could not be
measured because of the low solubility. The first oxidation
potential of Ph4DP is lower than that of TTF, indicating
that Ph4DP has a higher electron-donating ability than
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TTF. Introduction of halogen groups decreases theHOMO
levels, resulting in higher oxidation potentials. On the other
hand, introduction of alkyl groups increases the HOMO
levels leading to the lower oxidation potentials. The first
oxidation potentials of 2a and 2b are a little higher than
those of 1a and 1b. This may be related to the less planar
structure of 2a compared to 1a. The second oxidation
potentials of 2a and 2b were lower than those of 1a and 1b

because of the lower Coulomb repulsion in the sulfur
compounds.
To investigate their molecular structures and intermo-

lecular interactions in the solid state, we carried out
single-crystal structure analysis. The crystal structures
of 1a and 2a were already reported.11 For 2a, we got a
single-crystal structure that is different from the reported
data. The single crystals of 1b and 2a were obtained by
sublimation. The molecules of 1b have a face-to-face
packing along the a axis. The phenyl rings are twisted to
the pyran ring with dihedral angles of 10.13 and 7.23�,
which are similar to those of 1a (9.95� and 7.41�). The
interplanar distance between the molecules in the column
is 3.037 Å. The molecule of 2a is a little deformed, where

the phenyl rings are twisted to the thiopyran ring with
dihedral angles of 17.66 and 13.57�, which are larger than
those in 1a. These are different from the reported data
(12.5 and 8.2�), where the crystal belongs to a different
space group. The molecules pack in a face-to-face man-
ner to form a column along the b axis. The interplanar
distance between the molecules in the column is 3.399 Å,
which is longer than that of 1b.
The FET devices were fabricated with bottom contact

configuration and all of the compounds showed p-type
FET characteristics in a vacuum (1 � 10-5 Pa). The FET
performances are summarized in Table 2. The hole mo-
bility of 1a was 1.9� 10-2 cm2/(V s) with a low threshold
voltage of -0.8 V, on an HMDS treatment substrate at
the substrate temperature of 25 �C.On the other hand, the
mobility of 2awas a little higher than that of 1a. The OTS
treated film showed a mobility of 0.1 cm2/(V s) and the
on/off ratio was 1 � 105. However, neither of them was
stable in air. Thus, the FET behavior of 1a disappeared
soon when exposed to air. 2a showed better air stability.
Mobility of 2a decreased 1 order of magnitude when
exposed to air in 10 min. Introduction of the halogen
groups decreased the mobility. With an increase of the
size of halogen atom, the mobility decreased gradually
except for iodine. Comparedwith 1a, on/off current ratios

Figure 1. Packing structure of (a) 1b along the a axis and (b) 2a along the
b axis.

Table 1. UV Absorptions
a
and Oxidation Potentials

b

compd λmax (nm) λedge (nm) Egap (eV)
c E1

ox (V) E2
ox (V)

1a 273, 457 612 2.02 0.24 0.51
1b 265, 447 551 2.25 0.29 0.54
1c 280, 467 569 2.18 0.32 0.59
1d 277, 465 570 2.17
1e 283, 466 570 2.17
1f 279, 458 621 2.00 0.14 0.48
1g 279, 459 626 1.98 0.20 0.47
1h 279, 459 620 2.00 0.22 0.50
2a 263, 474 625 1.98 0.31 0.47
2b 258, 460 567 2.19 0.32 0.47

a In CH2Cl2.
b In DMF, 0.1 M nBu4NPF6, Pt electrode, scan rate

100 mV/s, V vs SCE. cObtained from the end absorptions.

Table 2. FET Characteristics of Compounds 1a-1h, 2a, and 2b
a

compd
Tsub

(�C) surface
mobility

(cm2V-1s-1)
on/off
ratio

threshold
(V)

1a r.t HMDS 1.9� 10-2 4� 103 -0.8
80 HMDS 5.0� 10-2 3� 102 -1.7
r.t OTS 1.2� 10-2 3� 103 -1.2

1b r.t HMDS 3.9� 10-4 1� 105 -8.0
80 HMDS 7.9� 10-4 2� 105 -8.9

1c r.t HMDS 1.9� 10-5 1� 103 -2.3
80 HMDS 6.9� 10-5 2� 103 -11

1d r.t HMDS 4.0� 10-5 4� 104 -9.5
80 HMDS 5.0� 10-5 2� 104 -11

1e r.t HMDS 1.9� 10-4 3� 102 -17
50 HMDS 3.7� 10-4 5� 102 -4.2

1f r.t HMDS 1.0� 10-4 2� 103 -1.1
1g r.t HMDS 3.8� 10-7 3� 103 -4.8
1h r.t HMDS 3.8 � 10-7 40 -13
2a r.t HMDS 5.3� 10-2 4� 104 -7.2

80 HMDS 2.7� 10-2 4� 104 -17
r.t OTS 9.7� 10-2 1� 105 -9.2

2b r.t HMDS 1.4� 10-4 8� 103 -0.5

aFETs were fabricated on Si/SiO2. L/W = 25 μm/294 mm, Au
electrode. SiO2, 300 nm thick; semiconducting layer, 50 nm thick. The
FET measurements were carried out in vacuum.

Scheme 1. Synthesis of Compounds 1a-1h, 2a, and 2ba

aReagents: (a) BF3-O(C2H5)2; (b) HBF4, 48%; acetic anhydride;
(c) H2S; HClO4, 70%; acetic anhydride; (d) (C4H9)3P; EtNH(i-Pr)2; 1a,
63%; 1b, 43%; 1c, 36%; 1d, 20%; 1e, 25%; 1f, 72%; 1g, 23%; 1h, 20%;
2a, 60%; 2b, 74%.

(11) (a) Par, D. C.; J. Gaultieretc, H.Acta Crystallogr., Sect. B 1982, 38,
1629. (b) Henry, R. L.; Douglasl, L. S.ActaCrystallogr., Sect. B 1980,
36, 986.



4352 Chem. Mater., Vol. 21, No. 19, 2009 Bolag et al.

of compounds 1b and 1d became larger because of the lower

off-current, which was caused by their increased ionization

potentials measured by cyclic voltammograms (the oxida-

tion potentials are higher than that of 1a) as shown in

Table 1. Table 2 also shows that themobilities of 1a-e could

be improvedbypreparing films at the substrate temperature

of 80or 50 �C.Thismaybedue to the smooth filmgrowthor

larger grain size at the higher substrate temperatures.

Introduction of the alkyl groups into Ph4DP decreased the

mobility. Along with an increase in the alkyl chain length,

the mobility decreased gradually.
In order to investigate the morphologies of the films,

the films of these compounds deposited on the SiO2/Si

substrate were evaluated by X-ray diffraction (XRD) in a

reflection mode. Figure 2 shows the XRD patterns of 1a

and 1b films. For 1a, the d-spacing obtained from the

first reflection peak (2θ=10.4�) was 0.85 nm. Since the

molecular length of 1a obtained from the X-ray structure

analysis is 1.06 nm, 1a molecules are considered to have

ca. 37� declining orientation on the substrate.
For compound 1b, the d-spacing obtained from the

reflection peak (2θ = 7.96�) was 1.11 nm. Since the

molecular length of 1b obtained from the single-crystal

X-ray analysis is 1.11 nm, the molecules of 1b are con-

sidered to stand on the substrate perpendicularly. This is

an ideal molecular arrangement on the substrate for

charge transport. Figure 3 shows the XRD patterns of

2a films on theHMDS andOTS treated substrates. Sharp

reflections were observed in both films. The intensity of

the first peak deposited on the OTS treated substrate

increases more than twice compared to the film deposited

on HMDS treated SiO2. This observation suggests that

the crystallinity increases on the OTS treatment. The

d-spacing obtained from the reflection peak (2θ=7.18�) is
1.23 nm and the molecular length of 2a obtained from the

X-ray structure is 1.22 nm. This fact implies that the

molecules are perpendicular to the dielectric surface.

Figure 4 shows the atomic-force microscopy (AFM)
images of vacuum-deposited films of 1a and 2a. Large
grains are observed in both the films. The grains in the
film 2a are more densely packed, leading to the higher
mobility of 2a.
In summary, tetraphenyldipyranylidene 1a and its

derivatives were used as organic semiconductors of
OFETs for the first time. The parent compound 1a and
its sulfur analogue 2a afforded good performance p-type
FETs. The sulfur compound 2a showed a better perfor-
mance than 1a because of the higher crystallinity. Halo-
gen substituents and alkyl groups were introduced to the
phenyl group of 1a to increase the stability and solubility.
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Figure 2. XRD of films deposited at room temperature for (a) 1a and
(b) 1b on the HMDS treatment substrate.

Figure 3. XRDpatterns of 2a films with the treatment of (a) HMDS and
(b) OTS.

Figure 4. AFM images of the thim films of (a) 1a and (b) 2a (HMDS
treatment).


